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Abstract

This work investigates the effects of Ar1 ion implantation through a multilayer structure of SiO2(100 nm)/Mg(20 nm)/Cu/SiO2/Si on the

oxidation resistance of Cu ®lms. Experimental results indicate that implantation at 130 keV to a dose of 5 £ 1015 cm22 signi®cantly enhances

the oxidation resistance at temperatures up to 3758C. At this energy, a small number of Mg atoms are knocked out, leading to formation of an

impervious MgO barrier layer on the Cu surface, which effectively suppresses the oxidizing diffusion paths. q 2000 Elsevier Science S.A.

All rights reserved.
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1. Introduction

Copper is a highly promising alternative metallization

material to Al-based alloys for the next generation ultra

large scale integrated (ULSI) circuits owing to its low elec-

trical resistivity (1.67 mV cm for bulk) and superior electro/

stress-migration resistance [1±3]. However, copper easily

oxidizes on its exposed surfaces at low temperatures in

the ambient normally used in the ULSI back-end process.

This characteristic is compounded for integration with a

high temperature (.4008C) metallization process. Related

investigations have proposed various methods to improve

the oxidation resistance of copper ®lms, among which, the

most useful ones are to incorporate in copper a small

amount of dopants, such as B, N, Ti, Mg, Al, and Cr,

using ion implantation [4±12], co-deposition, or successive

deposition of layered structures followed by annealing at

300±8008C [13±19]. Doing so not only modi®es its surface

properties, but also retains its inherent bulk bene®ts. Among

these additives, Mg has received increasing attention owing

to its ability to enhance oxidation resistance and electromi-

gration resistance. Ding et al., reported that thermally

annealing the co-sputtered Cu-(2 at.% Mg) alloy ®lm in

Ar ambient at 4008C for 30 min would lead to formation

of a thin protective layer of magnesium oxide on the

surfaces and curtailment of further oxidation of Cu ®lms

[20]. Moreover, according to Takewaki et al., the Cu-Mg

®lm exhibits a resistivity of 1.81 mV cm and the Cu-Mg

interconnect exhibits a migration resistance three times

larger than the giant-grain Cu interconnection [21].

In this work, we use Ar1 ion implantation through

magnesium to knock a small number of Mg atoms (,3

at.% Mg) into Cu ®lms. The sputter deposition scheme

can not always precisely control such a small content of

Mg. Correspondingly, this work explores the feasibility of

controlling the amount of recoiled magnesium atoms by

simply varying the implantation energy and dosage used.

It is interesting to investigate the oxidation resistance and

the electro/stress-migration resistance of the Cu(Mg) alloy

®lms prepared by this scheme. Particular emphasis is made

on the ability of optimal implantation condition to improve

the oxidation resistance of copper ®lms.

2. Experimental details

The experimental samples used in this study were

prepared on p-type (100) oriented Si wafers of 4-inch

diameter. After initial RCA cleaning, a 2000 AÊ thick SiO2

was thermally grown at 10508C in a dry oxygen atmosphere.

Copper ®lms with a thickness of 3000 AÊ were sputter depos-

ited on the SiO2 covered substrate. The base pressure for the

Cu deposition was 1:5 £ 1026 Torr, and the Cu ®lms were
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sputter deposited using a pure Cu target (purity 99.99%) in

Ar ambient at a pressure of 7:6 £ 1023 Torr. After the sput-

ter deposition of Cu ®lms to complete the structure of Cu/

SiO2/Si, a 200 AÊ thick magnesium (Mg) ®lm was sputter

deposited on the Cu surface of the Cu/SiO2/Si substrate in

the same sputtering system without breaking the vacuum.

The Mg ®lm was then sputtered using a pure Mg target

(purity 99.95%) in Ar ambient also at a pressure of 7:6 £
1023 Torr. This was followed by sputter deposition of a

1000 AÊ thick capping oxide layer; the oxide layer was RF

sputter deposited using an SiO2 target in Ar ambient at a

pressure of 7:6 £ 1023 Torr. This capping oxide was used to

prevent the underlying Mg and Cu ®lms from contaminating

the implantation chamber and to avoid other unwanted

contamination, such as hydrocarbon, which might adhere

to the surface from the environment before the oxidation

proceeded with. Next, the SiO2/Mg/Cu/SiO2/Si samples

were implanted with Ar1 ions through the Mg layer at an

energy ranging from 100 to 140 keV to a dose of 5 £ 1013 to

1 £ 1016 cm22. The implantation energy was determined by

simulation using a TRIM program [22] such that the

implanted Ar1 ions are projected near the copper surface.

