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Capaitively oupled radio-frequeny disharges innitrogen at low pressureL L Alves1, L Marques1;2, C D Pintassilgo1;3, G Wattieaux4, EtEs-sebbar5;6, J Berndt4, E Kova�evi�4, N Carraso5, LBoufendi4 and G Cernogora51 Instituto de Plasmas e Fus~ao Nulear, Instituto Superior T�enio, UniversidadeT�enia de Lisboa, 1049-001 Lisboa, Portugal2 Centro de F��sia da Universidade do Minho, Universidade do Minho, 4710-057,Braga, Portugal3 Departamento Engenharia F��sia, Fauldade Engenharia, Universidade do Porto, R.Dr. Roberto Frias, 4200-465 Porto, Portugal4 GREMI Universit�e d'Orl�eans BP 6744 - 45067 Orl�eans Frane5 LATMOS-UVSQ-CNRS 11 Bd d'Alembert 78280 Guyanourt, Frane6 Clean Combustion Researh Center, King Abdullah University of Siene andTehnology (KAUST), Thuwal 23955, Saudi ArabiaE-mail: llalves�ist.utl.ptAbstrat. This paper uses experiments and modelling to study apaitively oupledradio-frequeny disharges in pure nitrogen, at 13:56 MHz frequeny, 0:1 � 1 mbarpressures and 2� 30 W oupled powers. Experiments performed on two similar (nottwin) setups, existing in the LATMOS and the GREMI laboratories, inlude eletrialand optial emission spetrosopy (OES) measurements. Eletrial measurementsgive the rf-applied and the d-self-bias voltages, the e�etive power oupled to theplasma and the average eletron density. OES diagnostis measure the intensities ofradiative transitions with the nitrogen seond-positive and �rst-negative systems, andwith the 811:5 nm atomi line of argon (present as an atinometer). Simulations use ahybrid ode that ouples a two-dimensional time-dependent uid module, desribingthe dynamis of the harged partiles (eletrons and positive ions N+2 and N+4 ),and a zero-dimensional kineti module, desribing the prodution and destrution ofnitrogen (atomi and moleular) neutral speies. The oupling between these modulesadopts the loal mean energy approximation to de�ne spae-time dependent eletronparameters for the uid module and to work-out spae-time average rates for thekineti module. The model gives general good preditions for the self-bias voltageand for the intensities of radiative transitions (both average and spatially-resolved),underestimating the eletron density by a fator of 3� 4.PACS numbers: 52.80.Pi, 52.70.-m, 52.65.Ww, 52.20.-jSubmitted to: Plasma Soures Si. Tehnol.



Capaitively oupled radio-frequeny disharges in N2 21. IntrodutionRadio-frequeny (rf) disharge plasmas produed in nitrogen and nitrogen mixturesare beoming inreasingly popular, beause they exhibit a high hemial reativityleading to the prodution of ative radials and ions, even at low pressure and ambienttemperature. These plasmas an be produed using various rf-exitation tehniques(dieletri barrier, indutive oupling and apaitive oupling), and they are frequentlyused for the proessing, modi�ation and funtionalization of di�erent kinds of materials,suh as fullerenes [1, 2℄, nanotubes and nano�bres [3, 4, 5℄, polymers [6, 7, 8, 9℄and textiles [10, 11℄. Nitrogen-ontaining rf-plasmas are also used to grow GaN thin�lms [12, 13℄ and in the prodution of hydrogenated arbon nitride materials, fromthin �lms [14, 15, 16, 17, 18, 19, 20, 21℄ to nanopartiles [22, 23℄. Nitrogen-dopedarbonaeous materials an exhibit numerous interesting properties, suh as extremehardness [24℄ or inreased bioompatibility [25, 26, 27, 28℄. The use of nitrogen/methanemixtures to produe apaitively oupled radio-frequeny (rf) dusty plasmas (withCH4 onentrations below 10%) is another very ative researh �eld. The purposeof these investigations is the simulation in laboratory of the hemistry of Titan'satmosphere, inluding the synthesis of analogues of its organi solid aerosols [29℄. Theseanalogues (named tholins) are probably produed by photohemistry proesses induedby the solar radiation upon harged partiles from Saturn's magnetosphere. To ensurethat the dust partiles produed in a laboratory plasma environment are representativesof Titan's aerosols, one needs to haraterize the plasma soure ontrolling the reativityof the N2-CH4 mixture, omparing it with the photon soure that provides the energyrequired to grow the solid partiles of Titan. Several experimental works have beenarried out with this intention, involving a wide number of di�erent N2-CH4 plasmasprodued by diret-urrent disharges (d) [30, 31, 32, 33, 34℄, mirowave disharges [35℄and their afterglows [36℄, indutively oupled radio-frequeny disharges [37℄, sparkdisharges [32℄, orona disharges [38, 39℄, dieletri barrier disharges [40℄ and rfdisharges [41℄. The infrared properties of dust partiles synthesized within rf nitrogen/ methane plasmas, at di�erent mixing ratios, are studied for example in [42, 43℄.Regardless of the spei� appliation intended, a ontrol upon the densities and/orenergies of the main plasma speies (via a modi�ation in the operating onditions -pressure and applied voltage or power) is essential to indue hanges in the plasmareativity, in view of either the reator's optimization (in terms of proessing rates anduniformity) or the tailoring of dust prodution. With this respet, the study of purenitrogen disharges is a mandatory �rst step to understand the strong oupling betweenthe disharge operating onditions and the plasma parameters, before moving to the(even more) omplex kineti shemes assoiated with N2 mixtures.Although nitrogen plasmas have been studied for many years, and despite theirgrowing interest for appliations, there is only a partial knowledge about their behaviorunder rf disharge onditions. In fat, the majority of papers on N2 plasmas onerndiret-urrent [44, 45, 46, 47, 48, 49, 50℄, high-frequeny (mirowave) disharges [51,



Capaitively oupled radio-frequeny disharges in N2 352, 53, 54, 55, 56℄ and indutively oupled disharges [57℄, and fous essentially ontheir kineti desription. Usually, these are zero-dimensional self-onsistent models,oupling the two-term eletron Boltzmann equation (or just assuming a Maxwellianeletron distribution funtion) to the rate balane equations of di�erent vibrationallyand eletronially exited (moleular and atomi) states, yielding the eletron energydistribution funtion (eedf), the vibrational distribution funtion (vdf) of the ground-state nitrogen moleules, and the populations of the exited speies onsidered. Thesekineti models play an important role in detailing the main mehanisms of (vibrationaland eletroni) exitation, dissoiation, and ion prodution with N2 plasmas, but theyo�er only partial desription of the harged and neutral speies' dynamis, whose fullanalysis requires a multi-dimensional spae-dependent approah. Other authors haveadopted one-dimensional Monte-Carlo simulations to study the eletron kinetis [58℄ andthe oupling between the eletron and the vibrational kinetis [59℄ of rf dishargesin nitrogen. The approah was extended to a hybrid Monte-Carlo-uid model [60℄,desribing the eletron kinetis and the hemistry of these disharge plasmas, and toPartile-in-Cell Monte-Carlo models alulating the eedf, to analyze its oupling withthe vdf [61℄ or the eletron heating mehanism within the spae-harge sheaths [62℄.In the partiular ase of non-equilibrium rf disharges in nitrogen, a self-onsistentmodelling strategy must aount for the interplay between the transport of partiles,in the presene of density gradients and the rf �eld, and their prodution / destrutiondue to kineti mehanisms involving both eletrons and heavy speies. This modellingrequires a two-dimensional (2D) desription of the harged partile dynamis, to allowthe alulation of the self-bias voltage (in the ase of asymmetri disharges, with moresurfaes grounded than driven) [63, 64℄, and to provide more reliable preditions forthe pro�les of the eletron density and energy (hene, for the oupled eletrial power).Also, in the ase of moleular gases like nitrogen, the use of a omprehensive kinetisheme is preferable: (i) to adequately desribe eletron-neutral ollisions (espeiallywith vibrational exited states), playing an essential role in oupling the plasma-gassystem and establishing the �nal gas-phase hemial omposition; and (ii) to dedueself-onsistent eletron parameters (transport and rate oeÆients), whose alulationdepends on the gas hemial omposition via the eedf.This paper studies rf disharges (at f = 13:56 MHz frequeny) in pure nitrogen,produed within ylindrial parallel-plate reators (with radii R = 65 and 69 mm, andintereletrode distanes d = 40 and 33 mm, for the experimental setups with the GREMIand the LATMOS laboratories, respetively, the latter orresponding to the PAMPREexperiment [29℄), at Vrf ' 100� 300 V applied voltages and p ' 0:1� 1 mbar pressures.Under these onditions, the neutral gas is found lose to room temperature (Tg ' 350 K),as dedued from the rotational spetrum of the nitrogen seond-positive system [41℄.Figure 1 represents a shemati diagram of the plasma hamber and the external iruitwith suh reators. In both reators, the rf voltage is applied to the upper eletrodethrough an L-type mathing network and a bloking apaitor CB ' 760 and 550 pF forthe GREMI and the LATMOS reators, respetively (these values inlude the e�ets not



