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A hybrid global-analytical model of an atmospheric pressure radio-frequency driven capacitive

discharge is applied to determine the plasma conditions for TiO2 film deposition. The feed gas is

mainly argon with a small fraction of O2 and a smaller fraction of TiCl4. Variations of the

discharge parameters and species densities with O2 concentration, discharge power, and flow rate

are determined. A simplified chemistry model is developed and compared with the simulation

results, showing good agreement. For a base case with Ar/O2/TiCl4 flow rates of 203/30/0.17 sccm,

the results indicate that a minimum O2 fraction of 7.3� 10�4 is required for pure (un-chlorinated)

TiO2 film deposition that the active precursor species is TiO2Cl3, with subsequent abstraction of Cl

atoms by dissociative electron attachment and that the deposition rates are around 1 nm/s. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4876062]

I. INTRODUCTION

Anatase self-connected TiO2 films with exposed 001

reactive facets and oxygen defects are highly desirable for

scientific and technical applications,1–3 possessing interest-

ing photo-, electro-, magnetic-, chemical-, catalyst-, and

cytokine-effects, with possible applications in photonics

crystals, photo/electrochromic devices, gas sensors, and spin-

tronic devices. There are also applications to anticancer or

gene therapies,4,5 and these films are especially attractive for

photocatalysts in solar cells for the production of electric

energy or hydrogen.6

It was recently demonstrated7 that a self-confined

growth and connection of anatase single crystal sheets with

two exposed 001 crystal facets can be completed simultane-

ously in a reactive, atmospheric pressure TiO2O2/Ar radio

frequency (rf) plasma discharge. The experimental configu-

ration is an rf capacitive discharge driven at 13.56 MHz with

approximately 100 W of input power. The geometry is

coaxial, with an inner copper electrode diameter of 10 mm,

an outer copper electrode diameter of 13 mm, and an active

discharge length of 2 cm. The substrates are placed at vari-

ous locations along the inner surface of the outer tube wall.

The feed gas mixture of Ar/O2/TiCl4 (base case 203/30/0.17

sccm at initial temperature 300 K) flows from the inlet at one

end of the tube to the outlet at the other end. The typical film

growth time is 1–2 h, and the deposition rates are

non-uniform along the tube. In one experiment, 0.14 nm/s

was measured in the middle of the active discharge region,

0.9 nm/s at the tube exit, and 0.6 nm/s a few centimeters

into the afterglow.7 The deposited films are nano-crystalline

and display a strong white photoluminescence, whose inten-

sity is comparable to that of commercial fluorescent lamp

coatings.

Thermally produced titanium dioxide is of great com-

mercial importance for use as a pigment, catalyst support

and photocatalyst. In the current production method, TiCl4 is

oxidized at high temperatures (1500–2000 K) and pressures

(300 kPa) in a pure oxygen plasma or flame to produce TiO2.

In the last decade, the chemistry and gas phase rate coeffi-

cients for the high-temperature oxidation of TiCl4 to produce

TiO2 have become fairly well known, and equilibrium calcu-

lations have been performed to identify which intermediates

and precursors are most important in the high temperature

process.8–13 However, there have been no simulations to our

knowledge of the production of TiO2 films in low tempera-

ture, atmospheric pressure Ar/O2/TiCl4 plasmas.

In this work, we perform such simulations using a

hybrid analytical-numerical global model of an atmospheric

pressure, rf-driven capacitive discharge. A detailed descrip-

tion of the model is given in Ref. 15. The feed gas is

assumed to be a rare gas with small admixtures of other

gases. The electrical characteristics are determined analyti-

cally using a symmetric, current-driven homogeneous dis-

charge model. A sinusoidal rf current density J ¼ ReðJ0 ejxtÞ
flows through a discharge gap from x¼ 0 to x¼ l. The net

heavy-particle positive charge density is assumed to be uni-

form and constant everywhere within the gap. An electron

cloud of uniform density ne and fixed width d< l oscillates

within the gap in response to the rf excitation, leading to the

appearance of oscillating rf sheath regions near each elec-

trode, with average sheath width �s ¼ 1
2
ðl� dÞ. The electric

fields everywhere within the gap are calculated self-

consistently from the homogeneous model, accounting for

the plasma space charge effects. The homogeneous model

sheath width �s � J0=ðenxÞ is larger than a comparable

sheath width found in experiments.14 We therefore modify �s
by a factor g < 1. As discussed in Sec. IV, the value g ¼ 0:5
is consistent with experimental results. The electron temper-

ature Te is assumed to be uniform in the bulk plasma anda)Electronic mail: lieber@eecs.berkeley.edu.
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oscillating in time at twice the rf. The electron power bal-

ance is solved analytically to determine the time-varying

electron temperature, which also oscillates on the rf time-

scale. Averaging over the rf period yields effective rate coef-

ficients for the gas phase activated processes. The particle

balance relations for all species are then integrated numeri-

cally to determine the equilibrium discharge parameters. The

coupling of analytical solutions of the time-varying dis-

charge and electron temperature dynamics, and numerical

solutions of the discharge chemistry, allows for a fast solu-

tion of the discharge equilibrium. The model is in

one-dimensional planar geometry. To apply the model to the

coaxial experimental configuration, we have unfolded the an-

nular discharge region into a planar discharge with plate area

A ¼ 11:5 p� 20 mm2 and a gap length l¼ 1.5 mm.

II. SPECIES, REACTIONS, AND RATE COEFFICIENTS

There are 32 simulation species used in the model: elec-

trons e, Ar, Arm, Arr, Ar4p, Arþ, Arþ2 , O2, O�2, O3, O, O*,

Oþ4 ; Oþ2 , Oþ, O�, O�2 ; O�3 , Cl2, Cl, ClO, Cl�, TiCl4, TiCl3,

TiOCl2, TiOCl3, TiO2, TiO2Cl, TiO2Cl2, TiO2Cl3, Ti2O2Cl3,

and Ti2O2Cl4. Arm includes the 3P2 and 3P0 metastable lev-

els (reaction R11 in Table I), Arr, the 1P1 and 3P1 resonance

levels (reaction R12 in Table I), and Ar4p, all of the 4p lev-

els. O�2 is the 1Dg metastable, and O* is the 1D level. We do

not include the Clþ2 and Clþ positive ions because the chlo-

rine concentration is much smaller than the oxygen concen-

tration, so the chlorine positive ion densities are expected to

be much smaller than the oxygen ion densities. However,

chlorine is highly attaching, so we include Cl� in addition to

the oxygen negative ions. For the titanium chemistry, we

include the main expected neutral species.11 We do not

include titanium-containing negative ion species in the simu-

lation. Such species can play a role in seeding the production

of titanium-containing nanoparticles and in confining the

titanium-containing species in the discharge as described

below.

