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Fig. S1 Spectrum of nitrogen plasma obtained at 50 SCCM and 50 W, using the Flame-S spectrometer. The figure displays two nitrogen band systems, the First Positive System (FPS) and the Second Positive System (SPS), as well as the  transition of NO [1]. 
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Fig. S2 A zoom in of the SPS emission at 50 SCCM and 50 W, recorded with a Horiba spectrometer 2400 lines/mm. The corresponding vibrational transitions are indicated with the notation . 
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Fig. S3 Emission lines of Argon in its first ionization state (Ar I) at 100 SCCM and 100 W, recorded using a Flame-S spectrometer.
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Fig. S4 Example of PGOPHER simulation and fit for the rotational temperature of the (0,1) band, at 100 SCCM and 50W, with the rotational temperature determined  . 
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Fig.  S5 Example of PGOPHER simulation and fit for the vibrational temperature, at 100 SCCM and 50W, with the vibrational temperature determined  . The 353 nm band corresponds to the (1,2) transition. 
[bookmark: _Toc178604533]Model outputs 
[bookmark: _Toc178604534]Calculated temperature as a function of power
[image: ]
[image: ]
Fig. S6-S7 The calculated (a) rotational and (b) vibrational temperatures as a function of plasma power, compared to our experimental data. The original calculation is marked in red, and the actual power scaling considering the reflected power is marked in blue.  
[bookmark: _Toc178604535]Reactor properties
[image: ]
Fig. S8 Calculated electron temperatures a function of plasma power. An increase in electron temperatures is observed, while the temperature hierarchy  indicates a non-thermal equilibrium environment.
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Fig. S9 Electron density as a function of plasma power. Increased plasma power, results in higher electron density, facilitating greater ionization and excitation processes. 
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Fig. S10 Nitrogen ions plasma density as a function of power, at 100 SCCM.
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Fig. S11 Increase in the reduced electric field in an N2 plasma as a function of power at 100 SCCM. Higher reduced electric field enhance the effectiveness of vibrational excitations. 
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Fig. S12 Rotational temperatures obtained vs. Ar pressure with the addition of 4 SCCM of nitrogen. 
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Fig. S13 Rotational temperatures obtained vs. Ar pressure with the addition of 8 SCCM of nitrogen. 
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Fig. S14-S15: The (0,1) and (1,0) transitions at different concentrations, converge to a single rotational temperature at high Ar pressures.
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Fig. S16 Variation in simulated nitrogen ions plasma density as a function of nitrogen pressure at 50 W in a pure nitrogen plasma. 
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Fig. S17 The simulated reduced electric field of Ar plasma density increasing as a function of pressure at 50 W in a pure Ar plasma.
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	#
	Reaction
	Rate coefficient (m3/s)
	Ref.

	
	Elastic
	
	

	1
	e + N2  e + N2
	
	[2,3]
	
	Excitation
	
	

	2
	e + N2  e + N2(A)
	
	[2,3]
	3
	e + N2  e + N2(B)
	
	[2,3]
	4
	e + N2  e + N2(B’)
	
	[2,3]
	5
	e + N2  e + N2(a’)
	
	[2,3]
	6
	e + N2  e + N2(C)
	
	[2,3]
	
	Dissociation
	
	

	7
	e + N2  e + N(4S) + N(2D)
	
	[2,3]
	
	Rotational excitation
	
	

	8
	e + N2 (X1∑g+, J=0)  e +N2 (X1∑g+, J=1-10)
	
	[4]
	
	Vibration (Excitation)
	
	

	9
	e + N2(X1∑g+, 0 ≤υ ≤5)  e + N2(X1∑g+, υ +1)
	
	[5,6,7]

	
	Ionization
	
	

	10
	e + N2  2e + N2+
	
	[7]

	11
	e + N2  2e + N(2D) + N+
	4.95 x 10-16(Te)1.22exp(-21.66/Te)
	[8]

	12
	e + N2  3e + 2N+
	9.95 x 10-16(Te)0.56exp(-43.62/Te)
	[8]

	13
	e + N(2D) + N(2P)  e + N2+
	1.00 x 10-19
	[9]

	14
	e + N(2P) + N(2P)  e + N2+
	1.00 x 10-19
	[10]