Capaitively oupled radio-frequeny disharges in N2 4only of the bloking apaitor but also of the stray apaitane and ables); a groundedounter eletrode shields the bak of the powered eletrode and �xes a ylindrial lateralgrid that on�nes the plasma. Mass ow ontrollers adjust the injetion, through thedriven eletrode, of nitrogen and of argon traes added at onstant Ar/N2 ow ratio (ofabout 5%), for the purpose of monitoring the evolution of eletron-ollision mehanisms.The nitrogen ow is kept equal to 25 sm in the GREMI reator, while in the LATMOSreator nitrogen is injeted at ow rates between 4:6 � 98 sm to produe a pressurevariation of 0:2� 1:14 mbar.This work was driven by the need to provide answers to several hallengingquestions. (i) Is it possible to join a sophistiated 2D spae-time dependent dishargeode to a omplex kineti sheme to model rf disharges in pure nitrogen? (ii) Is itneessary to adopt suh a omplete desription to provide an adequate modelling of thesedisharges? (iii) Is it reasonable to use suh a highly-omplex sheme, onsidering theunertainties assoiated with some of the ollisional data required? (iv) What are themodel preditions for the dissoiation degree of nitrogen and the evolution of the mainradiative transitions with the exited N2 speies? The strategy adopted to larify theseissues involves model validation by omparison between simulations and measurementsperformed on two similar (not twin) experimental setups and a sensitivity study ofmodel results to variations of some key parameters.Experimental diagnostis allow measuring the following quantities: (i) the appliedrf voltage, using a high-voltage probe; (ii) the self-bias voltage; (iii) the e�etive poweroupled to the plasma, taking into aount iruit losses; (iv) the average eletrondensity, using a resonant-avity tehnique; (v) the intensities of radiative transitionswith the nitrogen seond-positive system (SPS) and �rst-negative system (FNS), andwith the 811:5 nm atomi line of argon, using optial emission spetrosopy (OES)diagnostis. Modelling uses a hybrid ode that ouples a 2D time-dependent uidmodule, desribing the dynamis of harged partiles (eletrons and positive ions N+2 andN+4 ), and a homogeneous (0D) kineti module, desribing the prodution and destrutionof nitrogen (atomi and moleular) neutral speies. The oupling between these modulesadopts the loal mean energy approximation [65, 66℄ to de�ne spae-time dependenteletron parameters for the uid module and to work-out spae-time average rates forthe kineti module. Model results yield the self-onsistent d-bias voltage, the e�etivepower oupled to the plasma, and the 2D spatial distributions for (i) the rf plasmapotential, (ii) the densities and uxes with the harged partiles and the eletron meanenergy, and (iii) the densities of the most relevant nitrogen speies.2. Experimental diagnostisThe experimental analysis of the rf disharges in pure nitrogen resort to the followingdiagnostis: (i) eletrial and plasma measurements of the applied rf voltage, the self-bias voltage, the power oupled to the plasma, and the average eletron density (thelatter is arried out on the GREMI reator only); (ii) OES measurements of the nitrogen



Capaitively oupled radio-frequeny disharges in N2 5SPS and FNS band intensities, and of the 811:5 nm atomi-argon line intensity.2.1. Eletrial and plasma measurementsThe applied rf voltage Vrf, one of the main parameters de�ning the experimentalwork onditions, is measured onto the driven eletrode by using a high-voltage probeonneted to a digital osillosope. One the plasma has reahed its steady-statesituation, the self-bias voltage Vd is measured with a 10 M
 voltmeter.The power oupled to the plasmaWe� is obtained adopting the so-alled subtrativemethod [63, 67, 68, 69℄, whih aounts for the power losses in the external iruitryby measuring the power at the output of the rf generator, for the same Vrf, with andwithout plasma. Note thatWe� is the quantity to onsider in de�ning equivalent workingonditions, for the omparison between simulations and measurements.The diagnosti of the average eletron density ne uses the fat that the reatorhamber, with its lateral metal grid, ats as a resonant avity in the mirowave range.We prefer this spae-average diagnosti to loal probe measurements with ompensation,sine the latter are muh more intrusive under rf onditions. By plaing two axi-symmetri eletrially-insulated loop antenna at the bottom of the system [41℄, one anmeasure the shift in the resonane frequeny of the avity, with and without plasma, todedue the on-axis eletron density ne0 aording to the relation [70, 71, 72, 73℄ne0 = A8�2f 2res�fresfres0 me"0e2 : (1)In equation (1), fres and fres0 are the resonant frequeny with and without plasma,respetively, �f � jfres � fres0j is the frequeny shift, e and me are the eletron hargeand mass, respetively, "0 is the vauum permittivity, and A is a geometrial fator thatdepends on the eletron density pro�le and on the eletromagneti mode adopted inmeasurements whih, in our ase, is found in the range 1� 1:8. For simpliity, we havetaken A = 1 (whih orresponds to assume a onstant eletron density pro�le) sine thisapproximation a�ets the value of ne ' ne0 by less than 10%.The value of fres0 has proven to be a ritial parameter in providing a goodestimation of the eletron density. For example, the resonane frequeny an hange dueto the small dilation of the metalli hamber a�eted by gas heating, and therefore it ismeasured here just after the plasma extintion. The hoie of the eletromagneti modeis also of onsequene. In a previous work [41℄ we have adopted the TM210 mode, whoseresonane frequeny is found near that of other transverse magneti (TM) modes; here,we preferred the TM010 mode beause it appears isolated and beause its eletri �elddistribution presents an on-axis maximum, oiniding with the position of the eletrondensity maximum, hene allowing for measurements with higher sensitivity (in this ase,reahing ne values as low as 6� 1013 m�3).



Capaitively oupled radio-frequeny disharges in N2 62.2. Spetrosopi measurementsOES diagnostis use an UV-VIS-NIR monohromator with a 60 m foal length in boththe LATMOS and the GREMI laboratories. These systems measure the intensitiesof the following radiative transitions: (i) the 370 � 438 nm bands with the SPSN2(C3�u,v) ! N2(B3�g,v0) and the FNS N+2 (B2�u,v0) ! N+2 (X2�g,w0) [74℄. Of these,some spei� (v-v0) transitions are monitored in LATMOS: for the SPS, transitions at�v � v0 � v = 2; 3, for v = 0; 1; 2 and at �v = 4, for v = 0; 1; 2; 3; 4, of whih the mostintense one is the 380:5 nm SPS(0-2); for the FNS, transitions (0-0), (0-1) and (1-2), ofwhih the most intense one is the 391:4 nm FNS(0-0); (ii) the 811:5 nm Ar(4p[5=2℄3)! Ar(4s[3=2℄2) atomi line of argon, hosen beause it presents no overlapping withnitrogen bands. As mentioned, argon is admitted at � 5% Ar/N2 ow ratio in LATMOSor at perentages that ensure a onstant 25 sm nitrogen ow in GREMI. Argon atsas an atinomer: beause its levels are populated by eletron-ollisions, the evolution oftheir line intensities is assumed to represent that of eletron mehanisms.3. Model desriptionTo model rf disharges in pure nitrogen, we have developed a hybrid ode ouplinga 2D (r, z) time-dependent uid module (assuming azimuthal symmetry due to theon�guration of the rf reator) to a very omplete 0D kineti module. The uid modulesolves the ontinuity and momentum-transfer equations for eletrons and positive ionsN+2 (X), N+2 (B) and N+4 , the eletron mean energy transport equations (the ions areassumed to be thermalized at gas temperature), and Poisson's equation for the rf eletripotential. The kineti module solves the two-term homogeneous and stationary eletronBoltzmann equation (aounting for inelasti ollisions from ground-state moleules andatoms, and inelasti and superelasti ollisions involving vibrationally exited states)and the rate balane equations of 45 vibrational exited states with the ground-stateN2(X1�+g ,v=0 � 45), 7 eletroni states N2(A3�+u , B3�g, C3�u, a01��u , a1�g, w1�u,a001�+g ) with the nitrogen moleule, and 3 eletroni states N(4S, 2D, 2P) with nitrogenatoms.3.1. The uid moduleThe uid module is similar to that used to model rf disharges in hydrogen [75, 76℄. Inpartiular, the ux equations (for both partile and energy) adopt the stationary drift-di�usion approximation, with the introdution of an e�etive �eld [77℄ in the spei�ase of the ions. Details about the validity of this approah are disussed in [65℄.The ontinuity and the momentum-transfer equations for harged-partiles � (� =e; i for eletrons and ions, respetively) are given by�n��t = � 1r �(r��r)�r � ���z�z + S� (2a)



