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Abstract The expansion of an oxygen low-pressure microwave plasma was investigated

in order to determine the optimal plasma parameters for the growth of functional oxide

semiconductors. Langmuir probe measurements show that the electron density (ne)

increases with the injected power up to a saturation value of 3.0 9 109 cm-3 determined at

10 mTorr while electron temperature (Te) remains constant at a value of 1.5 eV. When

pressure is varied, ne shows a maximum value at a range from 12 to 20 mTorr while Te
decreases monotonously with increasing pressure. In addition, both ne and Te decrease with

the axial distance from the plasma source. These effects were discussed through the loss

mechanisms in the remote plasma. For a pressure of 13 mTorr and at a substrate tem-

perature of 500 �C, plasma enhanced oxidation of pure metallic Ti thin films lead to the

formation of a pure TiO2 anatase phase compared to a mixed phase of TiO2 and TiO in the

absence of plasma activation. For Mn thin films, the exposure to oxygen remote plasma led

to the formation of MnO2 as opposed to obtaining Mn3O4 when oxidation is performed in

the oxygen gas ambient. Remote plasma processing was thus found to provide selective

pathways to control oxidation states, stoichiometry and phase composition of technolog-

ically attractive oxide thin films.
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Introduction

Oxygen plasmas are among the most attractive plasmas in research and industrial appli-

cations. They are heavily used in the growth of functional oxide materials that play a

central role in semiconductor processing [1, 2]. In an oxygen plasma, there can be sig-

nificant ground-state concentrations of O, O2, O3, O
?, O2

?, O3
-, O2

-, O-, and electrons,

as well as metastable states such as the 1D and 1S states of O and the 1Dg and
1
Pþ

g states

of O2, in addition to the Herzberg states of O2 [3]. Within the plasma volume, the highly

energetic reactive species such as oxygen ions strongly interact with the surface of a

material under processing but could cause damage, especially for thermally sensitive

substrates such as polymers. By moving the substrate downstream, away from the plasma

region, into what is commonly referred to as the remote plasma or the afterglow region, the

density of ions can be greatly reduced due to their short lifetimes caused by volume

recombination and diffusion to the walls of the chamber. The longest lived species in a

remote plasma are the singlet molecular oxygen and oxygen free radicals [4, 5]. They can

flow to the substrate and react at its surface or diffuse into it and induce further chemical

reactions. Materials’ processing in remote plasma minimizes undesired effects such as

heating and surface damage due to ion bombardment and reduces the variety of energetic

species present in the discharge region, leading to a better control of the process. Thus, the

reaction becomes more specific and ‘‘interference’’ due to alternative or competing reac-

tion pathway is greatly reduced.

Nowadays there is a worldwide interest in oxide thin films because of their elec-

trochromic [6], ferromagnetic [7], photo-catalytic [8] and optical [9] properties and related

applications. Several techniques have been used to synthesize oxide thin films including

metallic films oxidation, using a plasma [10], a remote plasma [11] or a plasma assisted

anodization [12]. This technique allows the formation of a multilayered thin film in one

step, by controlling the amount of oxygen incorporated into a metallic sample without any

need for precursor gases as in the case of chemical vapor deposition.

The goal of this paper is to investigate, using a Langmuir probe, the expansion of an

oxygen low-pressure remote plasma, and to perform remote plasma assisted thin film

oxidation experiments in the same chamber at the same location as the probe measure-

ments. This would allow us to find the optimal conditions for the oxidation of metallic thin

films, particularly titanium and manganese which are studied in this work. One of the most

technologically attractive titanium oxide compound TiO2 (Titania) has three well-known

crystalline phases: anatase, rutile and brookite, the latter being quite rare. The anatase and

rutile phases have a wide range of applications that include biocompatible materials [13]

and antireflective coatings [14]. Manganese oxides are widely used in lithium ion batteries

[15], and specifically b-MnO2 is known to be a very good electrochromic material [16].

