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This study examined the effects of the plasma treatment of CF4 or SF6 on the properties of tin
oxide (SnOx) thin films prepared at room temperature using a radio frequency sputtering technique.
The properties of the samples were characterized by dynamic-secondary ion mass spectrometry,
X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and Hall Effect measurements. All
untreated samples showed Sn4+ and Sn2+ XPS peak area percentages of 57.6 and 34.6%, respec-
tively, indicating a larger amount of SnO2 phase in the samples than SnO. The samples treated
with CF4 plasma exhibited the maximum and minimum Sn4+ and Sn2+ peak areas, respectively, at
a treatment time of 35 s. This was attributed to the maximum oxygen atomic percentage at 35 s
and the injection of additional carbon and fluorine into the sample with increasing treatment time.
On the other hand, in the case of samples treated with SF6 plasma, the Sn4+ peak area increased
with increasing treatment time while the Sn2+ peak area decreased. This suggests that SnO2 is a
stronger phase for samples treated with SF6 plasma for a longer duration. Furthermore, the changes
in the Sn4+ and Sn2+ peak areas of the samples treated with CF4 plasma were much larger than
those of the samples treated with SF6 plasma, which indicates that CF4 plasma has a larger impact
on the properties of the samples. This difference in impact showed a correlation with the sharper
decrease in the number of oxygen vacancies for CF4 plasma-treated samples. These results were
attributed to the introduction of additional fluorine and carbon into CF4 plasma-treated samples
compared to the SF6 plasma-treated ones. In addition, XRD showed that the plasma treatment did
not affect the amorphous phase in the samples.
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1. INTRODUCTION

Complementary metal–oxide–semiconductor (CMOS)

devices have attracted considerable attention as an

alternative approach to realizing radio frequency (RF)

identification (ID) tags or drivers for the next-generation

display applications. On the other hand, they require both

n-type and p-type thin film transistors (TFTs) with high

performance [1–10]. Recently, tin oxide (SnOx) thin-films

have become good candidates for the development of

high performance CMOS circuits because tin dioxide

(SnO2� and tin monoxide (SnO) thin films can be used

for n-type and p-type channel layers in the fabrication of

high-performance TFTs, respectively [1, 11–18].

∗Author to whom correspondence should be addressed.

Recently, it was reported that a fluorine (F) plasma treat-

ment of a p-type SnO active layer that was formed by

physical vapor deposition and post-annealed at 200 �C
could reduce the surface roughness of the crystallized SnO

active layer and passivate the oxygen vacancies (VO) and

interface traps, resulting in high performance p-type SnO

TFT devices [8]. Furthermore, the plasma treatment of

amorphous indium gallium zinc oxide (a-IGZO) with flu-

orine or sulfur ambient gas played a positive role in the

electrical properties of a-IGZO thin films and the stability

of a-IGZO TFTs [19, 20]. On the other hand, the properties

of low temperature-processed SnOx active layers need to

be optimized to improve the device properties and stabil-

ity of flexible SnOx-based TFTs. Up to now, details of the

properties of low temperature-processed SnOx thin films

are unclear and the device properties of flexible SnO-based
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TFTs are still far from acceptable for practical applica-

tions. Moreover, there are few reports on the effects of

the plasma treatment on the properties of SnOx thin films

deposited at low temperatures (<200 �C) using a SnO

sputtering target. Therefore, in this study, the effects of

a plasma treatment on the properties of SnOx thin films

deposited at room temperature (RT) using a SnO sputter-

ing target were examined systematically using CF4 and

SF6 plasma treatments.