Capaitively oupled radio-frequeny disharges in N2 7��q = � (��N)n�Ee��qN � 1N � [(D�N)n�℄�q (� for e; i) : (2b)Here, n�(r; z; t) is the partile density; ��q(r; z; t) are the q = r; z omponents of thepartile ux; S�(r; z; t) is the net prodution rate of partiles due to kineti mehanisms;N = p=kBTg is the gas density (kB is the Boltzmann's onstant); (��N)(r; z; t) and(D�N)(r; z; t) are the redued mobility and di�usion oeÆient, respetively; and(Ee��q =N)(r; z; t) is the q omponent of the redued e�etive eletri �eld. For theeletrons Ee�eq = Eq, orresponding to the rf eletri �eld, whereas for the ions Ee�iqis alulated using [65℄�(Ee�iq =N)�t = � 1�iN �vir ��r + viz ��z� viq � �i�iN viq + �i  EqN � Ee�iqN ! ; (3)where viq � �iq=ni is the q omponent of the i-ion drift veloity, �i � Si=ni is thei-ion net prodution frequeny, and �i is the ion-neutral momentum-transfer ollisionfrequeny. The latter relates to the ion mobility, aording to �iN = e=[mi (�i =N)℄ withmi the i-ion mass.The eletron mean energy transport equations are given by� (ne")�t = � 1r �(r�"r)�r � ��"z�z � ~�e � ~E � S" (4a)�"q = � (�"N) "ne EqN � 1N � [(D"N)"ne℄�q ; (4b)where "(r; z; t) is the eletron mean energy, �"q(r; z; t) is the q omponent of the eletronenergy ux, (�"N)(r; z; t) and (D"N)(r; z; t) are the redued mobility and di�usionoeÆient for energy transport, respetively, and S"(r; z; t) is the net power densitylost by the eletrons due to (elasti ands inelasti) ollisions. Equation (4a) desribesthe rate of hange of the eletron energy density ne" as the result of (by order of theterms on the right-and side of the equation) onvetion [orresponding to the transportof energy due to the drift-di�usion eletron motion, see equation (4b)℄ ondution(orresponding to the transfer of energy from the rf eletri �eld to the eletrons) andfrition (orresponding to the eletron energy dissipation in ollisions).The uid module is losed by Poisson's equation for the rf potential V (r; z; t)1r ��r �r�V�r �+ �2V�z2 = � e"0  Xi ni � ne! : (5)Equation (5) relates the spae-time separation of harged partiles to the rf eletri �eld~E(r; z; t) = �~rr;zV (r; z; t).Equations (2a)-(5) 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 tothe following boundary onditions. At the reator axis symmetry boundary onditionsare given by �n��r = 0 (� = e; i) (6a)



Capaitively oupled radio-frequeny disharges in N2 8�(ne")�r = 0 (6b)�V�r = 0 : (6)Flux onditions for totally absorbing boundaries are imposed at the di�erent eletrodesand walls using [65, 66℄(�e)? = 12nehvi � �eXi (�i)? (7a)(�")? = 12nehvui � �e"Xi (�i)? (7b)(�i)? = 14nivthi + �ini (�iN)Ee�i?N : (7)In these equations, ? relates to the ux omponent perpendiular to the boundary; hviand hvui represent the average values of v and vu over the eedf, respetively; �e is theseondary eletron emission oeÆient (here, we assume that seondary emission oursat the driven eletrode only, with �e = 0:1 � 1); vthi = (8kBTg=�mi)1=2 is the thermalveloity for the i-ion speies, and�i = ( 1 if Ee�i? is direted towards the wall0 if Ee�i? is in the opposite diretion to the wall .Note that onditions (7a)-(7b), for the eletron partile and energy, are obtained usingthe expansion that writes the eletron distribution funtion as a ombination of twoomponents (isotropi and anisotropi) [66℄, whereas ondition (7) for the ions separatesbetween their thermal (isotropi) and drift (anisotropi) motion. Finally, the potentialat eah physial boundary satis�esV = (Vd + Vrf os(!t) at driven eletrode0 at grounded eletrode and walls (8)where ! = 2�f , Vrf is the peak voltage applied to the driven eletrode, and Vd is ano�set potential termed self-bias voltage, that develops in the ase of an asymmetrireator (with more surfaes grounded than driven). The value of the self-bias voltage isupdated, after eah RF period Trf , usingVd = Vd(t) + Z t+Trft 1CB I(t0)dt0 ; (9)where I(t) = CB (dVC(t)=dt) is the urrent aross the bloking apaitor CB (see Fig. 1).This urrent an be evaluated by integrating the axial omponent of the ondutionurrent density over the surfae of the driven eletrodeI(t) = Z R0 Jz(r; 0; t) 2�rdr ; (10)introduing ~J = e Xi �i � �e! ' � ~E + ~Jdi� ; (11)



Capaitively oupled radio-frequeny disharges in N2 9where � � e(�ene +Pi �ini) is the total plasma ondutivity (de�ned by assuming~Ee�i ' ~E) and ~Jdi� is the net di�usion urrent de�ned aording to [f. equation (2b)℄~Jdi� � �eXi (DiN) ~rN ni + e ~rN [(DeN)ne℄ : (12)The total urrent It is obtained by adding the ontributions of the displaementurrent ID and the ondution urrent IIt(t) = I(t) + ID(t) = Z R0 Jz(r; 0; t) 2�rdr + Z R0 "0��Ez�t � (r; 0; t) 2�rdr ; (13)and it is used to evaluate the e�etive eletrial power oupled to the plasmaWe� � 1Trf Z Trf0 [Vd + Vrf os(!t)℄It(t)dt : (14)The eletron parameters (transport and rate oeÆients) in equations (2a)-(4b) arealulated as integrals of ross setions over the eedf (see referene [66℄ for more detailson these expressions). As mentioned, the spae-time dependene of these parametersis de�ned by adopting the so-alled loal mean energy approximation [65, 66℄, whihassumes that the spae-time variation of the eedf, f(u; r; z; t), is introdued via the loalionization degree and the eletron mean energy pro�le, i.e. (u is the eletron kinetienergy) f(u; r; z; t) = f(u)j "(r;z;t); ne(r;z;t) : (15)The proedure is the following: �rst, the homogeneous and stationary eedf, f(u), isalulated from the kineti module (see setion 3.2) for various values of ne=N (asinput) and of "eedf = R10 u3=2f(u)du (as output); seond, the eedfs obtained are usedto alulate the di�erent eletron parameters, whih are then tabulated as a funtion ofne=N and "eedf ; third, the loal values of the eletron density and mean energy, ne(r; z; t)and "(r; z; t), obtained from the solution to the eletron partile and energy balaneequations (2a) and (4a), are used in the table onstruted to de�ne the spae-time mapof the eletron transport and rate oeÆients.The ion transport parameters in equations (2a)-(2b) are as follows. For the ionmobilities, a dependene on the redued e�etive eletri �eld was introdued, aordingto [78, 79℄ (values in V�1 m2 s�1, referred to a standard gas density of 2:69�1019 m�3;1 Td = 10�17 V m2)
�N+2 (X;B) = 8>>>>>>>><>>>>>>>>:

1:90 if Ee�N+2 � 7 Td0:29 + 0:71 exp"� Ee�N+22531:01#+0:93 exp"� Ee�N+2257:37# if Ee�N+2 � 7 Td



Capaitively oupled radio-frequeny disharges in N2 10
�N+4 =

8>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>:

2:31 if Ee�N+4 � 7 Td2:25 + 0:55 exp" Ee�N+430:93#� 0:10 exp"�Ee�N+43:44#� 0:49 exp" Ee�N+430:06# if 7 Td � Ee�N+4 � 100 Td0:47 + 1:15 exp"� Ee�N+42531:01#+1:50 exp"� Ee�N+4257:37# if Ee�N+4 � 100 Td .For the ion di�usion oeÆients we have used the values proposed in [80℄ DNN+2 (X;B) =1:7� 1018 (Tg=273)1=2 and DNN+4 = 1:5� 1018 (Tg=273)1=2 m�1 s�1.3.2. The kineti moduleThe kineti module solves the spae-time average rate balane equations, for the di�erentneutral (moleular and atomi) speies onsidered.Generally, the rate balane equation for speies k is given by (for the axis-symmetrigeometry onsidered here)�nk�t + 1r � (r�kr)�r + ��kz�z = Sk ; (16)where nk and �kq are the speies density and ux q-omponent, respetively, and Sk isa soure term aounting for the net prodution of k-speiesSk = X�;l C�l;k n�nl � nkX� Ctot�k n� +Xl;m Klm;k nlnm � nkXl Ktotkl nl+ Xl Al;knl � nkAtotk : (17)In equation (17), C�l;k and Kml;k are the rate oeÆients for the prodution of speiesk from ollisions of neutral speies l with harged speies � and neutral speies m,respetively; Ctotk� and Ktotkl are the rate oeÆients for the total destrution of speiesk from ollisions with harged speies � and neutral speies l, respetively; Al;k is theprodution frequeny of k-speies from the radiative deay of l-speies; and Atotk is thetotal destrution frequeny of k-speies by radiative deay.In order to limit the alulation runtime (due to the high number of speies andkineti proesses onsidered), the kineti module solves the stationary spae-averageversion of equations (16)1(R2=2)d �Z d0 R�rk(R; z)dz + Z R0 [�zk(r; d)� �zk(r; 0)℄ rdr�= 1(R2=2)d Z R0 Z d0 Skdz rdr : (18)