Experimental Setup

The plasma reactor used in our experiments is shown in Fig. 1. The microwave (2.45 GHz)

launcher consists of an annular wave guide (ring resonator) with axial slot antennas

positioned azimuthally at regular intervals around the quartz tube where the plasma is

generated. Power is supplied to the launcher through a WR-340 waveguide. Between the

generator and the plasma, lie three circular knobs which direct the reflected power from the

plasma into a water-cooled system to protect the magnetron from damage. The end
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position of the input waveguide is adjustable by a shorting plunger. The plunger and the

three knobs are used to ensure the best coupling condition of the microwave to the plasma,

with reflected power no more than 5% of the power injected in the plasma. The plasma is

generated by coupling microwave (power ranging from 150 to 450 W) to the flowing gas in

a quartz tube with a diameter of 5 cm. Air and water cooling are mounted to the wave

launcher to prevent its overheating. Once ignited, the plasma expands downstream into a

wider stainless steel chamber with a diameter of 24 cm and length of 65 cm, where

Langmuir probe measurements and the oxidation experiments are performed. The whole

system is evacuated by a turbo molecular pump, down to a base pressure of 10-7 Torr.

All experiments were performed in pure O2 gas and the pressure in the chamber was set

between 1 and 100 mTorr and oxygen flow rate between 40 and 160 sccm by changing the

pumping speed. Probe measurements were performed by a single rf-compensated Lang-

muir probe (SmartProbe by Scientific Systems) that can be fixed at the location of the

viewing windows, as seen in Fig. 1. The first one of these windows is at a distance of

10 cm from the junction between the small and the wider diameter tube. Two additional

windows are located downstream and are separated from each other by the same distance

(10 cm). The probe itself is made out of platinum with a tip having a radius of 0.19 mm, a

length of 10.55 mm and a resistance of 36 X. The body of the probe is covered by a boron

nitride sleeve with a circular reference probe attached to the system. The voltage unit of the

probe system allows accurate programming of the Langmuir probe voltage within ±95 V.

The acquisition of the Langmuir probe data (I–V curves) was performed using the

SmartSoft acquisition unit. Before measurements, the probe was heated to desorb any

impurities or contamination layer from its tip. All measurements were repeated ten times in

order to enhance signal to noise ratio. Plasma parameters such as the floating potential, Vf,

plasma potential, Vp, electron temperature, Te, and electron density, ne, were determined

from the I–V curves of the Langmuir probe using the SmartProbe software supplied by the

probe’s manufacturer. The analysis is based on the Laframboise theory that takes into

account sheath expansion around the probe as the voltage is applied. Vp is determined as

Fig. 1 Schematic of the plasma reactor showing Langmuir probe and sample holder
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the voltage at the inflection point of the curve [17], and the current at Vp, I(Vp), is then used

to determine Te using the following expression:

1

kTe
¼ IðVpÞ

RVp

Vf

IðVpÞdv
ð1Þ

where the integration takes place from Vf (voltage at which there is no current flow in the

probe) to Vp while k is the Boltzmann constant. In turn, ne is calculated from the current

measured at Vp, I(Vp), using the following equation:

ne ¼
IðVpÞ
Ap

2pme

e2kTe

� �1=2

ð2Þ

where Ap is the area of the probe, and me and e are the electron’s mass and charge,

respectively. Once determined, the plasma parameters are used to generate a theoretical

curve that can be compared to the experimental data in order to ensure good matching and

consequently valid and accurate determination of the plasma parameters.