Following implantation, RIE was used to remove the

capping oxide, followed by removal of the Mg layer by

dipping the wafers in a 2% acetic acid solution for 5 s.

The wafers were cut into pieces with a sample size of 1:5 £
1:5 cm2 for each oxidation study. For comparison, control

samples were prepared by implanting Ar1 ions into the

samples of SiO2/Cu/SiO2/Si structure without a Mg layer

on the Cu surface, followed by removal of the capping

oxide. Table 1 summarizes the ion implanted samples

studied herein, where samples D and E are control samples

of the samples B and C, respectively.

To investigate the oxidation resistance of the ion

implanted Cu ®lms, samples of Cu ®lms were thermally

treated at various elevated temperatures in air for 30 min.

Next, measurements were made via various techniques to

characterize the oxidation behavior of the Cu ®lms. A four-

point probe was then used to measure the sheet resistance

(Rs) of the samples. Moreover, the crystallinity of the ®lms

was studied using X-ray diffraction (XRD) analysis.

Secondary ion mass spectroscopy (SIMS) was used to

measure the elemental depth pro®les, and X-ray photoelec-

tron spectroscopy (XPS) was employed to study the elemen-

tal chemical states.

3. Results and discussions

Fig. 1 shows the typical XRD spectra for 3000 AÊ thick Cu

®lms (on SiO2/Si substrates) as well as samples A, B, and C

thermally treated in air at various temperatures. The diffrac-

tion peak of cuprous oxide (Cu2O) appeared after the

samples were thermally treated at a certain temperature,

which is referred to hereinafter as degradation temperature

(Td). The degradation temperatures (Td) were found to be

1758C for the sample of pure Cu ®lm (Fig. 1a), 2258C for

sample A (Fig. 1b), 3758C for sample B (Fig. 1c), and 2008C
for sample C (Fig. 1d). Fig. 2 shows the sheet resistance

change as a function of thermal treating temperature for

samples A, B, and C; data for the sample of pure Cu ®lm

are also included for comparison. The sheet resistances (Rs)

of the as-prepared fresh samples A, B, and C were deter-

mined to be 103, 90, and 102 mV/A, respectively, which are

lower than the Rs value of 150 mV/A measured for the as-

deposited Cu ®lm of the same thickness. The reduction of

sheet resistance for the fresh samples A, B, and C compared

with that of the as-deposited pure Cu ®lm is attributed to the

self-annealing because the temperature of the implanted

samples was raised to about 1008C during the ion implanta-

tion process. We believe that self annealing occurs also for

the control samples D and E, which do not contain any Mg

atom and whose Rs values were determined to be 87 and 101

mV/A, respectively. Notably, the temperatures at which the

Rs value revealed a signi®cant increase were found to be

fairly consistent with the degradation temperature Td for all

the samples observed. Moreover, according to Fig. 2, the

sheet resistance of sample B revealed a relatively smaller

change up to a temperature of 3508C than the other samples.

Obviously, sample B has a much better resistance to oxida-

tion as discussed later.

Fig. 3 shows the degradation temperatures (Td) for the

Mg doped Cu ®lms processed by Ar1 implantation at

various energies to a dose of 5 £ 1015 cm22. According

to this ®gure, the implantation energy of 130 keV resulted

in a Mg doped Cu ®lm of the best oxidation resistance. Fig.

4 shows the SIMS depth pro®les of sample B. The Mg

atoms were located basically at the Cu surface in an extre-

mely shallow region; this Mg-rich layer immediately

formed a native layer of magnesium oxide (MgO), as

con®rmed by XPS analysis to be shown later in Fig. 5.