2. EXPERIMENTAL DETAILS

SnOx thin films, 100 nm in thickness, were deposited on

300-nm-thick SiO2-coated Si or glass substrates at room

temperature (RT) using a SnO (99.99%, 2 inch diameter)

sputtering target under the following conditions: radio fre-

quency (RF) power of 50 W, working pressure of 0.533 Pa,

and oxygen ratio of 12%. Pure argon (99.999%) and oxy-

gen gas mixtures were used as the reaction gas and the

total flow rate was 25 sccm. The substrate-to-target dis-

tance was 10 cm for all depositions. The substrate was

rotated at 13 rpm to deposit the SnOx thin films with

a uniform thickness. To examine the effects of the CF4

or SF6 plasma treatment on the properties of the sam-

ples, the SnOx thin films were treated with CF4 or SF6

plasma after deposition using reactive ion etching (RIE)

equipment under the following conditions: flow rate of

20 cm3/min, working pressure of 1�33×10−3 Pa, RF power

of 180 W, and treatment time range of 0 to 55 s. The SnOx

thin films were annealed at 150 �C for 1 hour in air after

the plasma treatment.

The contents (at. %) and chemical bonding states of

Sn, O, C, F, and S in the SnOx thin films were charac-

terized by X-ray photoelectron spectroscopy (XPS). The

changes in the depth profiles of Sn, O, C, F, S, and Si

in the samples were examined by dynamic secondary ion

mass spectrometry (D-SIMS). The structures and the sur-

face morphologies of the SnOx films were characterized

by using X-ray diffraction (XRD) with a Cu K�1 radia-

tion source (�= 0�15406 nm) and field-emission scanning

electron microscopy (FE-SEM), respectively. The electri-

cal properties of the SnOx thin films were measured at RT

using a Hall Effect measurement system according to the

van der Pauw configuration after forming Ohmic contacts

with a 100-nm-thick Al layer using a sputtering system,

followed by alloying at 150 �C in air for 1 hour.

3. RESULTS AND DISCUSSION

Figure 1 presents the selected D-SIMS depth profiles,

which exhibit typical intensity variations in Sn, O, C, F,

S, and Si concentrations in the SnOx/SiO2 bi-layer struc-

tures treated with two different plasmas, CF4 or SF6, for

0–55 s. Figure 1(a) shows that meaningful amounts of F

and S were observed even in the untreated samples. As

shown in Figures 1(b) and (c), in the case of the samples

treated with CF4 plasma, the CF4 plasma treatment caused

the diffusion of F into the sample surface at a much higher

concentration than C and resulted in the introduction of a

noticeable amount of C at a long plasma treatment time

of 55 s. For the samples treated with SF6 plasma, a large

amount of F also diffused into the SnOx surface. The SF6

plasma treatment, however, did not result in the injection

of S into the SnOx films, as evident in Figures 1(d) and (e).

F was reported to either reduce VO or generate F-related

donor defects in the samples, which results in a decrease

or increase in resistivity, respectively [8, 19, 20]. The Hall

measurement results showed that the samples untreated

and treated with CF4 or SF6 plasmas exhibited the insulat-

ing behavior. This suggests that regardless of the plasma

treatment, the high resistance of the samples is related to

the introduction of F into the samples. Note that the Sn

in SnOx films can react with F, resulting in a decrease in

the number of VO donor defects, which causes a decrease

in the electron concentration and an increase in resistance.

Furthermore, Figure 1 shows that the composition of the

samples treated with CF4 and SF6 plasma was close to the

n-type tin dioxide (SnO2).

To visualize the changes in the SIMS depth profiles

of F, C, and S more effectively, the percentage variations

in the F, C, and S concentrations in the samples treated

with CF4 and SF6 plasmas were replotted using the data

in Figure 1 and are shown in Figure 2. The concentration

changes were normalized to the initial concentrations in

the untreated sample using Eq. (1):

�I�%�= Itreated− Iuntreated
Iuntreated

×100 (1)

where Iuntreated and Itreated are the concentrations of F, C, and
S in the samples untreated and treated with two plasmas

(CF4 or SF6), respectively. In Eq. (1), a negative (positive)

value of �I means a decrease (increase) of the concentra-

tions of F, C, and S in the sample treated with the plasmas

compared to the initial concentration in the untreated sam-

ple. In the case of the samples treated with CF4 plasma,

as shown in Figure 2(a), CF4-treated samples for a long

treatment time of 55 s showed very large increases in the

C concentration in the SnOx films, whereas those CF4-

treated at 35 and 45 s exhibited lower C concentrations

inside the samples. These suggest that a large amount of C

diffused into the samples during the treatment for a longer

time of 55 s, whereas some C diffused out to the ambient

during the treatment at shorter times of 35 and 45 s. As

plotted in Figure 2(b), however, a much larger amount F

was observed at the film surface and a meaningful amount

of F was detected inside all the CF4-treated films. This F

concentration inside the CF4-treated films increased at 35 s

and decreased slightly with increasing the plasma treat-

ment time from 35 to 55 s, suggesting that F diffusion

from the ambient into the films was maximized at 35 s.