For the oxidation experiments, the samples are mounted on a movable 20 substrate
holder which can be placed at different distances from the plasma source. The temperature

of the samples can also be controlled during oxidation from 25 to 600 �C, as measured by a

thermocouple embedded in the substrate holder. The titanium thin films were prepared at

room temperature on Si (100) substrates by magnetron DC sputtering using an EMS575X

Turbo Sputter Coater, while manganese thin films were grown on Si (100) substrates using

pulsed laser deposition ‘‘SURFACE’’ workstation [18] that consists of a high vacuum

deposition chamber achieving a base pressure of 10-7 mbar, coupled to a KrF excimer

laser operating at 248 nm wavelength, 20 ns pulse duration, with adjustable repetition rate

(1–10 Hz), and laser energy (up to 650 mJ). For both types of films, the thickness was

about 50 nm before oxidation as determined using a surface profilometer. Samples were

oxidized under inactivated O2 gas (plasma off) or under remote plasma conditions (plasma

on) in order to assess the effect of the remote plasma on the process. The oxidation

experiments were performed for 2 h with the samples placed at the location of the second

window (20 cm into the stainless steel chamber) and a substrate temperature of 500 �C.
The second window is the closest the sample can be brought to the source while a tem-

perature of 500 �C would improve the crystalline quality of the oxidized films. Grazing

Incidence X-Ray Diffraction (GIXRD) measurements were performed using a Bruker

Discover 8 diffractometer using CuKa radiation. The incidence angle was set at 2� while
the detector was scanned from 2h = 15� to 75�. The resulting diffractograms were ana-

lyzed using the EVA software from Bruker.

Results and Discussion

Plasma Characterization

Figure 2 shows the variation of ne with respect to the microwave power delivered to the

plasma, measured at the first window. Clearly, ne increases steadily with increasing power

from 200 to 300 W. Beyond this value, ne appears to saturate between 2.5 9 109 and

3.0 9 109 cm-3 as power is further increased to 450 W. Te has also been determined and
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its variation as a function of the power is presented in the inset of Fig. 2. It is found that Te
has a nearly constant value of about 1.5 ± 0.2 eV. In order to explain the behavior of ne
and Te, we recall that Te is related mainly to the threshold energy of ionization of the gas

[19]. Gases with a larger ionization threshold need the plasma to have a higher Te to

maintain the discharge. The fact that Te keeps a constant value of about 1.5 eV, despite an

increase in power from 200 to 450 W, is an indication that Te is dictated by collisions and

recombination losses. Ferreira and Moisan [20] explained that the average absorbed power

per electron is equal to the amount of power lost by one electron by collision, diffusion or

recombination in the bulk of the plasma or at the chamber walls, under steady state

conditions:

hA ¼ hL ð3Þ

where hA is the average absorbed power per electron per unit volume and hL is the amount

of power lost by one electron which is a parameter that is determined by the geometry/

dimensions of the plasma as well as the operating pressure. Along these lines, one can

write the total power absorbed in the plasma, PA, as:

PA ¼ ne � hA � Vp ð4Þ

where Vp is the plasma volume, in the quartz tube. Since hA is unaffected by power, any

increase in PA would translate into an increase in ne (which is much faster than any

corresponding increase in Vp), thereby explaining the trend obtained in Fig. 2 in the range

between 200 and 300 W. The saturation in the electron density for a power larger than

300 W could be related to a loss of power by the overheating of the connections between

the generator and the wave launcher for a power larger than 300 W. Another possible

explanation of the saturation of ne would be a greater power delivered to the rear part of the

plasma in the quartz tube toward the gas entrance thereby reducing its delivered portion to

the front plasma toward the stainless steel reactor.

Fig. 2 Effect of plasma power on the electron density and on electron temperature (inset) as measured by
the Langmuir probe fixed at the first window, for an oxygen flow rate of 140 sccm and a pressure of 10
mTorr
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The dependence of ne and Te on the flow rate and the pressure was also investigated, as

shown in the Figs. 3 and 4, respectively. In order to get insight on the expanding plasma, it

is useful to determine the mean free path, k, which is given by the following equation:

1

k
¼

ffiffiffi
2

p
pd2n ð5Þ

where d is the molecular diameter of oxygen (*0.3 nm), and n is the gas density [21]. The

range of pressure covered for the results shown in Figs. 3 and 4 is from 2 to 80 mTorr

which corresponds to a mean free path ranging from 4 to 0.1 cm, respectively, in oxygen

discharges. Comparing this range to the diameter of the stainless steel chamber (namely