This ®nding differs from that in literature that the MgO
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Table 1

Summary of ion implanted samples studied in this worka

Sample identi®cation Samples structures for Ar1 ion implantation Implantation energy (keV) Implantation dose (cm22)

A SiO2/Mg/Cu/SiO2/Si 130 1 £ 1016

B SiO2/Mg/Cu/SiO2/Si 130 5 £ 1015

C SiO2/Mg/Cu/SiO2/Si 140 5 £ 1015

D SiO2/Cu/SiO2/Si 130 5 £ 1015

E SiO2/Cu/SiO2/Si 140 5 £ 1015

a The capping SiO2 and Mg layers were removed after ion implantation.



oxide layer was formed on the Cu surface during a 30 min

thermal annealing at 4008C in Ar ambient [19,20]. We

believe that the rapid formation of this native MgO surface

layer is related to the enhanced chemical reactivity induced

by the energetic ion bombardment of Ar1 implantation. As

expected, the surface MgO oxide layer prevents the copper

surface from oxidizing. Fig. 5 shows the XPS spectra of

Cu2p, O1s, and Mg2p photoelectrons of sample B. Fig. 5c

reveals that elemental Mg atoms were also present near the

copper surface in addition to the MgO surface layer. As

assumed herein, these Mg atoms occupied the surface

vacancy sites, which are necessary for copper oxidation

to proceed via Cu1 ions hopping between the vacancies

[12,19,20]. Consequently, sample B has a degradation

temperature of 3758C, which is the highest among the

samples studied in this work. Thermally treating sample

B in air at 3758C dramatically changed the Mg pro®le as

the Mg atoms were widely distributed throughout the Cu

®lm, resulting in a decrease of Mg atoms occupying the

vacancy sites in the surface region. Fig. 6 shows the XPS

spectra of Cu2p, O1s and Mg2p photoelectrons for sample B

thermally treated in air at 3758C. This ®gure indicates that

a Cu2O layer was present at the outermost surface, and that

both Mg and MgO were buried under the outermost Cu2O

layer while the presence of Cu2O continued inward. On the
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Fig. 2. Sheet resistance change as a function of thermal treating tempera-

ture for samples A, B, and C as well as pure Cu ®lms.

Fig. 3. Degradation temperature (Td) of Mg-doped Cu ®lms vs. implanta-

tion energy of Ar1 ions; the implanted dose is 5 £ 1015 cm22.

Fig. 1. XRD spectra for (a) pure Cu ®lms, (b) sample A (Ar1 130 keV/

1 £ 1016 cm22), (c) sample B (Ar1 130 keV/5 £ 1015 cm22), and (d) sample

C (Ar1 140 keV/5 £ 1015 cm22) thermally treated in air at various tempera-

tures.

Fig. 4. SIMS depth pro®les of sample B (Cu(Mg)/SiO2/Si with Ar1 implan-

tation at 130 keV to a dose of 5 £ 1015 cm22).



other hand, for the control sample (sample D), the degra-

dation temperature (Td) was 1758C, which is the same as

the as-deposited pure copper ®lms. Thus, deterioration of

oxidation resistance due to the possible implantation

induced structural defects can be ruled out. We conclude

that only partial passivation was achieved in sample B, and

that a complete impervious passivation layer was not

formed and the cuprous oxide layer continued to grow,

although at a much slower rate. This observation might

imply that the MgO layer formed was not a continuous

and pin-hole free layer, still capable of inducing the oxida-

tion of Cu ®lms. Although the recoil implantation appears

to successfully dope Mg into the copper ®lm to strengthen

its oxidation resistance, complete formation of a pin hole

free MgO passivation layer may require careful inert

annealing after implantation.

For samples implanted with Ar1 ions at 140 keV, instead

of 130 keV, to a dose of 5 £ 1015 cm22 (sample C), the

degradation temperature (Td) reduced drastically from 375

to 2008C (Fig. 3). Since the SIMS depth pro®le of Mg

atoms and the XPS analyses results for sample C resemble

those of sample B (as shown in Figs. 4 and 5, respectively),

sample B and sample C would not be expected to differ in

terms of oxidation behavior. However, higher implantation

energies generally lead to more implantation defects [8].

Moreover, the diffusion of oxidizing species via these
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Fig. 5. XPS spectra showing the chemical states of (a) Cu2p, (b) O1s, and (c)

Mg2p photoelectrons for sample B (Cu(Mg)/SiO2/Si with Ar1 implantation

at 130 keV to a dose of 5 £ 1015 cm22).

Fig. 6. XPS spectra showing the chemical states of (a) Cu2p, (b) O1s, and (c)

Mg2p photoelectrons for sample B thermally treated in air at 3758C.