On the other hand, in the case of the samples treated

with SF6 plasma, the S concentration at the narrow surface
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Figure 1. Intensity variations in the tin (Sn), oxygen (O), carbon (C), fluorine (F), sulfur (S), and silicon (Si) concentrations in the SnOx /SiO2 bi-layer

structures (a) untreated, treated with CF4 plasma for (b) 35 and (c) 55 s, and treated with SF6 plasma for (d) 35 and (e) 55 s, which were obtained

from the SIMS depth profiles.

(<10 nm) of the SnOx films increased steeply, whereas

that inside the films decreased, as shown in Figure 2(c),

suggesting that a noticeable amount of S diffused out to

the film surface during the SF6 plasma treatment. More-

over, the F depth profiles in Figure 2(d) showed that the F

concentration in the SnOx films increased with increasing

SF6 plasma treatment time, indicating that a large amount

of F diffused into the films during treatment. The increased

F and C concentrations in the films can cause a decrease

in the number of VO in the plasma-treated films as a result

of the occupation of VO sites by the increased F and C.

Figure 3 shows XRD patterns of SnOx films untreated

and treated with CF4 or SF6 plasma at different treat-

ment times, 0–55 s, indicating that the prepared films have

a very fine nanocrystalline or amorphous phase. This is

because at room substrate temperature, the adatom mobil-

ity and reactions among Sn, O, C, S, and F are restricted

on the substrate surface, resulting in a large number of

defects in the SnOx films untreated and treated with CF4 or

SF6 plasmas. Therefore, very fine nanocrystalline or amor-

phous films are formed. As shown in Figure 3, regardless

of the plasma treatment, all samples revealed two halo

peaks centered at ∼31.4� and ∼54.8� 2�, corresponding to
the (101) and (220) orientations of nanocrystalline SnO2,

respectively [2, 15, 16, 21, 22]. This suggests that the sam-

ples untreated and treated with CF4 and SF6 plasmas are

mainly the n-type SnO2 phase, as confirmed by the SIMS
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Figure 2. Percentage variations in (a) carbon (C) and (b) fluorine (F) concentrations in the SnOx/SiO2 bi-layer structures treated with CF4 plasma,

and percentage changes in (c) sulfur (S) and (d) F concentrations in the samples treated with SF6 plasma, which were obtained from the SIMS depth

profiles shown in Figure 1. The concentrations were normalized to those in the untreated sample; the lines are a guide for the eye.

result. Therefore, the plasma treatment did not affect amor-

phous phase in the sample.

The carbon (C) 1s reference peak at 284.6 eV was used

to calibrate all binding energies measured by XPS. Two

Sn 3d narrow-scan XPS peaks for the SnOx thin films,

which were observed at binding energies of 486.3 and

494.7 eV, were associated with the spin orbit of Sn 3d5/2

and Sn 3d3/2, respectively [2, 8, 9, 15, 16, 18, 21, 23].

The Sn 3d5/2 narrow-scan XPS spectra of the SnOx films

prepared in this study were fitted using three Gaussian

peaks (GPs) related to the Sn0, Sn2+, and Sn4+ peaks

centered at approximately 485–485.6, 486.2–486.8, and

486.9–487.6 eV, respectively, which correspond to metallic

Sn, p-type SnO, and n-type SnO2.