Capaitively oupled radio-frequeny disharges in N2 11The use of a stationary approah to desribe the neutral (heavy) speies dynamis isjusti�ed, onsidering the long relaxation times assoiated with both their transport[nk=(Dkr2nk) � Æ2=Dk � 0:4 ms, for a di�usion oeÆient Dk � 103 m2 s�1and a thikness of the spae-harge sheath Æ � 1 m℄ and their kineti mehanisms[1=(neCek) � 0:1 � 1 s, for an eletron density ne � 109 m�3 and exitation rateoeÆients Cek � 10�8 � 10�10 m3 s�1℄, when ompared with the rf period of1=f � 74 ns.The boundary uxes in equation (18) are set to satisfy the Milne's ondition [81, 82℄�qkjwall = �Dk �nk�q ����wall = 0k vthk4 nkjwall (q = r; z) ; (19)where 0k � k=(1� k=2) with k the k-speies' wall loss probability.By using equations (17) and (19) into (18) one obtains1(R2=2)d k1� k=2 vthk4 �Z d0 Rnk(R; z)dz + Z R0 [nk(r; d)� nk(r; 0)℄ rdr�' X� "Xl C�l;k n� nl � Ctot�k n� nk#+Xl "Xm Klm;k nlnm �Ktotkl nknl#+ Xl Al;k nl � Atotk nk ; (20)where the average quantities X (X = nk; nknl; C�l;k n�, ...) are de�ned asX � Z d0 Z R0 Xrdrdz(R2=2)d : (21)The spae-averages in equation (20) are obtained as follows. The averages ofthe harged-partile ollision frequenies (C�l;k n� and Ctot�k n�) are alulated usingthe spae-dependent distributions obtained from the solution to the uid module; theaverages of the heavy speies densities [nk, nknl, and the integrals on the left-hand sideof equation (18)℄ are alulated imposing the following density pro�les: (i) a onstantpro�le for ground-state speies N2(X1�+g ,v) and N(4S); (ii) a two-region pro�le (seeFig. 2) that distinguishes between the plasma bulk (with a spatially homogeneousdensity) and the plasma sheaths (where the density dereases linearly), for speiesN2(A3�+u , a01��u , a1�g, w1�u) and N(2D, 2P), that are transported by di�usion andare totally reombined at the walls (i.e., for whih 0k = 1). The 2D version of thispro�le is given bynk(r; z) = nbkhk(r)gk(z) (22a)hk(r) = ( 1 ; 0 � r < R� ÆR1� 1� frkÆR (r �R + ÆR) ; R� ÆR � r � R (22b)gk(z) = 8>><>>: f0k + 1� f0kÆ0 z ; 0 � z � Æ01 ; Æ0 < z < d� Æd1� 1� fdkÆd (z � d+ Æd) ; d� Æd � z � d ; (22)



Capaitively oupled radio-frequeny disharges in N2 12where nbk is the bulk density; ÆR, Æ0, and Æd are the sheath thikness near the grid, thedriven eletrode, and the grounded eletrode, respetively; and the funtions frk , f0k ,and fdk orrespond to the ratio of the wall density to the bulk density, alulated atr = R, z = 0, and z = d using boundary ondition (19), i.e.fxk � nkjwallnbk = 40kvthk40kvthk + ÆxDk (x = r; 0; d) : (23)As we have assoiated the boundary layers for neutral partiles with the dishargespae-harge sheaths, the quantities ÆR, Æ0, and Æd are estimated in the uid moduleas the time-average thiknesses of the regions where the rf �eld exhibits strong relativegradients. In partiular, the sheath edges are taken at positions where the orresponding(axial or radial) redued eletri �elds are equal to 10% of the wall �eld (Ez=N)(0; 0),(Ez=N)(0; d) or (Er=N)(R; d=2). Note that equations (22a)-(23) allow alulating thespae-average integrals in equation (20) also for the heavy speies with onstant densitypro�les, by setting Æx=0.As mentioned, the kineti module solves the rate balane equations of 45 vibrationalstates (with the ground-state moleule) and 10 eletroni states (7 for moleules and 3for atoms), oupled to the two-term homogeneous and stationary eletron Boltzmannequation, aounting for inelasti ollisions from ground-state moleules and atoms, andinelasti and superelasti ollisions involving vibrationally exited states (only the �rst10 states are onsidered, see Table 1). This module adopts the kineti sheme proposedin referene [80℄, where details about the hoies of the di�erent mehanisms and ratesan be found. Tables 1-2 summarize the kineti reations for the moleular speies andthe atomi speies, respetively, used in writing the soure terms (17) and in solvingthe eletron Boltzmann equation. In these tables, the double arrow  ! indiatesthat seond-kind ollisions are also onsidered for the reations where it appears. Theross setions for the various eletron-neutral ollisional proesses (appearing in theeletron Boltzmann equation) are taken from [83, 46, 47℄ and referenes therein. Theross setions for superelasti ollisions are obtained from those for the orrespondinginelasti proesses by using Klein-Rosseland's formula [84℄.The vibrational states of ground-state N2(X1�+g ,v) moleules play a entral role innitrogen disharges. The kinetis of vibrational states inludes exitation/deexitationmehanisms due to eletron impat ollisions (e-V) transitions and heavy speiesollisions, involving an energy transfer via vibrational-translational (V-T, with bothmoleules and atoms) and vibrational-vibrational (V-V) interations. Moreover, severalvibrational states are involved in heavy-partile reations, some of them leading todissoiation (see Tables 1-2). This work adopts the SSH (Shwartz, Slawsky andHerzfeld) theory [84, 85, 86, 87, 88℄ to write the rate oeÆients for (i) the V-Tmehanisms with moleulesPv;v�1 = v � 1� �N2e1� �N2e v� F (Yv;v�1)F (Y1;0) P1;0 (24a)



Capaitively oupled radio-frequeny disharges in N2 13Pv�1;v = Pv;v�1 exp ���Ev;v�1kBTg � (24b)Yv;v�1 = �L~ � M4kBTg�1=2�Ev;v�1 (24)with the normalization [89℄P1;0(m3s�1) = 1:07� 10�12 T 3=2g0:2772Tg � 80:32 + 35:5 �v�139 �0:8 F (Y1;0) ; (24d)and (ii) the V-V mehanismsQw�1;wv;v�1 = vw � 1� �N2e1� �N2e v� � 1� �N2e1� �N2e w� F (Y w�1;wv;v�1 )F (Y 0;11;0 ) Q0;11;0 (25a)Qw;w�1v�1;v = Qw�1;wv;v�1 exp"��Ew�1;wv;v�1kBTg # (25b)Y w�1;wv;v�1 = �L~ � M4kBTg�1=2�Ew�1;wv;v�1 (25)with the normalization [89℄Q0;11;0(m3s�1) = 6:35� 10�17 T 3=2g� (25d)� = ( 39:065� 1:5625max[v;w℄ ; max[v;w℄ < 1025:2 + 24:1�max[v;w℄�1030 �3 ; max[v;w℄ � 10 : (25e)The rate oeÆients for the V-T mehanisms with atoms onsider the alulations ofreferenes [90, 91, 92, 93℄ to dedue the approximated formulaePN2�Nv;w<v = ( A0 exp ��A1v + A2v2 � ; v � w � 5 and v � v?0 ; otherwise (26a)PN2�Nw<v;v = PN2�Nv;w<v exp ���Ev;w<vkBTg � (26b)where the quantities A0, A1, A2 and v? are given in Table 3, for both reative (with anatomi exhange between the two ollision partners) and non-reative (diret) ollisions.In equations (24a)-(26b)F (Y ) = ( 12 �3� exp ��2Y3 �� exp ��2Y3 � ; 0 � Y � 208 ��3�1=2 Y 7=3 exp ��3Y 2=3� ; Y > 20 ; (27)�Ev;v�1 = ~!N2(1 � 2�N2e v) is the energy di�erene between two onseutive levelsv and v-1; �Ew�1;wv;v�1 = ~!N22�N2e jw � vj is the energy variation with the transitionv to v-1 and w-1 to w; �Ev;w<v is the energy di�erene between levels v and w<v;!N2 = 4:443 � 1014 s�1 and �N2e = 6:073 � 10�3 are parameters haraterizing theanharmoni Morse's osillator; L = 2�10�11 m is the range of intermoleular fores;M isthe mass of the N2 moleule; and ~ � h=(2�) with h the Plank's onstant. Note that therate oeÆients (24b), (25b) and (26b) for the inverse V-T (with moleules and atoms)