	15
	N2(A)  + N2(A)  e + N4+
	1.00 x 10-19
	[8]

	16
	N2(A) + N2(a’)  e + N4+
	1.50 x 10-17
	[12]

	17
	N2(a’) + N2(a’)  e + N4+
	5.00 x 10-17
	[9]

	
	Excitation
	
	

	18
	e + N2(X1∑g+, υ =1)  e + N2(A)
	1.52 x 10-14(Te)-0.49exp(-8.44/Te)
	[8]

	19
	e + N2(X1∑g+, υ =2)  e + N2(A)
	1.42x 10-14(Te)-0.47exp(-8.09/Te)
	[8]

	20
	e + N2(X1∑g+, υ =3)  e + N2(A)
	1.37 x 10-14(Te)-0.46exp(-7.81/Te)
	[8]

	21
	e + N2(X1∑g+, υ =4)  e + N2(A)
	1.34 x 10-14(Te)-0.46 exp(-7.55/Te)
	[8]

	22
	e + N2(X1∑g+, υ =5)  e + N2(A)
	1.30 x 10-14(Te)-0.46 exp(-7.30/Te)
	[8]

	23
	e + N2(X1∑g+, υ =6)  e + N2(A)
	1.27 x 10-14(Te)-0.45 exp(-7.05/Te)
	[8]

	
	Dissociation of vibrational states
	
	

	24
	e + N2(X1∑g+, υ =1)  e + N(4S) + N(2D)
	1.08 x 10-14(Te)0.53exp(-13.20/Te)
	[8]

	25
	e + N2(X1∑g+, υ =2)  e + N(4S) + N(2D)
	1.07 x 10-14(Te)0.53exp(-12.94/Te)
	[8]

	26
	e + N2(X1∑g+, υ =3)  e + N(4S) + N(2D)
	7.62 x 10-15(Te)0.64exp(-11.90/Te)
	[8]

	27
	e + N2(X1∑g+, υ =4)  e + N(4S) + N(2D)
	7.56 x 10-15(Te)0.65exp(-11.67/Te)
	[8]

	28
	e + N2(X1∑g+, υ =5)  e + N(4S) + N(2D)
	1.04 x 10-14(Te)0.54exp(-12.20/Te)
	[8]

	29
	e + N2(X1∑g+, υ =6)  e + N(4S) + N(2D)
	8.82 x 10-15(Te)0.59exp(-11.58/Te)
	[8]

	
	Ion recombination
	
	

	30
	e + N2+  2e + N+ + N+
	3.74 x 10-16(Te)1.48exp(-25.0/Te)
	[8]

	31
	e + N2+   N(4S) + N(2D)
	8.93 x 10-15Te-0.30
	[11]

	32
	e + N2+   N(2D) + N(2D)
	6.46 x 10-15Te-0.30
	[11]

	33
	e + N2+   N(4S) + N(2P)
	3.61 x 10-15Te-0.30
	[11]

	34
	e + N3+   N2(A) + N(4S)
	3.22 x 10-14Te-0.50
	[11]

	35
	e + N3+   N2(X) + N(2P)
	3.22 x 10-14Te-0.50
	[11]

	36
	e + N4+   N2(X) + N2(A)
	3.20 x 10-13Te-0.50
	[11]

	37
	N2(A) +N2+ N(4S) + N3+
	5.50 x 10-17
	[11]

	38
	N +N3+ N2(A) + N2+
	6.60 x 10-17
	[11]

	39
	N +N2+ N2 +N+
	7.20 x 10-19(300/Tg)-1
	[11]

	40
	N2(X, υ =4-6) +N+  N(4S) +N2+
	2.00 x 10-17
	[11]

	41
	N2(A) +N+  N(2P) + N2+
	2.00 x 10-17
	[11]

	42
	N +N4+ N2 + N2+ N+
	1.00 x 10-17
	[11]

	43
	N2 +N4+ N2 + N2+ N2+
	8.67 x 10-23(300/Tg)-6.45exp(900/Tg)
	[11]

	
	Quenching of metastable N atom and N2
	
	

	44
	N2(A) + N2(A)  N2(B) + N2(X)
	
	[12]

	45
	N2(A) + N2(A)  N2(C) + N2(X)
	
	[12]