Figures 4(a) and (b) present selected examples of the

Sn 3d5/2 narrow-scan XPS spectra fitted using three GPs

in the samples untreated and treated with CF4 plasma for

55 s, respectively. The fitting of the Sn 3d5/2 peaks using

three GPs was excellent. As plotted in Figure 4(a), for

the SnOx films untreated with the plasma, the percentage

areas of the Sn0 peaks centered at 485.23 eV, Sn2+ peaks

at 486.2 eV, and Sn4+ peaks at 486.72 eV were 7.8, 34.6,

and 57.6%, respectively. Figure 4(b) also shows that the

percentage areas of the Sn0 peaks centered at 485.19 eV,

Sn2+ peaks at 486.22 eV, and Sn4+ peaks at 486.73 eV

were 5.2, 37.1, and 57.7%, respectively, for the SnOx films

treated with the CF4 plasma for 55 s.

Figure 5 shows the percentage areas of the three GPs

as a function of the plasma treatment time for the samples

untreated and treated with CF4 or SF6 plasma, which were

extracted after fitting the Sn 3d5/2 peaks using the three

Sn0, Sn2+, and Sn4+ GPs, as shown in Figure 4. As plotted

in Figure 5, for the untreated samples (plasma treatment

time= 0 s), the Sn4+ and Sn2+ XPS peak area percentages

were 57.6 and 34.6%, respectively. This suggests that there

is a larger amount of SnO2 phase than that SnO in the

untreated sample. This result is in good agreement with

the SIMS result shown in Figure 1. In the case of the sam-

ples treated with CF4 plasma, as shown in Figure 5(a),

the Sn4+ and Sn2+ peak area percentages increased and

decreased, respectively, with increasing treatment time to

35 s, which was related to an increase in the concentration

of Sn4+ ions due to the introduction of more O and F by

the CF4 plasma treatment. This is in agreement with recent

reports showing that an increase in the amount of O within

the SnOx films results in an increase in the concentration

of Sn4+ ions [24]. Furthermore, according to the XPS ref-

erence page [25], the Sn4+ ions can also be increased if

the increased F generates SnF4. As the treatment time of

CF4 plasma was increased to more than 35 s, the Sn4+
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Figure 3. X-ray diffraction (XRD) patterns of SnOx films that were

treated with (a) CF4 and (b) SF6 plasma for various treatment times.

peak area percentage decreased, whereas the Sn2+ peak

area percentage increased, which was associated with a

decrease in the amount of Sn4+ ions and an increase in the

amount of Sn2+ ions in the samples, respectively, due to

the reduction of O and F incorporation and the introduc-

tion of more C, as confirmed by Figures 2(a) and (b).

On the other hand, for the samples treated with SF6

plasma, the Sn4+ peak area percentage increased slightly,

whereas the Sn2+ peak area percentage decreased mono-

tonically with increasing treatment time from 0 to 55 s, as

shown in Figure 5(b). These were attributed to an increase

in the amount of Sn4+ ions and a decrease in the amount of

Sn2+ ions in the samples, respectively, due to the increased

level of O and F incorporation and the decrease in S

concentration inside the SF6-treated samples with increas-

ing plasma treatment time, as confirmed by Figures 2(c)

and (d). Here, the increased F causes an increase in the

amount of Sn4+ ions in the samples treated with SF6

plasma by producing SnF4, whereas the decreased S causes

a decrease in the amount of Sn2+ ions by the reduction of

SnS formation [25].

Figure 4. Selected Sn 3d5/2 narrow-scan XPS spectra fitted using three

Gaussian peaks (GPs) for the SnOx films (a) untreated and (b) treated

with CF4 plasma for a long treatment time of 55 s.

The O 1s narrow-scan XPS spectra of the SnOx films

untreated and treated with CF4 and SF6 plasmas at various

treatment times were also fitted using three GPs related to

the low, middle, and high peaks (LP, MP, and HP) centered

at 529.8–530.1, 531–531.1, and 531.6–531.9 eV, respec-

tively. The LP was attributed to O2− ions surrounded by

Sn and O metal atoms in a fully oxidized stoichiometric

SnOx system. The MP was also assigned to O2− ions in

the oxygen-deficient regions within the SnOx matrix and

was associated with VO defects, whereas HP was corre-

lated with chemisorbed or dissociated oxygen or to O–H

bonding near the film surface [26–29].