The argon, argon-oxygen, and oxygen-oxygen rate coef-

ficients are given in Tables I–III. The argon-chlorine and

oxygen-chlorine and chlorine-chlorine rate coefficients are

given in Table IV. Reaction R1 for e-Ar elastic scattering

gives the electron energy loss for this important process. The

titanium species rate coefficients are given in Table V. We

could not find any information in the literature on the elec-

tron- or metastable argon dissociation rate coefficients of

TiCl4 (reactions R175 and R176). For R175, we used the

rate coefficient for the similar electron-SiCl4 reaction,16 but

adjusted the activation energy to account for the difference

in the dissociation energies of TiCl4 and SiCl4, and we

assumed a threshold energy for TiCl4 dissociation of 1.5

times the dissociation energy,17 Similarly lacking any data,

we used the attachment rate coefficient for O3 (R43) for the

Cl� abstraction reactions R184–R186. For R176, we used

the Arm quenching rate coefficient for the similar Arm-SiCl4
and Arm-CCl4 reactions,18 and assumed that all quenching

leads to dissociation.

Table VI gives the surface reactions, and the diffusion

coefficients D and mobilities l used in the model. At

atmospheric pressure, the surface losses of the activated gas

phase species Arm, Arr, Ar4p, O*, O�2, O, Cl, and ClO are lim-

ited by their diffusion rates to the surface, rather than the

(much faster) reaction or recombination rates on the surface.

We therefore assume that all these species are lost at diffu-

sive rates, with a diffusion-limited loss flux to each wall

C ¼ �Dðdn=dxÞwall, which is evaluated for a parabolic den-

sity profile. The volume rate of loss of neutral species to the

two walls is then dn=dt ¼ 12 Dn=l2. The diffusion coeffi-

cients are calculated from gas kinetic theory20 using the spe-

cies Lennard-Jones parameters. For positive ions, a mobility-

limited loss flux is assumed,21,22 C ¼ lnþs
�E, with nþs the

ion sheath density, �E the time-average electric field at the

wall, and with a unity reaction probability. This yields the

volume rate of loss dnþ=dt ¼ 2 lnþs
�E=l. In this highly elec-

tronegative discharge, with n�=ne � 40, the total positive

ion density in the sheath is ne. For each ion species, we there-

fore use nþs ¼ ðnþ=nþ;totÞne in the calculations, with nþ and

nþ,tot the global ion and total ion densities, respectively. For

the chlorinated titanium species, we assume no surface

losses, due to the fluctuating conversion of these species to

negative ions, such that, on the average, there is an electro-

static potential confining them in the discharge.31 In princi-

ple, the same confinement occurs for the product molecule

TiO2, allowing the formation of nanoparticles within the dis-

charge. There is some evidence that particulates form in the

discharge: Nanoparticles have been observed to be deposited

on the substrate after a deposition time of 1–2 min.7 The

buildup of higher mass chlorinated titanium species with

negative charge through such reactions as

TixOyCl�z þ TiO2Cl3 ! Tixþ1Oy0Cl�z0 þ ðO;Cl productsÞ
(1)

can generate high mass species, which can follow the usual

coagulation dynamics [Ref. 26, Sec. 17.4], leading to nano-

crystal formation within the discharge. However, our model

treats the discharge as a homogeneous gas phase mixture, so

the formation of nanoparticles is beyond the scope of the

present simulation. Therefore, we assume a diffusive loss of

TiO2 to the surface.

The deposition rate, DR, can be estimated from the total

flux of TiO2 depositing on the surface

DR ¼ CTiO2

nf
; (2)

where nf is the film density. Due to the voids and exposed

facets in the deposited films, we use a film density nf¼ 1.45

� 1028 m�3 that is half of the TiO2 solid density.

III. RESULTS

We consider an annular discharge with an outer radius

Ro¼ 6.5 mm, an inner radius Ri¼ 5 mm, and a length L¼ 2

cm, similar to the experiment.7 For the base case simula-

tions, the total flow rate is taken to be 233 sccm with a TiCl4
feed gas fraction fTiCl4 ¼ 7:3� 10�4, as these are the param-

eters of the base case experiment. The gas temperature at the
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TABLE I. Electron impact reaction rate coefficients.