Fig. 7. Degradation temperature (Td) of Mg-doped Cu ®lms vs. implanta-

tion dose of Ar1 ions; the implanted energy is 130 keV.



defects might play an important role in the oxidation beha-

vior of Cu ®lms. According to our results, the degradation

temperature of the corresponding control sample (sample

E) was 1508C, which is 258C lower than that of sample D as

well as the as-deposited pure copper ®lms. Compared with

the Td improvement from 1758C (sample D) to 3758C
(sample B) by Mg doping associated with Ar1 implantation

at 130 keV, the Mg doping associated with Ar1 implanta-

tion at 140 keV increased the Td from 1508C (sample E) to

merely 2008C (sample C). This observation implies that the

implantation induced defects at an implantation energy of

140 keV might play an important role in the failure of the

oxidation resistance.

Fig. 7 shows the degradation temperature (Td) versus

implantation dose for the Mg-doped Cu ®lms associated

with Ar1 implantation at 130 keV. According to this ®gure,

the implantation dose of 5 £ 1015 cm22 was the optimal

dosage for the best oxidation resistance. Fig. 8 shows the

XPS spectra of Cu2p, O1s, and Si2p photoelectrons for

sample A after thermal treatment at 2008C, which is

below the degradation temperature of 2258C. According

to this ®gure, the sample did not appear to be oxidized,

which is consistent with the XRD analysis results (Fig. 1b).

However, SiO2 was present on the surfaces of Cu ®lms,

where both Mg and MgO were de®cient according to the

XPS analysis results. We presume that the high dosage Ar1

ion implantation into the SiO2/Mg/Cu/SiO2/Si structure

knocked out a large number of Si atoms to accumulate

near the copper surface and a thin layer of porous silicon

oxide was formed on the copper surface. Fig. 9 shows the

XPS spectra of Cu2p, O1s, and Mg2p photoelectrons for

sample A after thermal treatment at 2258C. This ®gure

indicates that the outermost surface layer consisted of

both Cu2O and SiO2 while elemental Mg and MgO oxide

were present underneath the outermost surface layer.

Therefore, the de®ciency of both Mg and MgO near the

Cu surface after 2008C treatment suggests that the oxida-

tion of copper might proceed with via the thin layer of

porous silicon oxide at 2258C.

The cross-sectional interfacial structures resulting from

Ar1 implantation into a multilayer structure of SiO2/Mg/

Cu/SiO2/Si with and without post-implant thermal treat-

ments, as deduced from the XPS analysis results, are

summarized with schematic illustrations in Fig. 10. Each

sample was thermally treated separately at two different

temperatures: the degradation temperature (Td) and a

temperature 258C below the corresponding degradation

temperature.
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Fig. 8. XPS spectra showing the chemical states of (a) Cu2p, (b) O1s, and (c)

Si2p photoelectrons for sample A thermally treated in air at 2008C.

Fig. 9. XPS spectra showing the chemical states of (a) Cu2p, (b) O1s, and (c)

Mg2p photoelectrons for sample A thermally treated in air at 2258C.



4. Conclusions

Copper ®lms are readily oxidized into Cu2O at tempera-

tures as low as 1758C in air. The oxidation resistance of the

Cu ®lm can be improved with appropriate Ar1 implantation

into a multilayer structure of SiO2/Mg/Cu/SiO2/Si in order

to place a small number of Mg atoms in the surface region of

the Cu layer. The Mg atoms at the Cu surface tend to form a

barrier layer of magnesium oxide (MgO) on the copper

surface. This MgO layer effectively suppresses the diffusion

of oxidizing species, thus preventing or retarding the oxida-

tion of Cu ®lms. Implantation at too high of an energy

increases implantation induced surface defects that serve

as diffusion paths for the oxidizing species. On the other

hand, too high of a dosage implantation adversely affects

the oxidation resistance of Cu ®lms because a large number

of Si atoms are knocked out and accumulated at the Cu

surface, forming a porous silicon oxide (SiO2) thin layer

near the Cu surface. Rapid oxidation of copper might

proceed with via the porous silicon oxide. Our results

further demonstrate that the best oxidation resistance of

Cu ®lms can be obtained by Ar1 implantation at 130 keV

to a dose of 5 £ 1015 cm22 through a multilayer structure of

SiO2(100 nm)/Mg(20 nm)/Cu/SiO2/Si. With this scheme,

the resulting Cu ®lms can resist oxidation at temperatures

up to 3758C.
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