	46
	N2(A) + N2(X)  N2(X) + N2(X)
	
	[13]

	47
	N2(B) + N2(X)  N2(A) + N2(X)
	
	[9]

	48
	N2(B) + N2(X)  N2(X) + N2(X)
	
	[9]

	49
	N2(a’) + N2(X)  N2(B) + N2(X)
	
	[9]

	50
	N2(C) + N2(X)  N2(a’) + N2(X)
	
	[9]

	51
	N2(X) + N(4S)  N2(A) + N(S)
	
	[14]

	52
	N2(X) + N(2D) +  N2 + N(4S)
	1.00 x 10-19exp(-510/Tg)
	[9]

	53
	N2(X) + N(2P) +  N2 + N(4S)
	3.00 x 10-23
	[9]

	54
	N(4S) + N(2P)  N(4S) + N(4S)
	6.20 x 10-19
	[9]

	55
	N2(A) + N(4S)  N2(X) + N(2P)
	4.00 x 10-17
	[8]

	
	N atom excitation and de-excitation
	
	

	56
	e + N(4S)  e + N(2D)
	2.74 x 10-14(Te)-0.40exp(-3.35/Te)
	[8]

	57
	e + N(4S)  e + N(2P)
	9.11 x 10-15(Te)-0.45exp(-4.80/Te)
	[8]

	58
	e + N(4D)  e + N(2P)
	1.01 x 10-14(Te)-0.18exp(-3.94/Te)
	[8]

	59
	e + N(2P)  e + N(2D)
	1.64 x 10-14(Te)-0.17exp(-2.69/Te)
	[8]

	60
	e + N(2D)  e + N(4S)
	1.00 x 10-14(Te)-0.36exp(-0.83/Te)
	[8]

	61
	e + N(2P)  e + N(4S)
	5.45 x 10-15(Te)-0.41exp(-1.05/Te)
	[8]

	
	V-T relaxation
	
	

	62
	N2(υ =5-6) + N2(A)  N2(υ =0) + N2(A)
	3.00 x 10-17
	[11]

	63
	N2(υ =1) + N2  N2(υ =0) + N2
	5.19 x 10-28(300/Tg)-8.51
	[11]

	64
	N2(υ =2) + N2  N2(υ =1) + N2
	1.15 x 10-27(300/Tg)-8.54
	[11]

	65
	N2(υ =3) + N2  N2(υ =2) + N2
	2.18 x 10-27(300/Tg)-8.53
	[11]

	66
	N2(υ =4) + N2  N2(υ =3) + N2
	4.32 x 10-27(300/Tg)-8.30
	[11]

	67
	N2(υ =5) + N2  N2(υ =4) + N2
	6.87 x 10-27(300/Tg)-8.27
	[11]

	68
	N2(υ =6) + N2  N2(υ =5) + N2
	1.10 x 10-26(300/Tg)-8.15
	[11]

	69
	N2(υ =1) + N2(υ =1)  N2(υ =0) + N2(υ =2)
	1.73 x 10-20(300/Tg)-1.42
	[11]

	70
	N2(υ =1) + N2(υ =2)  N2(υ =0) + N2(υ =3)
	2.18 x 10-20(300/Tg)-1.54
	[11]

	71
	N2(υ =1) + N2(υ =3)  N2(υ =0) + N2(υ =4)
	2.60 x 10-20(300/Tg)-1.55
	[11]

	72
	N2(υ =1) + N2(v=4)  N2(υ =0) + N2(υ =5)
	2.80 x 10-20(300/Tg)-1.63
	[11]

	73
	N2(υ =1) + N2(υ =5)  N2(υ =0) + N2(υ =6)
	3.09 x 10-20(300/Tg)-1.63
	[11]

	
	3-body recombination a
	
	