24 cm), we conclude that the expanding plasma is not in a diffusion regime and that

collisions are still dominant in the plasma during its expansion in the chamber. In addition,

such a large range of pressure could not be covered using one single flow rate, so mea-

surements were performed at four flow rates: 40, 60, 80 and 160 sccm. There is a good

overlap of the curves at the four different flow rates indicating an independence of the

electron density on the flow rate of the oxygen gas, and therefore on the residence time of

the particles in the plasma [22]. The behavior of ne with respect to the pressure follows a

rapid increase from 1 9 109 to 6 9 109 cm-3 as pressure increases from 2 to 12 mTorr,

after which it stabilizes up to a pressure value equal to 20 mTorr. Beyond this value, ne
decreases monotonously and at slower rate than the initial increase.

The non-monotone behavior of ne as a function of gas pressure has been investigated by

groups such as Kiss’ovski et al. [24] but working on hydrogen expanding plasmas. In their

work, the variation in ne was found to follow its behavior in the source. In our case, due to

the geometry of our system, we were unable to perform probe measurements in the source

to confirm whether we detect a similar effect. However, Gudmundsson [3] working on

oxygen discharges and Lee and Lieberman [25] working on high-density plasma dis-

charges in molecular gases discussed this behavior. They correlated it to a balance between

the effective loss area for positive ions and the energy loss per electron–ion pair created.
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Fig. 3 Variation of the electron density with respect to the flow rate and gas pressure, for a fixed plasma
power of 400 W (The line is a guide to the eye)
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The effective loss area decreases as a function of pressure since the ions are better confined

at higher pressures. The energy loss factor, on the other hand, increases with increasing

pressure. The effective loss area is also defined as the ion-flux-loss-dominated region and

the energy loss factor as the recombination-loss-dominated region [26]. At low pressures,

the effective loss area dominates in the discharge; hence the positive ion density, i.e. ne,

increases with increasing pressure according to the following expression [27]:

½Oþ
2 � / pyPabs; ðy[ 0Þ ð6Þ

where p is the pressure, Pabs is the absorbed power in the plasma and y is a factor that

depends on the gas composition, operating region, and chamber geometry.

As the pressure further increases, the discharge switches to the recombination-loss-

dominated region and the positive ions density decreases with increasing pressure since

Kiz, the constant rate for electron impact ionization of the O2 molecule, decreases with

pressure [27] and:

½Oþ
2 � / KizP

1=2
abs ð7Þ

Figure 4 shows an independence of Te on the flow rate of the oxygen gas confirmed by the

overlapping of the four graphs corresponding to the four flow rates. The effect of pressure

on Te is clearly different from its effect on ne, as the pressure increases from 2 to 20 mTorr,

Te decreases sharply from 2.5 eV to around 1.2 eV. Upon further increase in pressure to

*70 mTorr, the decrease in the value of Te is at a much slower rate. In order to understand

the behavior of Te with pressure, we will recall that as pressure increases inelastic colli-

sions between electrons, gas atoms and molecules increase, thereby increasing electrons’

energy losses. As a result, the electron average energy decreases leading to a drop off in the

electron temperature [23].

Investigation of the plasma expansion was done by performing the Langmuir probe

measurements at the three windows and Fig. 5 shows the variation of the ne with respect to

pressure at three different distances from the junction between the quartz tube and the
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stainless steel chamber (10, 20 and 30 cm). At a fixed value of pressure, we notice that ne
shows a clear decrease with the distance from the plasma source (for example, at 40 mTorr,

ne has a value of 3 9 109 cm-3 at the first window, 1.2 9 109 cm-3 at the second window

and 3 9 108 cm-3 at the third window). Moving away from the plasma source, inelastic

collisions cause the electrons to lose their energy and subsequently lose the capability to

ionize and dissociate thereby leading to the observed decrease in ne. In addition, the loss of

electrons also takes place through recombination and diffusion to the walls. The expansion

of the plasma and the effect of distance were also studied by Kiss’ovski et al. [28] and by

Dimitrova et al. [29], who reported similar results and attributed the decrease of ne (and Te)

to the cooling of the plasma as it expands in a larger volume. This effect could also explain

our observation that as the probe is moved away from the source (first to third window), the

peak of ne detected as a function of pressure is smeared out. Indeed, for measurements

done at the first and second window, the peak in ne is well distinguished in the range

between 10 and 20 mTorr, however measurements at the third window show a steady but

slow decrease in ne as pressure is increased from 5 to 70 mTorr. Figure 6 shows the

variation of Te with respect to pressure at three different distances from the plasma source.