n Reaction Rate coefficienta,b References

Electron elastic scattering

R1 eþAr! eþAr 2:34� 10�14T1:61
e e0:062ðlogTeÞ2�0:117ðlogTeÞ3 24

Electron impact ionization

R2 eþ Ar! Arþ þ eþ e 2:3� 10�14T0:59
e e�17:44=Te 24

R3 eþ Arm ! Arþ þ eþ e 6:8� 10�15T0:67
e 24

R4 eþ Ar4p ! Arþ þ eþ e 1:8� 10�13T0:61
e e�2:61=Te 24

R5 eþ O! Oþ þ eþ e 4:75� 10�15T0:78
e e�14:27=Te 19

R6 eþ O� ! Oþ þ eþ e 9:0� 10�15T0:7
e e�11:6=Te 24

R7 eþ O2 ! Oþ2 þ eþ e 2:01� 10�15T1:09
e e�12:41=Te 19

R8 eþ O2 ! Oþ þ Oþ eþ e 1:88� 10�16T1:699
e e�16:81=Te 24

R9 eþ O�2 ! Oþ2 þ eþ e 2:34� 10�15T1:03
e e�11:31=Te 24

R10 eþ O�2 ! Oþ Oþ þ eþ e 1:88� 10�16T1:699
e e�15:83=Te 24

Electron impact excitation and de-excitation

R11 eþAr! Arm þ e 5� 10�15e�12:64=Te þ 1:4� 10�15e�12:42=Te 24, see text

R12 eþAr! Arr þ e 1:9� 10�15e�12:6=Te þ 2:7� 10�16e�12:14=Te 24, see text

R13 eþ Ar! Ar4p þ e 2:16� 10�14e�13:13=Te 24

R14 eþArm ! Arþ e 4:3� 10�16T0:74
e 24

R15 eþ Arm ! Arr þ e 3.7� 10�13 24

R16 eþ Arm ! Ar4p þ e 8:9� 10�13T0:51
e e�1:59=Te 24

R17 eþArr ! Arþ e 4:3� 10�16T0:74
e 24

R18 eþ Arr ! Arm þ e 9.106� 10�13 24

R19 eþ Arr ! Ar4p þ e 8:9� 10�13T0:51
e e�1:59=Te 24

R20 eþ Ar4p ! Arr þ e 3� 10�13T0:51
e 24

R21 eþ Ar4p ! Arm þ e 3� 10�13T0:51
e 24

R22 eþ Ar4p ! Arþ e 3:9� 10�16T0:71
e 24

R23 eþ Arþ ! Arm 5:95� 10�17T�0:5
e 22, He! Ar

R24 eþ eþ Arþ ! eþ Arm 5:6� 10�39T�4:5
e 25

R25 eþ Arþ2 ! Arm þ Ar 7:45� 10�14T�0:67
e 25

R26 eþ O! O� þ e 2:19� 10�14T0:57
e e�4:1=Te 19

R27 eþ O� ! Oþ e 8:17� 10�15e�0:4=Te 24

R28 eþ O� ! Oþ eþ e 4:64� 10�14T0:5
e e�3:44=Te 19

R29 eþ Oþ ! O� 4:66� 10�17T�0:5
e 22

R30 eþ eþ Oþ ! O� þ e 1:628� 10�21T�4:5
e 22

R31 eþ O2 ! OþOþ e 9:49� 10�16T0:38
e e�11:84=Te 19

R32 eþ O2 ! O� þOþ e 8:45� 10�15T0:38
e e�11:84=Te 19

R33 eþ O2 ! O�2 þ e 1:25� 10�14T�0:97
e e�5:51=Te 19

R34 eþ O�2 ! O2 þ e 2:06� 10�15e�1:163=Te 24

R35 eþ O�2 ! OþOþ e 1:41� 10�15T0:22
e e�11:64=Te 24

R36 eþ O�2 ! O� þOþ e 1:29� 10�14T0:22
e e�11:64=Te 24

R37 eþ O�2 ! O� þO� þ e 1:95� 10�16T0:22
e e�11:64=Te O2 w. thresh. reduced

R38 eþ O3 ! OþO2 þ e 1:42� 10�14T�0:68
e e�2:6=Te 19

Electron impact attachment and dissociative attachment

R39 eþ O2 ! O� þ O 1:12� 10�15T�1:41
e e�6:16=Te 19

R40 eþ O2 þ O2 ! O2 þO�2 2:26� 10�42ð300=TgÞ0:5 22

R41 eþ O�2 ! O� þ O� 9:93� 10�15T�1:44
e e�7:44=Te 22

R42 eþ O�2 ! Oþ O� 4:33� 10�15T�1:39
e e�5:17=Te 19

R43 eþ O3 ! O� þ O2 3:24� 10�15T�0:94
e e�0:91=Te 19

R44 eþ O3 ! Oþ O�2 9:56� 10�16T�1:26
e e�0:95=Te 19

R45 eþ O2 þ Ar! Arþ O�2 8:8� 10�42T�0:5
e 22, He! Ar

Dissociative recombination

R46 eþ Oþ2 ! Oþ O 5:89� 10�14T�1:06
e e�0:51=Te 27

R47 eþ Oþ2 ! O� þ O 4:688� 10�12T�0:7
e 22

R48 eþ Oþ4 þ ! O2 þ O2 2:25� 10�13T�0:5
e 30

R49 eþ eþ Oþ4 ! O2 þ O2 þ e 7:18� 10�39T�4:5
e 30

aRate coefficients for 1, 2, and 3 reactants in s�1, m3/s, and m6/s, respectively.
bTemperatures in roman and italic typeface in volts and Kelvins, respectively.
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TABLE II. Electron impact reaction rate coefficients (cont’d).