Capaitively oupled radio-frequeny disharges in N2 14and V-V reations were obtained from (24a), (25a) and (26a) by detailed balaning.Note also that only single-quantum transitions (the most likely ones) are onsideredfor V-V and V-T reations with moleules, whereas multi-quantum transitions areaounted for in V-T exhanges with atoms. Vibrational dissoiation by V-V andV-T proesses is also inluded, as a transition from v = 45 to a pseudo-level in theontinuum [94℄.The kineti sheme presented in Tables 1-2 depends on quantities whose knowledgeis somewhat limited, suh as the seondary eletron emission oeÆient �e, the wallloss probability 0k of ground-state speies N2(X1�+g ,v) and N(4S) (whih may dependon the working onditions and / or the spei� surfae properties), and the branhingratios bion for the assoiative ionization reations (23)-(24) and batom for the atomi wall-deexitations (47)-(48). There is a di�erene in the nature of the walls, between theGREMI and the LATMOS reators: both are essentially made of stainless-steel, butthe ounter-eletrode with the LATMOS reator is in aluminum alloy. With no spei�data for 0k, aounting for the interation of speies with di�erent reator walls, thequality of omparison between model results and measurements is probably a�eted.For the simulations in setion 4 we have taken �e = 0, N2 = 4:5� 10�4, N = 10�3, andbion = batom = 0:5. The sensitivity of the model results to these input parameters willbe disussed in setion 4.3.3. Model solutionThe solution to the model iterates between the kineti and the uid modules. Figure 3presents the owhart of the numerial workow used in the simulations.Typially the kineti module runs every ten rf periods, knowing the spae-time-average values of the harged partile densities and of the eletron rate-oeÆients /rates for the prodution / destrution of eah neutral speies. Reduing, by a fator of�ve, the frequeny adopted for updating the kineti module speeds up alulations bya fator of two, with negligible hanges (below 2%) in the main quantities alulated.Results are also not a�eted if the kineti module is updated more frequently instead, butthe alulation time is heavily degraded in this ase. The stationary solution to the setof (non-linear) rate balane equations (20) is obtained ombining a semi-impliit time-relaxation tehnique with an iterative matrix-inversion method. Convergene ensuresrelative variations of less than 10�6 for the densities of all neutral speies and is ahievedafter several hundred iterations. The new hemial omposition of the gas phase isthen used as input data to the homogeneous eletron Boltzmann equation, allowingupdating the set of eletron parameters (transport and rate oeÆients). The spae-time dependene of the eletron parameters is de�ned by the loal eletron mean energyapproximation (see setion 3.1), and the spatial variation of the neutral speies densitiesis tailored using the pro�les given by equations (22a)-(22); then, these quantities areused in the solution to the uid module. Replaing (22a)-(22) with onstant pro�lesfor the populations of the moleular and the atomi exited speies yields an inrease of



Capaitively oupled radio-frequeny disharges in N2 155%, 8% and 2:5% for the harged partile densities, the self-bias voltage and the oupledpower, respetively, and a 2% variation in the density of neutral speies.The harged partile transport equations (2a)-(4b) and Poisson's equation (5) aredisretized using a seond order �nite di�erene representation that inludes boundaryonditions (6a)-(8). In order to orretly desribe the spae-harge sheaths, near theintegration boundaries, the ux equations (2b), (4b) are disretized using the Sharfetter-Gummel exponential sheme [95℄. In this work, Poisson's equation is numerially solvedby diret matrix methods, and the harged partile transport equations are integratedby adopting a semi-impliit splitting method, that uses a Crank-Niholson algorithmwith an integration time step ontrolled by the Courant-Friedrihs-Lewy ondition [96℄.The ode is usually solved in a 33 � 16(r; z) point grid, for typial 1000 � 4000 timesteps within eah rf period. The hoie of �ner grids leads to a severe degradationin the alulation time, with minor hanges in the results. In general, 500 � 1000rf yles are needed to meet the global onvergene riterion: relative hanges betweentwo onseutive periods, below (i) 5�10�4 for the harged partile densities, the eletronmean energy, the plasma potential and the self-bias voltage; (ii) 10�3 for the neutralpartiles, orresponding to alulation times of 1� 3 hrs using a Fortan ompiler on aIntel-Xeon E5520 (2:26 GHz) CPU.As a result, the model yields the 2D pro�les of the harged partile densities n�and uxes ~��, of the eletron mean energy " and ux ~�", and of the rf �eld ~E andpotential V ; the values of the self-bias voltage Vd and of the e�etive power oupledto the plasma We� ; and the average densities nk of N2(X1�+g ,v=0 � 45) (yielding thevdf), N2(A3�+u , B3�g, C3�u, a01��u , a1�g, w1�u, a001�+g ) and N(4S, 2D, 2P), satisfyingthe losure onditionPk nk +Pi ni = N .4. Results and disussionThis setion presents numerial and experimental results haraterizing the operationof rf disharges in pure nitrogen, at 0:1 � 1 mbar pressures and 2 � 30 W oupledpowers (orresponding to applied rf voltages in the range 100� 300 V).An overall good agreement (qualitative and often also quantitative) is foundbetween simulations and measurements, whih exhibit the same order of magnitudeand the same kind of evolution trends as a funtion of the power oupled to theplasma, for various pressures. Moreover, the LATMOS and the GREMI reators havesimilar behaviours (hene justifying a presentation here of seleted results only, namelyonsidering the kind of measurements made in eah reator), although their di�erentdimensions (radii and speially inter-eletrode distanes) an explain some distintionsin the operation features.Figure 4(a)-(b) presents the time-average axial pro�les (at disharge axis) of Ez=Nand of ne, nN+2 , nN+4 , respetively, alulated for the LATMOS reator at variouspressures. For the same reator, at 1 mbar, �gure 4()-(d) shows 2D (r,z) plots of theeletron mean energy " and of the ionization rate by eletron impat ne�I , respetively.



Capaitively oupled radio-frequeny disharges in N2 16An observation of �gure 4(a) on�rms that the thikness of the spae-harge sheathsorresponds approximately to 2=3 of the intereletrode distane (see the regions whereEz=N 6= 0), and that this thikness dereases with an inrease in the pressure due toa more limited eletron transport. Although there is no net harge-separation in theentral part of the disharge (hene justifying Ez=N = 0 in this region), �gure 4(b)reveals that the harge partile density pro�les are quite diverse. In partiular, therelative importane in the N+2 to N+4 ion densities is highly dependent on the pressure(at 1 mbar, for example, both ions have similar populations), but the nN+2 axial pro�le isthe one whose shape hanges the most with variations in the pressure. These pro�les area onsequene of the relationship between the populations of eletrons, ions and neutrals,interlinked through the main harged-partile prodution / destrution mehanisms: (i)diret and stepwise eletron-impat ionization [reations (6) and (7), see table 1℄; (ii)assoiative ionization involving the exited states N2(A) and N2(a') [reations (23) and(24)℄; (iii) the ion onversion from N+4 to N+2 and the three-body ion onversion fromN+2 to N+4 [reations (25) and (26), respetively℄; and (iv) the eletron reombinationwith N+2 and N+4 ions [reations (10) and (11), respetively℄. Mehanisms (i) and (ii)are dominant and their relative importane depends on the pressure: the ontributionof the assoiative ionization to the harged-partile prodution is 35% at 0:2 mbar and10% at 1 mbar. The results show also that transport e�ets are less important for N+2than for N+4 , espeially at 1 mbar (notie that �N+4 is about 20% higher than �N+2 ,see setion 3.1); onsequently, the N+2 ion is lost at the same positions where it isreated, and its density pro�le reets that of the ionization rate by eletron impat[its main prodution mehanism at 1 mbar, see �gure 4(d)℄. Figure 4() shows thatthe eletron mean energy exhibits maximum values in the sheath regions, with theonsequent enhanement of reativity (i.e. prodution / destrution rates) in theseregions [this is on�rmed in �gure 4(d) for the eletron ollisions mehanisms℄. Notiethat the maxima of the eletron mean energy (within the spae-harge sheaths) aredisplaed from those of the harged partile densities, whih our halfway between theeletrodes due to transport [see �gure 4(b)℄. Notie further the exeptional magnitudeof h"i at the orner (r = R, z = 0) (� 12 eV for these onditions), due to the very smallgap between the driven eletrode and the grounded grid.Figure 5(a)-(b) presents the axial pro�le of radiative intensities with the SPS(0,0)band and the 811:5 nm atomi argon line, measured (along the disharge ross setion)and alulated (applying a time- and radial- average) for the GREMI reator atvarious pressures. This �gure shows that the 2D model yields an axial distributionfor both the nitrogen of the argon intensities in good agreement with spatially resolvedspetrosopi measurements. The latter are diÆult to ontrol, not only due to theextreme dependene of the emitted light intensity with position but also beause ofthe limitations in de�ning a preise referene frame between the eletrodes. ThesediÆulties an justify the di�erenes observed in the positions of the alulated andmeasured intensity peaks, whih in any ase do not all into question the validity ofmodels results.