In all three curves, Te decreases with pressure as electrons lose energy during expansion by

collisions. In addition, Te is seen to decrease with distance as the values measured at the

third window are consistently lower than the values measured at the first and second

windows, irrespective of pressure. The drop of Te with the axial distance is clearer at high

pressures. Indeed at low pressure, up to 25 mTorr, Te measured at the first and second

window coincide, even though ne is much lower at the second window in this pressure

range (see Fig. 5), indicating that collisions are still dominant in dictating the value of Te.

Beyond the second window, and for pressure values greater than 25 mTorr, both ne (Fig. 5)

and Te (Fig. 6) decrease with axial distance, a basic feature in expanding plasmas in this

pressure range [28].

The behavior of ne and Te was also investigated as a function of radial distance.

Working at 13 mTorr, plasma power of 400 W and with the probe installed at the first

window, ne was found to slowly decrease from 2.7 9 109 to 2.2 9 109 cm-3 as the probe

is moved 5 cm radially away from the center of the stainless steel chamber whereas Te
remains unchanged around 1.4 eV. The decrease in ne agrees with trends measured
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Fig. 5 Plots of the variation of
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elsewhere [26] whereas Te is generally independent from the radial distance unless mea-

sured close to the reactor walls [28].

Oxidation Experiments

Figure 7 shows the XRD signals of Ti oxidized samples with and without plasma acti-

vation at a substrate temperature of 500 �C a pressure of 13 mTorr and a total duration of

2 h. For the plasma oxidized sample, the plasma power was set at 400 W and the pressure

of 13 mTorr. These conditions were particularly chosen because, according to our
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Fig. 7 X-ray diffractograms of the Ti thin films oxidized at 500 �C with and without plasma (upper and
lower curves, respectively), at a pressure of 13 mTorr. For the plasma oxidized film, the plasma power was
set at 400 W
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Langmuir probe measurements, it ensures that the oxidation experiments are done at the

peak of ne as seen in Figs. 3 and 5. The XRD peaks in Fig. 7 have been labeled and in both

cases, all peaks are assigned to oxidized titanium. For the plasma oxidized film, all peaks

originate from the TiO2 anatase phase whereas for the thermally oxidized film, the anatase

peaks are not as sharp, as can be deduced from the observation that the (105) and (211)

peaks can no longer be resolved. This is an indication of greater crystalline quality of the

plasma oxidized films. In addition, the diffractogram of the thermally oxidized sample

shows two peaks at 2h = 37� and 2h = 50� that can only be attributed to the TiO phase,

with the (201) and (221) orientations, respectively. Therefore, thermal oxidation, under

these temperature and pressure conditions lead to the formation of a multi oxide titanium

film of anatase and TiO phases. These results confirm the superior crystallinity and greater

control of the oxidation process under plasma activation since no phase other than the TiO2

anatase phase is observed in the XRD diffractograms. Our results also support those of

Droulers et al. [30] who confirmed, by X-ray Photoelectron Spectroscopy and spectro-

scopic ellipsometry, the formation of stoichiometric TiO2 upon plasma oxidation of thin Ti

films.