n Reaction Rate coefficienta,b References

Ion–molecule reactions: Collisional detachment

R50 O� þ O! O2 þ e 2� 10�16ð300=TgÞ�0:5
22

R51 O� þ O2 ! O3 þ e 5� 10�18ð300=TgÞ�0:5
22

R52 O� þ O�2 ! O3 þ e 3� 10�16ð300=TgÞ0:5 22

R53 O� þO3 ! O2 þ O2 þ e 3:02� 10�16ð300=TgÞ�0:5
22

R54 O�2 þ O! O3 þ e 1:5� 10�16ð300=TgÞ�0:5
22

R55 O�2 þO�2 ! O2 þ O2 þ e 2� 10�16ð300=TgÞ 22

Ion-molecule reactions: Argon ions

R56 Arþ þ Arþ Ar! Arþ2 þ Ar 2.7� 10�43 25

R57 Arþ þ O! Oþ þAr 6.4� 10�18 24

R58 Arþ þ O� ! Oþ þAr 6.4� 10�18 Use ArþþO

R59 Arþ þ O2 ! Oþ2 þAr 4:9� 10�17ð300=TgÞ0:78
24

R60 Arþ þ O� ! OþAr 4� 10�14ð300=TgÞ0:43
24

Ion-molecule reactions: Oxygen ions

R61 Oþ þ OþO2 ! Oþ2 þO2 1:06� 10�42ð300=TgÞ�0:5
22

R62 Oþ þ OþAr! Oþ2 þAr 1:06� 10�41ð300=TgÞ�0:5
22, He! Ar

R63 Oþ þ O2 ! Oþ2 þO 2� 10�17ð300=TgÞ0:4 22

R64 Oþ þ O3 ! Oþ2 þO2 1.06� 10�16 22

R65 Oþ2 þ O2 þO2 ! Oþ4 þO2 2:4� 10�42ð300=TgÞ3:2 30

R66 Oþ2 þ O2 þAr! Oþ4 þAr 5:8� 10�43ð300=TgÞ3:1 30

R67 Oþ4 þ Arm ! OþOþ O2 þ Ar 1:0� 10�16 30, He! Arm

R68 Oþ4 þ O! Oþ2 þ O3 3.0� 10�16 30

R69 Oþ4 þ O� ! Oþ2 þO3 3.0� 10�16 30

R70 Oþ4 þ O2 ! Oþ2 þ O2 þO2 3:3� 10�12ð300TgÞ4e�5030=Tg 30

R71 Oþ4 þ O�2 ! Oþ2 þ O2 þO2 1.0� 10�16 30

R72 Oþ4 þ Ar! Oþ2 þ O2 þAr 3.0� 10�23 30, He!Ar

R73 O�2 þ O� ! O�2 þO 1.06� 10�16 22

R74 O� þ O3 ! O�3 þO 1:99� 10�16ð300=TgÞ�0:5
22

R75 O� þ O3 ! O�2 þO2 1:02� 10�17ð300=TgÞ�0:5
22

R76 O�2 þ O! O2 þ O� 1:5� 10�16ð300=TgÞ�0:5
22

R77 O�2 þ O3 ! O2 þ O�3 6� 10�16ð300=TgÞ 22

R78 O�3 þ O! O�2 þ O2 2:5� 10�16ð300=TgÞ�0:5
22

Ion-ion recombination

R79 Oþ þ O� þ Ar! OþOþ Ar 2� 10�37ð300=TgÞ2:5 22, He! Ar

R80 O� þ Oþ ! OþO 2� 10�13ð300=TgÞ 22

R81 O� þ Oþ þ O2 ! OþOþ O2 2� 10�37ð300=TgÞ2:5 22

R82 O� þ Arþ þ Ar! Arþ ArþO 2� 10�37ð300=TgÞ2:5 22, He! Ar

R83 O� þ Oþ2 ! Oþ O2 2� 10�13 (300/Tg) 22

R84 O� þ Oþ2 ! Oþ OþO 1.02� 10�13 22

R85 O� þ Oþ2 þ O2 ! Oþ O2 þ O2 2� 10�37ð300=TgÞ2:5 22

R86 O� þ Oþ2 þ Ar! Oþ O2 þ Ar 2� 10�37ð300=TgÞ2:5 22, He! Ar

R87 O� þ Oþ2 þ O2 ! O2 þO3 2� 10�37ð300=TgÞ2:5 22

R88 O�2 þ Oþ2 ! O2 þO2 2� 10�13ð300=TgÞ 22

R89 O�2 þ Oþ2 ! O2 þ OþO 1.06� 10�13 22

R90 O�2 þ Oþ ! O2 þO 2� 10�13 (300/Tg) 22

R91 O�3 þ Oþ2 ! O3 þO2 2� 10�13 (300/Tg) 22

R92 O�3 þ Oþ2 ! O3 þ OþO 2� 10�13 22

R93 O�3 þ Oþ ! O3 þO 2� 10�13 (300/Tg) 22

R94 Oþ4 þ O� ! O2 þ O2 þO 1.0� 10�13 30

R95 Oþ4 þ O�2 ! O2 þ O2 þO2 1.0� 10�13 30

R96 Oþ4 þ O�3 ! O2 þ O2 þO2 þ O 1.0� 10�13 30

R97 Oþ4 þ O� þ Ar! O2 þ O2 þOþ Ar 2:0� 10�37ð300=TgÞ2:5 30

R98 Oþ4 þ O�2 þ Ar! O2 þ O2 þO2 þ Ar 2:0� 10�37ð300=TgÞ2:5 30

R99 Oþ4 þ O�3 þ Ar! O2 þ O2 þO3 þ Ar 2:0� 10�37ð300=TgÞ2:5 30

aRate coefficients for 1, 2, and 3 reactants in s�1, m3/s, and m6/s, respectively.
bTemperatures in roman and italic typeface in volts and Kelvins, respectively.
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inlet is Ti¼ 300 K, and measurements using OH rotational

spectroscopy indicate a gas temperature in the discharge of

Tg¼ 625 K, which is used in the simulations. Because the

inner and outer coaxial copper electrodes have relatively uni-

form temperatures along their lengths, and the thermal con-

duction time of the gas is much shorter than the flow time of

the gas through the system, we assume an isothermal flow.

The flow is laminer because of the small flow velocity. The

required discharge power P is estimated from the gas heating

and the external convection and radiation losses of the reac-

tor to the ambient environment

P ¼ 3

2
ngikðTg � TiÞui 2pRlþ hcþrðTg � TiÞ2pRL; (3)

where ngi is the gas density at the inlet, k is Boltzmann’s constant,

ui is the flow velocity, R is the mean radius, hcþr � 34 W=m2 K

TABLE III. Neutral reaction rate coefficients.