Capaitively oupled radio-frequeny disharges in N2 17The self-bias voltage, measured and alulated for both reators at variouspressures, is depited in �gure 6(a)-(b) as a funtion of the power oupled to theplasma. Note that a inrease in the oupled power and a derease in the pressure, bothlead to a more asymmetri disharge operation (hene to a higher self-bias voltage),due to an enhanement in the harged-partile uxes towards the eletrodes. A goodagreement is found (both quantitative and qualitative) between Vd simulations andmeasurements for the LATMOS reator. For the GREMI reator, the model preditsthe orret evolution trend for Vd with variations in both We� and p, yet yieldingvalues that seem systematially deviated with respet to the experiment, whih mightbe due to unertainties in the wall loss probabilities adopted. In any ase, the quality ofthe agreement for a global parameter suh as the self-bias voltage, obtained using twodi�erent experimental setups, onstitutes another suessful test for model validation.Figure 7 presents the spae-time average eletron density, as a funtion of thepower oupled to the plasma, measured and alulated for the GREMI reator atvarious pressures. As for Vd, one observes hnei to inrease with We� (at onstantpressure) simply due to the enhaned energy involved in plasma maintenane. Notiethat a derease in p (at onstant power oupled) leads to an inrease in hnei (for mostonditions), whih is assoiated with an inrease also in ", probably to ompensatefor higher (partile and energy) losses. Ultimately, this variation is responsible for asigni�ant inrease in the ionization degree, when p dereases at onstant We� . Figure 7shows that the alulated eletron density is underestimated by a fator of about 4 withrespet to experiment, whih is a typial limitation of uid simulations when appliedto the modelling of rf disharges. This is probably assoiated with the fat that theeletron ux equation (2b) neglets the orresponding inertia term, whih overestimatesthe energy budget required to maintain the rf sheaths leaving less energy available forthe eletron prodution. However, even with this limitation, the model is apable toprovide orret qualitative preditions for the evolution of hnei with We� and p.Figure 8(a)-() presents the spae-time average radiative intensities, as a funtionof the power oupled to the plasma, of the SPS(0,2) and the FNS(0,0) bands, and of the811:5 nm atomi argon line, measured and alulated for the LATMOS reator at variouspressures. Measurements were arried out in the viinity of the driven eletrode, wherethe emitted light intensity is maximum, and thus they are ompared with spatially-averaged simulations results, alulated over the entire disharge ross setion (in theradial diretion) and over 1=3 of the intereletrode distane (in the axial diretion,below the driven eletrode). The experimental observations reveal that the transitionintensities are highly dependent on position (within mm, see �gure 5), whih makesextremely diÆult to ontrol the measurement of spatially-averaged data to omparewith the simulations. Within eah �gure 8(a)-() the model results are normalized to asingle experimental point, beause no absolute alibration of the optial devie has beendone and thus the OES data are in arbitrary units. A fair agreement is found betweensimulations and measurements, partiularly at low pressures and low oupled powers.Figure 8(b) shows that the evolution of the FNS(0,0) intensity, with variations in either



Capaitively oupled radio-frequeny disharges in N2 18the pressure or the oupled power, is similar to that of the eletron density [see �gure 7and the inset in �gure 8(b)℄, thus on�rming the relevant role of the eletron ollisionsin the prodution of N+2 and the ohereny of the present study (the ne measurementswere made in the GREMI reator, whereas the spatially-averaged OES measurementswere performed in the LATMOS reator). Note that the SPS(0,2) and the Ar(811nm)intensities exhibit di�erent behaviours with hanges in p and We� . The argon linefollows the same variation trends as ne (dereasing with an inrease in p and inreasingwith We�), whereas the SPS(0,2) band inreases with p and tends to saturate as We�inreases. These di�erenes an be explained by a ombination of fators: (i) the argonexitation is assumed to proeed via diret eletron ollisions only, whereas the N2(C)exited state is reate not only by the diret eletron exitation (4a) but also by thepooling reation (15b) (see Table 1), whose ontribution to the total N2(C) prodution is5% at 1 mbar and 26% at 0:2 mbar; (ii) the di�erenes, both in threshold and in shape,between the eletron-impat exitation ross setions of N2(C) and of Ar lead to di�erentspatial distributions of the orresponding time-average eletron rate oeÆients, heneto di�erent loal prodution rates with these mehanisms whose values, in any ase,derease with the pressure.Figure 9(a)-(b) shows the time-average eletron energy probability funtionf(u)u1=2 as a funtion of u, alulated for the LATMOS reator at p = 1 mbar andWe� = 7:4 W and at p = 0:5 mbar and We� = 5 W (orresponding to Vrf ' 200 V). Byusing the loal mean energy approximation (see setion 3.1) the eedf beomes spatiallyresolved via its dependene with " and ne [see equation (15)℄, and thus results areobtained in the disharge entre (r = 0 and z = 16:5 mm) and in the spae-harge sheathwith the driven eletrode (r = 0 and z = 4:1 mm), where the OES measurements weredone (see �gure 8). Figure 9 reveals that a hange in the pressure indues a onsiderablemodi�ation of the eedf in the spae-harge sheath, but the same is not observed in theplasma bulk where the eedf's shape is not altered by pressure variations. In both regionsa derease in p yields an inrease in the tail of f(u)u1=2 and a simultaneous dereasein its body, but these modi�ations are partiularly signi�ant in the sheath where "hanges from 5:9 to 9:7 eV when p goes from 1 to 0:5 mbar. Notie that the inreasein the eedf's tail with the derease in the pressure, although implying an enhanementin the eletron ollision rate oeÆients, does not augment the relative ontribution ofthe eletron impat mehanisms for harged partile prodution, at low pressures. This(apparent) ontradition is assoiated with the extraordinary inrease observed in theN2(A) and N2(a') populations when the pressure dereases [see �gure 10(a)-(b)℄.Figure 10(a)-(b) presents the relative densities of the N2(A) and the N2(a')metastable states, as a funtion of the power oupled to the plasma, alulated forthe LATMOS reator at various pressures. These speies play an important role in theeletron prodution [via the assoiative ionization reations (23) and (24), see table 1℄and in the population of the N2(C) state responsible for the SPS transition [via thepooling reation (15b), see table 1℄. The densities nN2(A)=N and nN2(a0)=N beome largerwith either a derease in p or an inrease in We� (partiularly at low pressures), due to



Capaitively oupled radio-frequeny disharges in N2 19the inrease in both ne and ". Inidentally, the same kind of variation was reported aboutmeasurements of the N2(A) density in indutively oupled plasmas (at lower pressuresand higher oupled powers) [97℄. Notie that the main prodution mehanisms of statesN2(A) and N2(a') proeed, respetively, via the states N2(B) [pooling reation (16a)and radiative transition (28)℄ and N2(a) [pooling reation (18) and eletron exitation(4a)℄, whih are reated via ollisions with N2(A) itself [vibrational de-exitation (14)℄and with eletrons [reation (4a)℄. The vibrational exited states N2(X; v = 2� 10) arealso populated essentially by diret eletron exitation. Ultimately, the eletron kinetisontrols the population of the metastables, justifying their variations with the workingonditions.Figure 11 plots the dissoiation degree of nitrogen nN= (nN2 + nN), as a funtionof the power oupled to the plasma, alulated for the LATMOS reator at variouspressures. One observes weak dissoiation degrees, varying between 10�3 and 4� 10�2for inreasing We� values (at standard 0N2 = 4:5 � 10�4 and 0N = 10�3 onditions)and exhibiting little hanges with p. The results displayed show also that thedissoiation degree dereases with an inrease in the wall loss probabilities for atoms(as expeted, a signi�ant e�et is observed) and vibrationally exited moleules, 0Nand 0N2, respetively. These results an be explained by notiing that the maindissoiation mehanisms of nitrogen involve ollisions with highly exited vibrationalstates [above v> 10, see reations (22) and (41) in tables 1 and 2℄, whose kinetisis essentially governed by N2-N2 V-V and N2-N V-T mehanisms [reations (38) and(13), respetively℄ that are favoured by an inrease in both the oupled power and thepressure. Consequently, the N(S,D,P) populations are roughly proportional to p andthe dissoiation degree presented in �gure 11 displays negligible variations with thepressure. This is in ontrast with the results of �gure 7, whih suggest an importantvariation of the ionization degree with the pressure (in ohereny with the evolution ofnN2(A)=N and nN2(a0)=N vs. p plotted in �gure 10), regardless the fat that the ionizationenergy is higher than the dissoiation energy in nitrogen. This apparent ontraditionputs forward the existene of di�erent mehanisms, assoiated with the eletron andthe vibrational kinetis, in ontrol of the ionization and the dissoiation of nitrogen,respetively.As mentioned in setion 3.2, the kineti sheme presented in Tables 1-2 depends onseveral parameters (bion, batom, N, N2 , and �e), whose values an inuene the modelresults. Simulations tests show that: (i) the branhing ratios bion and batom an varybetween 0� 1 with little inuene upon the results; (ii) the wall atomi reombinationprobability has an (obvious) diret e�et upon the dissoiation degree, whih dereasesby a fator of � 102 when 0N inreases from 10�3 to 1. This variation in 0N yieldsalso a maximum inrease of � 12% in ne, due to a redution in the destrution ofthe metastable N2(A) by atomi impat (reall that the assoiative ionization involvingN2(A) is one of the main eletron prodution hannels); (iii) an inrease in the wallvibrational deeexitation probability redues signi�antly the population of the lowervibrationally exited states, thereby a�eting the shape of the vdf. This has a diret