Figure 8 shows the XRD of the manganese thin films oxidized with and without plasma

at low pressure (13 mTorr), at a temperature of 500 �C and exposure duration of 3 h. For

the plasma oxidized films and as for the case of the titanium films, the plasma power was

also set at 400 W. The sample oxidized without plasma shows peaks corresponding to the

phase of Hausmannite (Mn3O4). The sample oxidized with remote plasma assis-

tance shows peaks corresponding to the phase of Ramsdellite (MnO2) and peaks corre-

sponding to the phase of Pyrolusite (MnO2) and an additional peak which belongs to the

phase of Hausmannite (Mn3O4). We thus conclude that the oxidation at low pressure (13

mTorr) in an O2 ambient leads to the pure phase of Mn3O4. With the same conditions but in

presence of the remote plasma, the oxidation enhances the formation of MnO2 over Mn3O4

inducing a more crystalline structure of mixed phase of MnO2 (Ramsdellite), MnO2

Fig. 8 X-ray diffractograms of the Mn thin films oxidized at 500 �C with and without plasma (upper and
lower curves, respectively), at a pressure of 13 mTorr. For the plasma oxidized film, the plasma power was
set at 400 W
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(Pyrolusite) and Mn3O4 (Hausmannite). The effects of the plasma on oxygen bonding in

the titanium and manganese oxidation films as observed by XRD in Figs. 7 and 8 (i.e. the

formation of TiO2 and MnO2 respectively) were confirmed by additional Fourier transform

infra-red spectroscopy measurements on the samples.

From all these results, we can deduce that remote plasma oxidation opens up the ability

of phase control during the oxidation of metallic thin films as manifested by the

enhancement of the formation of TiO2 and MnO2 phases which are difficult to obtain by a

purely thermal oxidation process. Since the oxidation experiments were performed at the

second window, there is still a significant amount of ionic species reaching the sample, as

deduced from the results reported in Fig. 5 and that show that ne of 1.8 9 109 cm-3 is

measured at this position for a pressure of 13 mTorr. These ionic species may react with

the metallic layers and induce oxidation but it is most likely the atomic oxygen species,

such as the ground state oxygen atoms, O, that play the dominant role in the oxidation

process. Oxygen atoms have been shown to be the dominant neutral species in oxygen

plasmas generated at a similar pressure range (few to tens of mTorr) and have usually

much greater concentrations than ionized species [31, 32]. Strong emission from the

transition lines of atomic oxygen, specifically at 844 and 777 nm, were detected by optical

spectroscopy when performed on the expanding plasma at the location of the sample. The

intensity of these lines were found to correlate with the electron density increase with

power (Fig. 2), mainly as a result of the production of O by electron impact dissociation of

O2 [5, 31, 32]. The enhanced reactivity and diffusivity of atomic oxygen compared to its

molecular counterpart would allow the observed control of the phase and stoichiometry of

the remote plasma oxidized layers.

Conclusion

In this work, we investigated the expansion of oxygen microwave remote plasma reactive

species using Langmuir probe in order to find the optimal plasma conditions for the

oxidation of metallic thin films. For a fixed pressure (10 mTorr), it was found that ne in the

expanding plasma increases with microwave power reaching saturation value at about

3.0 9 109 cm-3 measured at 450 W while Te remains unchanged at about 1.5 eV. Both ne
and Te are independent of the flow rate of oxygen into the chamber but show a strong

dependence on pressure. With increasing pressure, ne has a maximum at around 13 mTorr,

while Te shows a monotonous decrease. On the other hand, both ne and Te decrease with

the axial distance from the plasma source. ne also decreases slowly with radial distance

while Te remains constant. Remote plasma assisted oxidation of titanium and manganese

films was performed in the conditions where the plasma was found most efficient in terms

of ionization and dissociation of oxygen namely, at a pressure of 13 mTorr and a power of

400 W. At 500 �C, without plasma, we obtained a multiphase titanium oxide film with a

predominantly anatase phase. With plasma activation, a pure phase of anatase was formed.

The exposure of Mn films to oxygen remote plasma led to the formation of MnO2 as

opposed to obtaining Mn3O4 when oxidation is performed in an oxygen gas ambient.

Remote plasma processing is thus found to be an efficient technique to oxidize metallic

thin films while providing good control the phase and stoichiometry of the growing oxide.
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