n Reaction Rate coefficienta,b References

Neutral reactions: Penning ionization

R100 Arm þ Arr ! Arþ Arþ þ e 2.106� 10�15 24

R101 Ar4p þAr4p ! Arþ Arþ þ e 5� 10�16 24

R102 Arm þArm ! Arþ Arþ þ e 6.4� 10�16 24

Neutral reactions: Argon atom

R103 Arþ Arm ! Arþ Ar 2.106� 10�21 24

R104 Arm þO2 ! Oþ Oþ Ar 1.01� 10�16 24

R105 Arm þO2 ! Oþ O� þ Ar 1.14� 10�16 24

R106 Arm þO! Oþ Ar 4.10� 10�17 24

R107 O2 þ Ar4p ! Oþ Oþ Ar 2.96� 10�16 24

R108 O2 þ Ar4p ! Oþ O� þ Ar 3.34� 10�16 24

R109 O� þ Ar! Oþ Ar 3� 10�19 24

R110 O�2 þ Ar! O2 þ Ar 3� 10�24e�200=Tg Use O�2 þO2

R111 Oþ Oþ Ar! O2 þ Ar 1.06� 10�45 22, He! Ar

R112 Oþ Oþ Ar! O�2 þ Ar 9.88� 10�47 (300/Tg) 22, He! Ar

R113 Oþ O2 þ Ar! O3 þ Ar 3:4� 10�46ð300=TgÞ1:2 22, He! Ar

Neutral reactions: Oxygen atom

R114 O3 þ O! Oþ Oþ O2 1:56� 10�15e�11490=Tg 22

R115 Oþ O3 ! O2 þ O2 1:5� 10�17e�2250=Tg 22

R116 O3 þ O2 ! O2 þ O2 þ O 1:56� 10�15e�11490=Tg 22

R117 O3 þ O3 ! O2 þ Oþ O3 1:56� 10�15e�11490=Tg 22

R118 O2 þ O� ! Oþ O�2 1.0� 10�18 22

R119 Oþ O� ! Oþ O 8� 10�18 22

R120 O� þ O2 ! Oþ O�2 1:6� 10�18e�67=Tg 22

R121 O� þ O2 ! Oþ O2 4:8� 10�18e�67=Tg 22

R122 O� þ O3 ! O2 þ Oþ O 1.2� 10�16 22

R123 O� þ O3 ! O2 þ O2 1.2� 10�16 22

R124 O�2 þ O2 ! O2 þ O2 3� 10�24e�200=Tg 22

R125 O�2 þ O2 ! Oþ O3 2:95� 10�27ð300=TgÞ0:5 22

R126 O�2 þ O3 ! O2 þ O2 þ O 5:2� 10�17e�2840=Tg 22

R127 O�2 þ O�2 ! O2 þ O2 9� 10�23e�560=Tg 22

R128 O�2 þ O! O2 þ O 2� 10�22 22

R129 O�2 þ O3 ! O2 þ O2 þ O� 1.01� 10�17 22

R130 Oþ Oþ O! O2 þ O 9.22� 10�46 (300/Tg) 22

R131 Oþ Oþ O! O�2 þ O 6:93� 10�47ð300=TgÞ 22

R132 Oþ Oþ O2 ! O2 þ O2 2:56� 10�46ð300=TgÞ 22

R133 Oþ Oþ O2 ! O�2 þ O2 1:93� 10�47ð300=TgÞ 22

R134 Oþ Oþ O2 ! O3 þ O 3:4� 10�46ð300=TgÞ1:2 22

R135 Oþ O2 þ O2 ! O3 þ O2 6� 10�46ð300=TgÞ2:8 22

R136 O2 þOþ O�2 ! O2 þ O2 þO 1.00� 10�44 22

R137 O3 þ Oþ O2 ! O3 þ O3 2:27� 10�47e1057=Tg 22

Radiation

R138 Arr ! Ar 1.1� 105 24

R139 Ar4p ! Arm 3� 107 24

R140 Ar4p ! Arr 3 � 107 24

aRate coefficients for 1, 2, and 3 reactants in s�1, m3/s, and m6/s, respectively.
bTemperatures in roman and italic typeface in volts and Kelvins, respectively.
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TABLE IV. Chlorine rate coefficients.

n Reaction Rate coefficienta,b References

R141 eþ Cl2 ! Clþ Clþ e 1:04� 10�13T�0:29
e e�8:84=Te 28

R142 eþ Cl2 ! Clþ Cl�
3:43� 10�15T�1:18

e e�3:98=Te

þ3:05� 10�16T�1:33
e e�0:11=ðTeþ0:014Þ 28

R143 eþ Cl� ! Clþ eþ e 9:02� 10�15T0:92
e e�4:88=Te 28

R144 Clþ Clþ Cl2 ! Cl2 þ Cl2 3:5� 10�45e810=Tg 28

R145 Clþ Clþ Cl! Cl2 þ Cl 8:75� 10�46e810=Tg 28

R146 Cl� þ Arþ ! Clþ Ar 5� 10�14ð300=TgÞ0:5 28

R147 Clþ Clþ Ar! Cl2 þ Ar 8:75� 10�46e�810=Tg 28

R148 Clþ Clþ Arm ! Cl2 þAr 8:75� 10�46e�810=Tg 28

R149 Arþ2 þ Cl� ! Arþ Arþ Cl 5� 10�14ð300=TgÞ0:5 28

R150 Cl� þ Oþ2 ! Clþ O2 5� 10�14ð300=TgÞ0:5 19

R151 Cl� þ Oþ ! Clþ O 5� 10�14ð300=TgÞ0:5 19

R152 Cl2 þ O�2 ! Cl2 þO2 2:2� 10�24ð300=TgÞ�0:8
19

R153 Cl2 þ O� ! Cl2 þO 7��17 19

R154 Clþ O�2 ! Clþ O2 1.3� 10�22 19

R155 Clþ O� ! ClþO 8� 10�18 19

R156 eþ ClO! Clþ Oþ e 1:27� 10�13T�1:36
e e�6:84=Te 19

R157 O� þ ClO! Clþ O2 4:11� 10�17e42=Tg 19

R158 Oþ ClO! Clþ O2 4:11� 10�17e42=Tg 19

R159 Cl2 þ O! Clþ ClO 7:4� 10�18e�1650=Tg 19

R160 Cl2 þ O� ! Clþ ClO 2.11� 10�16 19

R161 Clþ O3 ! O2 þ ClO 2:49� 10�17e�233=Tg 19

R162 ClOþ ClO! Cl2 þ O2 6.38� 10�21 19

R163 ClOþ ClO! Cl2 þOþ O 1.56� 10�20 19

aRate coefficients for 1, 2, and 3 reactants in s�1, m3/s, and m6/s, respectively.
bTemperatures in roman and italic typeface in volts and Kelvins, respectively.

TABLE V. Titanium rate coefficients.