	74
	N(4S) + N(4S) + N2  N2 + N2
	8.27 x 10-46exp(500/Tg)
	[9,11,15]

	75
	N(4S) + N(4S) + N2   N2(A) + N2
	1.70 x 10-45
	[9,13]

	76
	N(4S) + N(4S) + N2   N2(B) + N2
	2.40 x 10-45
	[9,13]

	77
	N(4S) + N(4S) + N(4S)   N2(A) + N2
	1.40 x 10-44
	[9]

	78
	N(4S) + N(4S) + N(4S)   N2(B) + N2
	1.40 x 10-44
	[9]

	79
	N2 + N(4S) + N+  N2 + N2+
	1.00 x 10-41
	[11]

	80
	N2+ + N2 + N2  N4+ + N2
	5.20 x 10-41(300/Tg)2.20
	[11]

	81
	N+ + N2 + N2   N3+ + N2
	1.70 x 10-41(300/Tg)2.10
	[11]

	82
	N2+ + N2 + N(4S)   N3+ + N2
	9.00 x 10-42exp(400/Tg)
	[11]

	
	Radiation
	
	

	83
	N2(B)  N2(A) + hν               (FPS)
	 b
	[12,15]

	84
	N2(C)  N2(B) + hν               (SPS)
	 b
	[9,15]

	85
	N2(B’)  N2(X) + hν
	 b
	[9]

	86
	N2(B’)  N2(B) + hν
	 b
	[15]

	87
	e + N+  N(S) + hν
	
	[14]


a Rate constant is in cm6/s
b Rate constant is in 1/s
Te in eV, Tg in K
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The model includes the following species: 
	N2(X)
	N(4S)
	N+(3P)
	e-

	N2(X, J = 1 – 10)
	N(2D)
	N2+(X)
	

	N2(X, υ = 1 – 6)
	N(2P)
	N3+(X)
	

	N2(A)
	
	N4+(X)
	

	N2(B)
	
	
	

	N2(B’)
	
	
	

	N2(C)
	
	
	

	N2(a’)
	
	
	



N2(a), N2(w) and N2(a’) are included in the model as effective lumped states, because they are strongly coupled; N2(a) and N2(w) are converted into N2(a′) through collisional quenching with N2 with a high reaction rate coefficient. N2(a’) is the metastable state. Similarly, N2(B) and N2(W) are considered as a lumped state and N2(C) and N2(E) triplet states are also considered as a single state [9].

Vibrational levels of N2 molecule at the ground state:

	
	

	0
	0.000

	1
	0.288

	2
	0.573

	3
	0.855

	4
	1.133

	5
	1.408

	6
	1.679


  
There are 30 surface reactions:
[image: ]
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Diffusional losses of neutral species to the reactor walls are estimated by an effective diffusion length, given by [11] :




Diffusional losses of neutral species to the reactor walls are calculated according to Bohm velocity.


Kinetics of vibrational states of N2(X 1g+ , υ = 0 – 6):

	e - V
	e + N2(X , υ)  e + N2(X , )

	V - V
	N2(X , υ) + N2(X , )  N2(X , υ-1)  + N2(X , )

	V – T N2-N2
	N2(X , υ) + N2  N2(X , υ-1)  + N2

	V – T N2-N
	N2(X , υ) + N  N2(X , υ-1)  + N

	e - D
	e + N2(X , υ)  e + N + N

	V - D
	N2(X , υ) + N2(X , )   N2(X , υ-1)  + N + N

	Wall
	N2(X , υ) + wall   N2(X , υ-1)  



The model is global, meaning that  there is no spatial solution and the entire plasma volume is considered homogenous.
The model was run for over 240,000  RF cycles to reach steady state for all species (some species reach to steady state before). Densities are taken at steady state, after 1800 µs.


[bookmark: _Toc178604543]Model results 
[bookmark: _Toc178604544]Calculating rotational temperature



Plotting ln[P(j)] vs. J(J+1)


Nitrogen rotational constant [16]:
B=1.99824 cm-1


[bookmark: _Toc178604545]Calculating vibrational temperature

Using a harmonic oscillator model  and

with a vibrational frequency for nitrogen [15] of ω = 2358.57 cm-1 , followed by plotting ln[P(Nv)] vs.  we have or plotting ln[(Nv)] vs. energy levels,
in that case Tvib is calculating according to: 




Densities and temperatures were calculated for 100 sccm N2 (295 mTorr) for 40, 50, 60, 80 and 100 W. Additional series of runs was performed where the absorbed power was assumed to be 95% of the applied power. This is a realistic assumption since there are some heat losses and reflected power that can be summed to 5%. A similar assumption was made in [5], for ICP case Pabs ≈ 75%Prf.
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