Capaitively oupled radio-frequeny disharges in N2 20impat upon the dissoiation degree (ontrolled by the vibrational kinetis) and theeletron prodution (ontrolled by diret / stepwise eletron impat ionization, whihis favoured by the quenhing of vibrationally exited states down to the ground-state). The dissoiation degree and the eletron density derease � 93% and inrease� 45%, respetively, when 0N2 varies from 4:5 � 10�4 to 1 at 0:5 mbar and 10 W;(iv) variations in the seondary eletron emission oeÆient produe negligible hangesin the eletron density, although a�eting the self-bias voltage through hanges in theboundary ondition (7a). By inreasing �e from 0 to 0:5, jVdj redues � 10% at 0:5 mbarand 10 W.5. Final remarksThis paper has studied rf plasma disharges in pure nitrogen, using both experimentsand simulations. Experiments obtained relevant parameters (the rf-applied and thed-self-bias voltages, the e�etive power oupled to the plasma, the average eletrondensity, and the intensities of radiative transitions with the nitrogen seond-positiveand �rst-negative systems and with the 811:5 nm atomi line of argon), reorded in theLATMOS and the GREMI laboratories. Measurements were made independently andwith di�erent equipment upon two similar (not twin) experimental setups (ylindrialparallel-plate reators surrounded by a lateral grounded grid), at p = 0:1 � 1 mbarpressures and We� = 2 � 30 W e�etive powers oupled to the plasma (orrespondingto applied rf voltages Vrf = 100� 300 V). The oupled powers were measured using thesubtrative method (with and without plasma), thus aounting for the power losses inthe external iruitry (the mathbox, the oaxial ables and the di�erent onnetors).Simulations used a hybrid ode that ouples a 2D (r, z) time-dependent uid moduleto a very omplete 0D kineti module. The uid module solves the ontinuity and themomentum-transfer equations for eletrons and positive ions N+2 (X), N+2 (B) and N+4 ,the eletron mean energy transport equations, and Poisson's equation for the rf eletripotential. The kineti module solves the two-term homogeneous and stationary eletronBoltzmann equation (aounting for inelasti ollisions from ground-state moleules andatoms, and inelasti and superelasti ollisions involving vibrationally exited states)and the rate balane equations of 45 vibrational exited states with the ground-stateN2(X1�+g ,v=0 � 45), 7 eletroni states N2(A3�+u , B3�g, C3�u, a01��u , a1�g, w1�u,a001�+g ) with the nitrogen moleule, and 3 eletroni states N(4S, 2D, 2P) with nitrogenatoms.The ode was validated by omparison between simulations and measurements,yielding a good agreement (within the experimental unertainties) for the self-biasvoltage and for the intensities of radiative transitions (both average and spatially-resolved), at di�erent pressures and oupled powers. This validation showed that itis possible to join a sophistiated 2D spae-time dependent disharge ode to a omplexkineti sheme to model rf disharges in pure nitrogen. Moreover, the validationused experimental results obtained from two separate setups, whih orresponds to



Capaitively oupled radio-frequeny disharges in N2 21exeptional benhmarking onditions not only for this work but also for future works.Finally, beause model validation has been based also on the analysis of optial emissionspetrosopy diagnostis, it further allowed to larify the mehanisms ontrolling thekinetis of the main exited speies with nitrogen. In partiular, experimental SPSresults are only mathed if the N2(A) density, ne and the eletrial parameters areorret, whereas the FNS emission is only properly modelled if both the alulated N+2density and the vdf are aurate. Notie that we have hosen here to desribe theevolution of the relevant physial quantities as a funtion of We� instead of Vrf. Thishoie is beause, in the present model, neither the inertial terms in the eletron uxequation (2b) were aounted for, nor the external power-iruit was onsidered in aself-onsistent way, whih an alter the phase between V (t) and It(t), and thus therelationship between Vrf and We� .Results exhibit a strong spatial non-homogeneity that depends partiularly onthe operating pressure. These features are well predited by the 2D transport e�etsonsidered in the model, whih adopts the loal mean energy approximation to de�nespae-time dependent eletron parameters for the uid module and to work-out spae-time average rates for the kineti module. The suess of this spatial desription dependsmostly on the alulated eedf, whose tail is more populated in the spae-harge sheathregion than in the plasma bulk region, espeially at low pressure. Transport e�etsjustify also that the maxima of the harged partile densities ours at the reatorentre, displaed from the maxima of their prodution rates (loated within the spae-harge sheaths). These results show the need to adopt the omplete 2D spae-timedesription onsidered here to provide an adequate modelling of these disharges.Simulations tests show that the model preditions are not signi�antly a�eted(variations below 10%) by hanges in (i) the branhing ratios for the prodution of atomsand of ions, (ii) the seondary eletron emission oeÆient, (iii) the frequeny adoptedfor updating the nitrogen kinetis in alulations and (iv) the pro�les imposed in themodel for the moleular and the atomi exited speies. As expeted, the probabilitiesfor the atomi reombination and the vibrational deeexitation at the wall have a direte�et upon both the dissoiation degree and the eletron density. However, even bysetting these probabilities to unity the dissoiation degree remains low and ne inreasesnot more than 45%. This shows that the highly-omplex kineti sheme proposed here isable to apture the main plasma features (within experimental errors), even onsideringthe unertainties assoiated with some of the ollisional data.As usually observed in uid models applied to rf disharges, simulationsunderestimate the eletron density by a fator of 3� 4, yet yielding orret qualitativepreditions for the evolution of hnei with We� and p. Eletrons are produed mainly bydiret and stepwise eletron-impat ionization and by assoiative ionization involving themetastables states N2(A) and N2(a'); these mehanisms yield a relatively low eletrondensity (hnei ' 5� 108� 5� 109 m�3) due to the limited oupled-power haraterizingthese disharges. At 10W the ionization degree ranges from 6�10�8 at 1 mbar to 4�10�7at 0:5 mbar, and this variation is aompanied by an inrease in the populations of N2(A)