n Reaction Rate coefficienta,b References

R164 TiCl3 þ Cl2 ! TiCl4 þ Cl 1.6� 10�17 11

R165 TiCl3 þ ClO! TiCl4 þ O 1.6� 10�17 11

R166 TiCl4 þ Ti2O2Cl3 ! TiCl3 þ Ti2O2Cl4 1.6� 10�17 11

R167 TiCl3 þ O2 ! TiO2Cl3 1.6� 10�17 11

R168 TiCl3 þ TiO2Cl3 ! TiOCl3 þ TiOCl3 1.6� 10�17 11

R169 TiOCl3 þ O! TiCl3 þ O2 1.6� 10�17 11

R170 TiOCl3 þ ClO! TiO2Cl3 þ Cl 1.6� 10�17 11

R171 TiOCl3 þ O! TiO2Cl3 1.6� 10�17 11

R172 TiOCl2 þ Cl! TiOCl3 1.6� 10�17 11

R173 TiOCl3 þ TiOCl2 ! Ti2O2Cl4 þ Cl 1.6� 10�17 11

R174 TiOCl2 þ TiOCl2 ! Ti2O2Cl4 1.6� 10�17 11

R175 eþ TiCl4 ! eþ TiCl3 þ Cl 7:27� 10�15T0:5
e e�5:37=Te See text

R176 Arm þ TiCl4 ! TiCl3 þ ClþAr 3:1� 10�15T0:5
g See text

R177 TiCl4 þ O! TiCl3 þ ClO 5:36� 10�16e�14200=Tg 11

R178 TiCl3 þ Ti2O2Cl4 ! TiCl4 þ Ti2O2Cl3 3:37� 10�16e�3490=Tg 11

R179 TiOCl3 þ TiOCl3 ! TiCl3 þ TiO2Cl3 1:837� 10�19e�842=Tg 11

R180 TiCl3 þ O2 ! TiOCl3 þ O 1:4� 10�16e�13000=Tg 11

R181 TiO2Cl3 þ Cl! TiOCl3 þ ClO 1:28� 10�15e�13840=Tg 11

R182 TiCl3 þ O! TiOCl2 þ Cl 1.6� 10�17 11

R183 TiOCl3 ! TiOCl2 þ Cl 3:37� 10�11nAre
�19490=Tg 11

R184 eþ TiO2Cl3 ! TiO2Cl2 þ Cl� 3:24� 10�15T�0:94
e e�0:91=Te See text

R185 eþ TiO2Cl2 ! TiO2Clþ Cl� 3:24� 10�15T�0:94
e e�0:91=Te See text

R186 eþ TiO2Cl! TiO2 þ Cl� 3:24� 10�15T�0:94
e e�0:91=Te See text

aRate coefficients for 1, 2, and 3 reactants in s�1, m3/s, and m6/s, respectively.
bTemperatures in roman and italic typeface in volts and Kelvins, respectively.
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is the heat transfer coefficient,23 and l¼Ro � Ri¼ 1.5 mm is

the discharge gap width. Equation (3) yields P¼ 8.6 W (1.2

W/cm2 of plate area), which we use in the simulations. One

should note that the power applied to the discharge in the

experiment is on the order of 100 W, which is much higher

than the power of 8.6 W dissipated in the discharge as deter-

mined from Eq. (3). This is probably due to high external

losses in the matching network and external circuit, and is a

feature commonly seen in atmospheric pressure rf plasma dis-

charges [Ref. 21, p. 76]. As will be shown, a power of 8.6 W

yields a current density of 370 A/m2 for the standard case in

the simulation, which is consistent with previously published

experimental data.14 We discuss this further in our conclu-

sions in Sec. IV.

The simulations are done using the Matlab stiff integra-

tor ode15s and are started with low densities of all dissoci-

ated and charged species, and the simulation time is tf¼ 0.13

s, corresponding to the time for the feed gas to flow from the

inlet to the outlet of the system. A typical simulation takes

less than 2 min on a medium-speed laptop computer. As a

check on the integration accuracy, we determined the elec-

tron density by two methods: (1) by direct integration of the

electron balance equation; (2) by summing the heavy particle

charge densities. The two methods agree to within 1% for all

results presented in this work.

In the next four figures, we show the variations of the

discharge parameters with the oxygen feed gas fraction fO2
.

A minimum fO2
� 7:3� 10�4 is required; below this value

there is not enough oxygen for pure TiO2 deposition. Figures

1 and 2 give the neutral densities in the discharge. By far the

most important neutral precursor for the film deposition is

seen to be TiO2Cl3, with subsequent Cl abstraction by disso-

ciative attachment to form the final product TiO2. TiCl4 is

converted almost entirely into TiO2Cl3, except at the highest

values of fO2
. The simulations indicate that all species have

equilibrated (generation rate� loss rate) except for the feed

gas TiCl4 and the dimer Ti2O2Cl4. For TiCl4, the loss rate

(dissociation of TiCl4) remains much larger than the produc-

tion rate at the final time tf. For Ti2O2Cl4, the loss rate

(reaction R178) is smaller than the generation. Figure 3 gives

the densities of the charged species. The dominant positive

and negative ions are found to be Arþ2 and Cl�, except at the

highest values of fO2
, where Oþ2 is dominant. Over most of

the range of fO2
, the electronegativity (ratio of negative ion

to electron density) is around 40. Figure 4 gives the TiO2

deposition rate, which is seen to peak at about 2.35 nm/s

when fO2
¼ 0:01. The base case deposition rate is 1.25 nm/s.

With increasing O2 fraction, the deposition rate at 0.13 s first

rises due to increased precursor formation and then falls as

the TiO2 density is itself depleted at the earlier times.

FIG. 1. Part I of neutral densities n versus O2 fraction fO2
at tf¼ 0.13 s, for

233 sccm flow rate with gas temperature Tg¼ 625 K and TiCl4 fraction

fTiCl4 ¼ 7:3� 10�4.

TABLE VI. Surface reactions, diffusion coefficients D, and mobilities l.

n Reaction D (m2/s) l (m2/V s) References

R187 Oþ2 ! O2 … 5.6� 10�4 29

R188 Arm ! Ar 1.09� 10�5 … 29

R189 Arþ ! Ar … 3.0� 10�4 29

R190 Arþ2 ! Arþ Ar … 3.9� 10�4 29

R191 Oþ ! 1
2

O2 … 7.0� 10�4 29

R192 Arr ! Ar 1.09� 10�5 … Same as Arm

R193 Ar4p ! Ar 1.09� 10�5 … Same as Arm

R194 O� ! O 9.41� 10�5 … Lennard-Jones19

R195 O� ! 1
2

O2 9.41� 10�5 … Lennard-Jones19

R196 O�2 ! O2 6.07� 10�5 … Lennard-Jones19

R197 O! 1
2

O2 9.41� 10�5 … Lennard-Jones19

R198 Oþ4 ! O2 þ O2 … 4.0� 10�4 Lennard-Jones19

R199 Cl! 1
2

Cl2 5.99� 10�5 … Lennard-Jones19

R200 Cl! ClO 5.99� 10�5 … Lennard-Jones19

R201 TiO2 ! wall 4.0� 10�5 … Lennard-Jones

FIG. 2. Part II of neutral densities n versus O2 fraction fO2
at tf¼ 0.13 s, for

233 sccm flow rate with gas temperature Tg¼ 625 K and TiCl4 fraction

fTiCl4 ¼ 7:3� 10�4.
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The simulation also yields the discharge rf voltage Vrf,

as well as the rf bulk plasma voltage Vbulk and the rf sheath

voltage Vsheath. For a power of 8.6 W, corresponding to an rf

current of 370 A/m2, Vrf varies from 300 V to 1100 V with

the change of fO2
. The current density is consistent with pre-

vious measurements of rf current at 13.56 MHz in a pure ar-

gon atmospheric pressure discharge.14 The base case voltage

of 631 V is smaller than the measured rf voltage across the

discharge of about 1300 V, possibly due to additional voltage

drops across the tube walls (�210 V) and the driving circuit.