Figures 6(a) and (b) show selected examples of the O

1s narrow-scan XPS spectra fitted using the LP, MP, and

HP GPs in the samples untreated and treated with CF4

plasma for 55 s, respectively. As shown in Figure 6(a),

for the untreated SnOx films, the percentage areas of LP

centered at 530.1 eV, MP at 531 eV, and HP at 531.8 eV

were 49.7, 38, and 12.3%, respectively. On the other hand,

Figure 6(b) shows that the percentage areas of LP cen-

tered at approximately 530.1 eV, MP at 531 eV, and HP at

531.5 eV were 62.6, 21.4, and 16%, respectively, for the
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Figure 5. Peak area percentage characteristics of three Gaussian peaks

(GPs) as a function of the plasma treatment time obtained from the Sn

3d5/2 narrow scan XP spectra of SnOx films treated with (a) CF4 and

(b) SF6 plasmas. These results were obtained after fitting the 3d5/2 peaks

using the three Sn0, Sn2+, and Sn4+ GPs, as shown in Figure 4.

SnOx films treated with CF4 plasma for a treatment time

of 55 s.

Figure 7 also shows the percentage areas of the three

GPs as a function of the plasma treatment time for the

samples treated with CF4 or SF6 plasma, which were

obtained after fitting the O 1s peaks using the three LP,

MP, and HP GPs, as shown in Figure 6. In the case

of the samples treated with CF4 plasma, with increasing

treatment time to 35 s, the LP and MP areas increased

and decreased considerably, respectively, which indicates

that the in-diffusion of O and F in the sample surface

was enhanced during the plasma treatment, as shown in

Figures 2(b) and 5(a). The introduction of F and O into the

samples causes a reaction of Sn–F and Sn–O, resulting in a

decrease in the number of VO donor defects [8, 19], which

results in a decrease in the percentage areas of MP. On

the other hand, as shown in Figure 7(a), for the samples

treated with CF4 plasma at a longer treatment time of 45 s,

the decrease in MP and increase in LP were retarded. The

retardation of the decrease in MP area can be explained

Figure 6. Selected O 1s narrow-scan XPS spectra fitted using three low

peak (LP), middle peak (MP), and high peak (HP) Gaussian peaks for

the SnOx films (a) untreated and (b) treated with CF4 plasma for a long

treatment time of 55 s.

by the following argument. When the SnOx films were

treated with CF4 plasma for a longer treatment time of

45 s, the in-diffusion of F from the chamber into the film

reduced, as evident in Figure 2(b), resulting in a decrease

in the number of VO, which impedes the decrease in MP

area. In contrast, the samples treated with CF4 plasma for

55 s exhibited an enhancement of the decrease in MP area.

This was also related mainly to the enhanced reaction of

Sn metal with C and F due to in-diffused C and F, as

confirmed by Figures 2(a) and (b), giving rise to an accel-

eration of the decrease in the number of VO.

Compared to those treated with CF4 plasma for the same

time, the samples treated with SF6 plasma for a treat-

ment time of 35 s showed a smaller decrease in MP and

a smaller increase in LP areas because smaller amounts

of O and F were diffused into the sample surface during

plasma treatment, as shown in Figures 2(d) and 7(b). With

increasing SF6 plasma treatment time to 45 s, however, the

decrease in MP and increase in LP were enhanced owing

to the accelerated in-diffusion of F from the chamber into

the film, as shown in Figure 2(d). With further increases
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Figure 7. Peak area percentage characteristics of three Gaussian peaks

(GPs) as a function of the plasma treatment time obtained from the O 1s

narrow scan XPS spectra of SnOx films treated with (a) CF4 and (b) SF6

plasmas. These results were obtained after fitting the O 1s peaks using

the low peak (LP), middle peak (MP), and high peak (HP) GPs, as shown

in Figure 6.

in plasma treatment time to 55 s, the decrease in MP area

slowed, as shown in Figure 7(b), which was attributed to

the retarded in-diffusion of F to the films, as confirmed by

Figure 2(d).