Capaitively oupled radio-frequeny disharges in N2 22and N2(a'). Even if the ionization of nitrogen is essentially ontrolled by the eletronkinetis, its dissoiation is governed by the vibrational kinetis and by the atomi lossesat the walls. The dissoiation degree is very weak, varying between 10�3 and 4� 10�2for inreasing oupled powers (these are maximum values, obtained for a vanishinglysmall atomi wall-loss probability), being assoiated with atomi populations that areroughly proportional to the pressure. Sine the populations of atoms are not easilymeasurable, this is an important model result. The reliability of the preditions for thedissoiation degree is indiretly ensured by the good agreement between simulations andmeasurements for the intensities of radiative transitions, sine both results depend onthe auray of the kineti desription for the exited N2 and N speies.The present work is part of a more extended study aiming haraterizing rfdisharge plasmas produed in nitrogen-methane mixtures (for CH4 onentrations upto 10%), for the laboratory synthesis of analogues to Titan's solid aerosols. The step-by-step methodology adopted was initiated with the study of pure N2 disharges presentedhere, whih allowed to set well-grounded physial basis for understanding these plasmas(in terms of the disharge prodution features, the transport desription adopted, andthe kineti mehanisms onsidered), before moving to more omplex situations. Thisstrategy will ontinue with the study of N2-H2 and of N2-CH4 rf disharges, the latterinluding dust formation.AknowledgmentsWork supported by a PICS Cooperation Program, �naned by the PortugueseFoundation for Siene and Tehnology (FCT) and by the Centre National de laReherhe Sienti�que (CNRS). The alulations were performed on SeARCH (Servies& Advaned Computing with HTC/HPC) funded by FEDER through the COMPETEprogram and by the Portuguese FCT under ontrat CONC-REEQ/443/EEI/2005. EtEs-sebbar thanks the ANR programme (ANR-09-JCJC-0038 ontrat) for his Post-Dotoral grant.
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Figure 1. Shemati diagram of the plasma hamber and the external iruit withthe apaitively oupled reators used in this work. The plasma is the shaded region,between the driven (top) and the grounded eletrodes.
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Figure 3. Flowhart of the numerial workow used in the simulations.
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Figure 6. Self-bias voltage, as a funtion of the power oupled to the plasma, measured(points) and alulated (lines) in the LATMOS (a) and the GREMI (b) reators, forthe following pressures (in mbar): 1 (solid line and �); 0:72 (dashed and � ); 0:5(dotted and N); 0:2 (dashed-dotted and �).
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Figure 7. Spae-time average eletron density, as a funtion of the power oupled tothe plasma, measured (points) and alulated (lines) in the GREMI reator, for thefollowing pressures (in mbar): 1 (solid line and �); 0:72 (dashed and � ); 0:5 (dottedand N); 0:2 (dashed-dotted and �). Simulations are multiplied by a fator of 4, forrepresentation purposes.
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Figure 9. Time-average eletron energy probability funtion f(u)j h"i; hneiu1=2, as afuntion of the kineti energy u, alulated for the LATMOS reator and the followingwork onditions (at Vrf ' 200 V): p = 1 mbar and We� = 7:4 W (solid lines);p = 0:5 mbar and We� = 5 W (dashed). The results orrespond to: (a) the dishargeentre (at r = 0 and z = 16:5 mm), where the time-average eletron mean energy ish"i ' 2:4 and 2:7 eV for p = 1 and 0:5 mbar, respetively; (b) the spae-harge sheathwith the driven eletrode (at r = 0 and z = 4:1 mm), where h"i ' 5:9 and 9:7 eV forp = 1 and 0:5 mbar, respetively.
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Figure 10. Redued populations (relative to the gas density) of the N2(A) (a) and theN2(a') (b) speies, as a funtion of the power oupled to the plasma, alulated for theLATMOS reator and the following pressures (in mbar): 1 (solid line); 0:5 (dashed);0:2 (dotted).
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Table 1. Nitrogen kineti reations for moleular speies. Here, the states N2(X1�+g ,v), N2(A3�+u , B3�g , C3�u, a01��u , a1�g, w1�u,a001�+g ) and N(4S, 2D, 2P) are represented by N2(X,v), N2(A,B,C,a0,a,w,a00) and N(S,D,P), respetively; also, N2(X) is for N2(X,v=0),and N2, N+2 and N are for the ensemble of all moleular neutral, moleular ion and atomi speies, respetively. The label eedf meansthat the rate oeÆient was obtained by integration of the ross setion over the eletron energy distribution funtion; Te and Tg are theeletron and the gas temperatures, respetively. The rate oeÆients are in m3 s�1 unless spei�ed otherwise.Nb. Coll. type Reation Rate oeÆientEletron ollisions C�l;k(1)a Elasti e + N2(X) �! e + N2(X) eedf(2)a Rot. exitation e + N2(X,J) �! e + N2(X,J0) eedf(3)a Vib. ex. / deex. e + N2(X,v=0-9)  ! e + N2(X,w=(v+1)-10) eedf(4a)a Elet. ex./deex. e + N2(X) �! e + N2(A,B,C,a0,a,w,a00) eedf(4b)a e + N2(X) �! e + N2(B0)N2(B0) �! N2(B) + h� eedf(4)b e + N2(X) �! e + N2(W,E,higher levels) eedf(5a) e + N2(A)  ! e + N2(B,C) eedf(5b) e + N2(A) �! e + N2(X) eedf(6)a Ionization e + N2(X) �! 2e + N+2 (X,B) eedf(7) e + N2(A,B,a0,a,w) �! 2e + N+2 eedf(8) Ion reation e + N+2 (X) �! e + N+2 (B) eedf(9) Dissoiation e + N2(X) �! e + N(S) + N(S,D) eedf(10) Reombination e + N+2 �! 2N(S) 4:8� 10�7[300=Te(K)℄0:5(11) e + N+4 �! 2N2(X) 2:0� 10�6[300=Te(K)℄0:5
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Table 1. Nitrogen kineti reations for moleular speies (ont).Nb. Coll. type Reation Rate oeÆientHeavy partile ollisions Klm;k(12) V-T proesses N2 + N2(X,v=0-45)  ! N2 + N2(X,v�1) Pv;v�1(13) V-V proesses N2(X,v=0-45) + N2(X,w=0-45)  ! N2(X,v�1) + N2(X,w�1) Qw;w�1v;v�1(14) Vib. deex. N2(A) + N2(X,v=5-14) �! N2(B) + N2(X) 2:0� 10�11(15a) Elet. ex./deex. N2(A) + N2(A) �! N2(B) + N2(X) 7:7� 10�11(15b) N2(A) + N2(A) �! N2(C) + N2(X) 1:5� 10�10(16a) N2(B) + N2 �! N2(A) + N2 2:85� 10�11(16b) N2(B) + N2 �! N2(X) + N2 1:5� 10�12(17) N2(a0) + N2 �! N2(B) + N2 1:9� 10�13(18) N2(a) + N2 �! N2(a0) + N2 2:0� 10�11(19) N2(w) + N2 �! N2(a) + N2 1:0� 10�11(20) N2(a00) + N2 �! produts 2:3� 10�10(21) Dissoiation N2(A) + N2(X,v=14-19) �! N2(X) + 2N(S) 1:5� 10�12(22) 2N2(X,v=11-24) �! N2(X) + 2N(S) 3:5� 10�15(23) Ionization N2(A) + N2(a0) 1:0� 10�11bion�! N+4 + e1�bion�! N+2 + N2(X) + e(24) N2(a0) + N2(a0) 5:0� 10�11bion�! N+4 + e1�bion�! N+2 + N2(X) + e(25) Ion reations N+4 + N2 �! N+2 + N2(X) + N2 2:1� 10�16 exp[Tg(K)=121℄(26) N+2 + N2(X) + N2 �! N+4 + N2 6:8� 10�29[300=Tg(K)℄1:64 m6 s�1(27) N+2 (X) + N2(X,v � 12) �! N+2 (B) + N2(X,v-12) 1:0� 10�11(28) Radiative trans. N2(B) �! N2(A) + h� AN2(B);N2(A) = 2:0� 105 s�1(29) N2(C) �! N2(B) + h� AN2(C);N2(B) = 2:74� 107 s�1(30a) N2(a) �! N2(X) + h� AN2(a);N2(X) = 1:8� 104 s�1(30b) N2(a) �! N2(a0) + h� AN2(a);N2(a0) = 1:91� 102 s�1(31) N2(w) �! N2(a) + h� AN2(w);N2(a) = 6:5� 102 s�1(32) N+2 (B) �! N+2 (X) + h� AN+2 (B);N+2 (X) = 1:6� 107 s�1(33) Wall reations N2(X,v) + wall �! N2(X,v-1) 0N2(X;v)(34) N2(A,a0,a,w) di�usion�! N2(X) DkN =5� 1018[Tg(K)=300℄0:5 m�1 s�1a The ross setion for this mehanism is onsidered also in the solution to the eletron Boltzmann equation.b This mehanism is onsidered only in the solution to the eletron Boltzmann equation.
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Table 2. Nitrogen kineti reations for atomi speies. The labels, onventions and units are as in Table 1.Nb. Coll. type Reation Rate oeÆientEletron ollisions C�l;k(35)a Elasti e + N(S) �! e + N(S) eedf(36)a Elet. ex./deex. e + N(S)  ! e + N(D,P) eedf(37) e + N(D)  ! e + N(P) eedfHeavy partile ollisions Klm;k(38) V-T proesses N + N2(X,v=0-45) �! N + N2(X,w=0-45) PN2�Nv;w(39) Elet. ex./deex. N(D) + N2 �! N(S) + N2 1:0� 10�13 exp[�510=Tg(K)℄(40) N(P) + N2 �! N(S) + N2 6:0� 10�14(41) N(P) + N2(X,v � 10) �! N(S) + N2(A) 1:0� 10�10 exp[�1300=Tg(K)℄(42) N(S) + N2(A) �! N(P) + N2(X,v=6-9) 4:0� 10�11(43a) N(S) + N(P) �! N(S) + N(S) 1:8� 10�12(43b) N(S) + N(P) �! N(S) + N(D) 6:0� 10�13(44) N(S) + N(S) + N2 �! N2(B) + N2 8:27� 10�34 exp[500=Tg(K)℄ m6 s�1(45) Ionization N(D) + N(P) �! e + N+2 1:0� 10�13(46) Wall reations N(S) + wall �! (1/2)N2(X) 0N(S)(47) N(D) di�usion�! DN(D)N = 6:4� 1018[Tg(K)=300℄0:5 m�1 s�1batom�! N(S)1�batom�! (1/2)N2(X)(48) N(P) di�usion�! DN(P)N = 5:2� 1018[Tg(K)=300℄0:5 m�1 s�1batom�! N(S)1�batom�! (1/2)N2(X)a The ross setion for this mehanism is onsidered also in the solution to the eletron Boltzmann equation.



Capaitively oupled radio-frequeny disharges in N2 38Table 3. Quantities to be used in equation (26a), of the rate oeÆient for V-Tollisions with atoms. A0 is in m3 s�1 and Tg is in K.Reative Non-reativeA0 2:21� 104=T 1:43g 9:24� 104=T 1:63gA1 3:21� 104=T 0:80g 1:82� 104=T 0:70gA2 2:50� 105=T 1:04g 9:89� 103=T 0:44gv? 7 9
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