The simulation shows that there is a resistive bulk voltage

component of about 40–60 V, while the sheath voltages are

capacitive. The electron temperature Te in the discharge

oscillates in time at twice the rf frequency, having an average

value of 0.922 V and an oscillation amplitude of 0.915 V for

the base case fO2
. The sheath width �s is about 0.32 mm for

the base case.

Although the sheath voltages are large, ions crossing the

sheath continuously lose energy by collisions with neutral

gas atoms. At atmospheric pressure, these ions in the sheath

typically have thermal energies, as the ion drift velocity is

small compared to the ion thermal velocity. To see this, the

ion bombarding energy Ei can be estimated from the mean

velocity of ions bombarding the wall, vi ¼ lþ �E, as

Ei ¼ Miv2
i =2e. For the dominant Arþ2 ions with the base case

fO2
¼ 0:129, we find �E ¼ 2:41� 105 V=m from the simula-

tion, and using the mobility in Table VI gives vi¼ 42.2 m/s.

This corresponds to an energy of Ei ¼ 0:0008 V, which is

small compared to the thermal gas energy 3
2

Tg ¼ 0:08 V.

We conclude that ions near the wall have thermal energies

and that ion bombardment of the substrate does not play a

role in film formation.

Although the reaction set is complicated, the simulation

results indicate that the precursor generation can be under-

stood in terms of a series reaction chain with two reactive

intermediate species: Arm and TiCl3. At the base case

fO2
¼ 0:129, metastable argon is mainly generated by elec-

tron excitation of Ar (88% from reaction R11), and is mainly

lost by dissociation of O2 to form O and O* (R104 and

R105)

dnArm

dt
¼ K11nenAr � ðK104 þ K105ÞnArm nO2

� 0: (4)

This yields

nArm ¼ K11

K104 þ K105

nAr

nO2

ne: (5)

We note that nArm / ne. The feed gas TiCl4 is lost by elec-

tron (81% from R175) and Penning (19% from R176) disso-

ciation to form TiCl3

dnTiCl4

dt
¼ ��LnTiCl4 ; (6)

where �L ¼ K175ne þ K176nArm is the first order rate coeffi-

cient for loss of TiCl4. The solution of Eq. (6) is

nTiCl4 ¼ nTiCl4ð0Þ e��Lt; (7)

which shows exponential decay of the titanium feedstock

from its initial density nTiCl4ð0Þ. The reactive intermediate

TiCl3 is almost entirely formed by the above dissociations

and is almost entirely lost by the reaction of TiCl3 with O2

(reaction R167) to form the precursor species TiO2Cl3

dnTiCl3

dt
¼ �LnTiCl4 � K167nTiCl3 nO2

� 0: (8)

This yields

nTiCl3 ¼
�L

K167

nTiCl4

nO2

: (9)

Finally, TiO2Cl3 is almost entirely generated by the pre-

ceding loss reaction and is lost by dissociative attachment to

form TiO2Cl2 (reaction R184), subsequent dissociative

attachment form TiO2Cl from TiO2Cl2, and TiO2 from

TiO2Cl (reactions R185 and R186, respectively),

dnTiO2
Cl3

dt
¼ �LnTiCl4 � �nTiO2

Cl3; (10)

FIG. 3. Charged particle densities n versus O2 fraction fO2
at tf¼ 0.13 s, for

233 sccm flow rate with gas temperature Tg¼ 625 K and TiCl4 fraction

fTiCl4 ¼ 7:3� 10�4.

FIG. 4. TiO2 film deposition rate versus O2 fraction fO2
at tf¼ 0.13 s, for 233

sccm flow rate with gas temperature Tg¼ 625 K and TiCl4 fraction

fTiCl4 ¼ 7:3� 10�4.
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dnTiO2
Cl2

dt
¼ �nTiO2

Cl3 � �nTiO2
Cl2; (11)

dnTiO2
Cl

dt
¼ �nTiO2

Cl2 � �nTiO2
Cl; (12)

dnTiO2

dt
¼ �nTiO2

Cl� �WnTiO2
; (13)

where � ¼ Kattne is the dissociative attachment loss fre-

quency, and �W ¼ 12DTiO2
=l2 is the first order rate coeffi-

cient for loss to the walls.

Equations (6) and (10)–(13) can be solved by Laplace

transformation, as described in the Appendix. The base case

ðfO2
¼ 0:129Þ parameters are �L ¼ 4:6; � ¼ 31:7, and

�W ¼ 213:3 s�1. Figure 5 shows the deposition rate versus

the time t from the simulation (solid line) and from the

theory (dashed line) based on

DR ¼ CTiO2

nf
¼ 6DTiO2

nTiO2

nf l
: (14)

The time when the TiO2 density rises to a maximum

value is

tmax �
1

�L � �
ln
�L

�
þ 2

�
; (15)

which gives tmax � 0:13 s for the basic case. There is a rea-

sonable agreement between the simulation and the theory,

indicating that the precursor generation can be understood in

terms of a series reaction chain with the reactive intermedi-

ate species Arm and TiCl3.

Figure 6 shows the deposition rate DR versus total

power Stot as the solid line. This variation can be qualita-

tively understood in terms of the theory, as the electron den-

sity ne scales roughly linearly with the power. Because �L

and � scale linearly with ne, this implies a roughly linear

scaling of �L and � with the power per unit area Stot. Setting

the constant of proportionality from the base case yields

�L ¼ 3:8 Stot and � ¼ 26:4 Stot. Using these in Eq. (14) and

evaluating at t¼ tf, we obtain the variation of nTiO2
with Stot,

from which we can evaluate the deposition rate. The result is

shown as the dashed line in the figure. Except for the some-

what higher maximum in the theoretical deposition rate, the

simulation and theory agree quite well. For the readers’ ref-

erence, the percentages of the main reactions in the full

model that are used in the simplified scheme are given in

Table VII.