Based on the result shown in Figure 5, the changes in

Sn4+ and Sn2+ peak areas for the samples treated with

CF4 plasma were much larger than those treated with SF6

plasma, indicating that CF4 plasma has a larger impact on

the properties of the samples. This difference in impact

shows a correlation with the sharper decrease in the num-

ber of oxygen vacancies for the CF4 plasma-treated sam-

ples, as confirmed by Figure 7. Figure 7 also showed that

the HP areas were increased after the samples are treated

with CF4 or SF6 plasma, suggesting that a larger amount

of O or H appears near the surfaces of the plasma-treated

SnOx films.

The full width at half maximum (FWHM) value of the

deconvoluted MP components for the samples untreated

with two plasmas was 1.52 eV. The FWHM values of those

for the samples treated with CF4 plasma for 35, 45, and

55 s were determined from XPS results to be 1.64, 1.83,

and 1.85 eV, respectively. On the other hand, those for the

samples treated with SF6 plasma for 35, 45, and 55 s were

1.58, 1.55, and 1.70 eV, respectively. These results sug-

gest that the increase in the FWHM of MP occurred in all

samples treated with two plasmas, and that the increase

in FWHM for the samples treated with CF4 plasma was

larger than that for the samples treated with SF6 plasma.

This confirmed that CF4 plasma had a larger impact on the

properties of the samples than SF6 plasma. We believe that

the increase in the FWHM of MP in the samples treated

with plasmas is mainly due to the changes in the bind-

ing energy distribution of O2− ions in the oxygen-deficient

regions within the SnOx matrix resulting from the plasma

treatments.

Figure 8 shows the FE-SEM top images of SnOx films

untreated and treated with CF4 and SF6 plasmas as a func-

tion of the treatment time. As can be seen, plasma-treated

films had smoother surface morphologies. We can suggest

that the smoother morphologies in the SnOx films treated

with plasmas are due to the surface etching effect that

occurred as a result of plasma treatment. However, the

plasma treatment did not cause the increased grain sizes

inside the films treated with plasmas because the SnOx

films had an amorphous structure, regardless of plasma

treatment, as is evident in Figure 3.

(e)

(a)

100 nm

(b)

100 nm

(c)

100 nm

(d)

100 nm 100 nm

Figure 8. FE-SEM top images of the SnOx films (a) untreated, treated

with CF4 plasma for (b) 35 and (c) 55 s, and treated with SF6 plasma for

(d) 35 and (e) 55 s.
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4. CONCLUSION

This study examined the effects of CF4 and SF6 plasma

treatments on the properties of SnOx thin films deposited

at room temperature using a SnO sputtering target. In the

case of the samples treated with CF4 plasma, the introduc-

tion of a large amount of F by the CF4 plasma treatment

at 35 s caused a significant increase in the SnO2 phase

and a considerable decrease in SnO phase in the sam-

ples. As the treatment time of CF4 plasma was increased

to more than 35 s, the incorporated F was reduced and

a noticeable amount of C was introduced, resulting in a

decrease in SnO2 phase and an increase in SnO phase

in the samples. The introduction of F, C, and O into the

samples also produced a meaningful decrease in the num-

ber of oxygen vacancies in the CF4-treated samples due

to a reaction of Sn with F, C, and O, which was con-

firmed by a decrease in the MP area. On the other hand,

for the samples treated with SF6 plasma, the Sn4+ ions

increased slightly whereas the Sn2+ ions decreased mono-

tonically because of the increase in F concentration and

the decrease in S concentration inside the plasma-treated

samples with increasing the plasma treatment time. More-

over, the increase in F and O inside the SF6 plasma-treated

samples caused a monotonic decrease in number of oxygen

vacancies in the samples. The changes in the Sn4+, Sn2+,
MP, and LP peak areas for the samples treated with CF4

plasma were much larger than those of the samples treated

with SF6 plasma, indicating that CF4 plasma has a larger

impact on the properties of samples. This stronger impact

shows a correlation with the sharper decrease in the num-

ber of oxygen vacancies for CF4 plasma-treated samples.

All samples prepared in this study had mainly amorphous

phases with some broad peaks of nanocrystalline n-type
SnO2 and the plasma treatment did not affect the structural

properties of the samples.
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