IV. CONCLUSIONS AND FURTHER DISCUSSION

We have used a hybrid global-analytical model of an

atmospheric pressure rf driven capacitive discharge in

Ar/O2/TiCl4 feed gas mixture to determine the plasma condi-

tions for TiO2 film deposition. The base case feed gas mixture

was Ar/O2/TiCl4 with flow rates of 203/30/0.17 sccm, and

with a gas temperature of 625 K. Variations of the discharge

parameters and species densities with O2 concentration and

discharge power were determined. The results indicate that

the active precursor species is TiO2Cl3, with subsequent chlo-

rine atom abstraction by dissociative attachment. The

expected deposition rates are around 1 nm/s, which are con-

sistent with measured deposition rates.7 The simulation

results indicate that the deposition rate is strongly affected by

the oxygen fraction fO2
and theoretically, the maximum

expected deposition rate is several nm/s. The discharge rf

voltage and current amplitudes depend only weakly on fO2
.

The sheath width reduction factor g¼ 0.5 that we used

in our simulations is consistent with previously published

FIG. 5. TiO2 film deposition rate versus integration time tf, for 233 sccm

flow rate with gas temperature Tg¼ 625 K, O2 fraction fO2
¼ 0:129, and

TiCl4 fraction fTiCl4 ¼ 7:3� 10�4.

FIG. 6. TiO2 film deposition rate versus total discharge power Stot at

tf¼ 0.13 s, for 233 sccm total flow rate with gas temperature Tg¼ 625 K, O2

fraction fO2
¼ 0:129, and TiCl4 fraction fTiCl4 ¼ 7:3� 10�4.

TABLE VII. Percentages of the main reactions in the full model used in the

simplified chemical scheme; 100% is used in the simplified scheme; the cre-

ation and loss of TiO2Cl2, TiO2Cl, and TiO2 is 100% for both the full model

and the simplified scheme.

Process Reactions Full simulation (%)

Arm creation R11 88

Arm loss R104þR105 99

TiCl4 loss R175þR176 100

TiCl3 creation R175þR176 100

TiCl3 loss R167 100

TiO2Cl3 creation R167 100

TiO2Cl3 loss R184 100
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data on rf-excited atmospheric pressure argon discharges.14

In an experiment with a 1.6 mm gap, the discharge could be

maintained in a transversely homogeneous “a-mode” only at

rf frequencies above about 6 MHz. The authors state that this

frequency limit is set by the oscillation amplitude of the elec-

trons, i.e., the sheath width. This result is consistent with the

scaling of the average rf sheath width �s with frequency for

the homogeneous model32

x�s ¼ ð6feTe=MHeÞ1=2; (16)

where f is the ratio of inelastic to total electron energy losses

(typically f � 220). The lower limit on frequency for the ho-

mogeneous model occurs when 2�s ¼ l. For g¼ 1, this occurs

in our simulations at 12 MHz. Choosing g¼ 0.5 in our simu-

lation gives a lower limit of 6 MHz, consistent with the

experiment. At 13.56 MHz, our simulation value of 370

A/m2, for the discharge power of 8.6 W, lies within the range

of current densities for stable a-mode operation, found to be

160–600 A/m2.14

A simplified chemistry theoretical model was developed

for the precursor generation in terms of a series reaction

chain beginning with TiCl4, with two reactive intermediate

species, Arm and TiCl3, producing the main precursor

TiO2Cl3. The theory was compared with the simulation

results, showing good agreement for the deposition rate ver-

sus time and the deposition rate versus discharge power. Our

conclusion is that the simplified chemistry model is useful

for understanding the scaling of deposition rates with dis-

charge parameters.

The reaction set we used did not include the Ar�2 exci-

mer. We examined its importance using an extended reaction

set, including the additional reactions Arm þ 2Ar! Ar�2
þAr;Ar�2 ! 2Arþ h�; Ar�2 þ Ar! 3Ar; Ar�2 þ O2 ! 2Ar

þ 2O; Ar�2 þ Arm ! 2Arþ Arþ þ e, and Ar�2 þ TiCl4 !
TiCl3 þ Clþ 2Ar, with rate coefficients taken from the liter-

ature33 (We used the rate coefficients of R102 and R176 for

the last two reactions). Both at low and high O2 fractions, we

found almost no difference in the simulation results due to

the excimer. This is not unexpected, as even at a low O2 frac-

tion of fO2
¼ 0:002, the rate of metastable (Arm) generation

of O and O* (R104 and R105) is over three times the rate of

Ar�2 generation. At the higher O2 fractions (e.g., fO2
¼ 0:129

for the base case), the O and O* generation far exceeds the

excimer generation.

A significant weakness of the simulation is the absence

of titanium-containing negative ion species. Including these

species in the simulations, along with the buildup of heavy

negative ion titanium species through processes such as (1),

would be highly desirable as a first step in treating the possi-

ble formation of titanium-containing nanoparticulates in the

discharge. There is some experimental evidences that these

particulates may play a role in the deposition of these films.
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APPENDIX: LAPLACE TRANSFORM SOLUTION

Equations (6) and (10)–(13) are solved by the method

of Laplace transformation. The transform of nTiCl4 is found

to be

L nTiO2
ðtÞ

nTiCl4ð0Þ

� �
¼ �3�L

ðsþ �LÞðsþ �WÞðsþ �Þ3
; (A1)

where s is the transform variable. Expanding in partial frac-

tions gives

L nTiO2
ðtÞ

nTiCl4ð0Þ

� �
¼ �3�L

aL

sþ �L
þ aW

sþ �W
þ a1

sþ � þ
a2

ðsþ �Þ2
�

þ a3

ðsþ �Þ3

#
; (A2)

with

aL ¼
1

ð�L � �Þ3ð�L � �WÞ
; (A3)

aW ¼
1

ð�W � �Þ3ð�W � �LÞ
; (A4)

a1 ¼
�2

L þ �2
W � 3�L� � 3�W� þ �L�W þ 3�2

ð�L � �Þ3ð�W � �Þ3
; (A5)

a2 ¼
2� � �L � �W

ð�L � �Þ2ð�W � �Þ2
; (A6)

a3 ¼
1

ð�L � �Þð�W � �Þ
: (A7)

Taking the inverse transform of (A2), we obtain the

time-varying solution

nTiO2
ðtÞ

nTiCl4ð0Þ
¼ �3�L

�
aLe��Lt þ aWe��W t

þ a1 þ a2tþ 1

2
a3t2

� �
e��t

�
: (A8)
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