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This study evaluated the interface reaction and crystallography of the electroless plated copper film
(~0.2 um thick) catalyzed by plasma immersion ion implantgelll) Pd on the 150-A-thick
amorphous tantalum nitrid@-Ta:N) barrier layer. The copper plated specimens were annealed at
various temperatures in an ambient atmosphere of 90% nitreg@0% hydrogen mixed gases.
Sheet resistivity, Auger electron spectrosc@pfES) analyses showed that the PIIl Pd atoms were
diffused into the copper layer from the interfaceseta:N and copper layers after 500 °C annealing

for 1 h. Results based on x-ray diffractiggkRD) and high-resolution transmission electron
microscopy(HRTEM) showed a phase transformation freaTa:N into crystallized TgN phase at
annealing. The U1l texture was strengthened at 300 °C annealing Ifoh because of the
relaxation of the residual stress and recovery of the copper film. The texture was reduced at the
500 °C annealing fiol h because of the copper grain growth. The adhesion strength of copper films
ona-Ta:N barrier layer was enhanced by the annealing because of the interdiffusion of copper layer,
Pd clusters and-Ta:N barrier layer. The annealing temperatures lower than 300 °C help to reduce
the electric resistivity of copper film, to strengthen thgTll) preferred orientation, and to enhance

the adhesion strength of copper films aTa:N layer. However, the specimen annealed at 500 °C
manifested the diffusion of Pd atoms into the copper film and resulted in a significant increase of the
electric resistivity of copper film. €2002 American Vacuum SocietyDOI: 10.1116/1.14654483

[. INTRODUCTION served to take place over a period of hours, or even weeks,
which tends to stabilize the copper fifti.Therefore, a post-
Copper is an attractive material for interconnection due taannealing treatment is usually necessary for the stabilization
its lower electrical resistivity and better electromigration re-of the as-deposited copper film’'s character in the short term
sistance than aluminum and Al-based alléys.Self- to make copper in trenches/vias producing a refloviesp-
annealing at room temperature is a well-known phenomenoper atoms surface diffusigrsituation to achieve the goal
for purely as-deposited copper films. This property leads tavhich repairs the defects of interconnectidfs.
changes in the electrical, mechanical, and microstructural Electroless copper plating is a promising and efficient
characteristics of the copper filmis® In order to reduce the method to deposit the highly selective and conformal copper
internal stress energy, the dislocation tends to segregafer filling high-aspect ratio trenches and vias, especially as
around the grains or to form low- angle grain boundaries tdhe trenches/vias further scale down. For example, if they are
recover the mechanical properties to the copper films’ equismaller than 0.Jum, the fabrication of a seed layer for cop-
|ibrium state. Th|s So_ca”ed Self-annea”ng has been Obper electroplating will be d|ff|CU|t In SUCh a case, e|ectr0|ess
copper plating will become progressively more important.

aAuthor to whom correspondence should be addressed: electronic maiP€sides, electroless copper plating also benefits from its low
hcshih@mse.nthu.edu.tw tool cost and low temperature process.
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Customarily, a metal seed layer such as Cu, Pd, Au, Ni, PIIT Pd
Ag or Pt, etc is necessary to activate electroless Cu plating. e
Recent work has established large area plasma immersion % ICP Coils
ion implantation(PI11)}°~*? or metal vapor vacuum artas °
Pd-seeding techniques for copper electroless plating on sili- el
con wafer. The gradual transition from a Pd-rich to a Pd-
deficient surface is also expected to improve the adhesion of
the plated Cu filmt

The objective of this study was to combine the process of
PIIl and electroless plating techniques in the formation of a
copper film on the as-deposited wafers consisting-0&:N Electroless Cu Plating
and fluorosilicate glas¢FSG layers which were consecu-
tively deposited on Si, and to analyze the &UAN interfa-

cial and crystallographic structures after the specimen bein ’ |” “MIW
annealed y grap P 9 V] a-TaN

FSG

1 a-Ta:N
FSG

Si Wafer

[I. EXPERIMENT Si Wafer

A. Coating preparation

The substrates used in all experiments were itype Annealing

(100 silicon wafers on which a 1.2#n-thick chemical va- Tube Furnace

por deposition FSG film was grown as an interlayer of the

low-k dielectric layer. lonized metal plasma was used to de-

posita-Ta:N layer(~ 15 nm on the FSG layer as an adhe- m ’ lm I“ ["

sion and diffusion barrier layer. Figure 1 shows the process li i Gas In

of electroless Cu deposited on the Pd clusters which were 92 2ut e —

sputtered from a negatively biased tar¢et) and ionized in i ™66 o080 165 -

an argon inductively coupled plasma. The Pd ions were ad- - e

equately implanted into the substrate with a dc pulsed nega-

tive bias voltagd~4 kV; 13.56 MH32, and the implanted Pd

doses were controlled at&10' cm™2. The PIIl Pd treated

specimens were then put into the electroless Cu plating baff{¢- 1- Process sequences for the formation of Cu electroless plating on a
. . " . .__nhonpatterned wafea-Ta:N/FSG.

for Cu plating, whose chemical composition is shown in

Table I. The bath temperature was kept in the range of 50—

65 °C, with a solutiorpH of 11-13. of the specimen being annealed at 150, 300, and 500 °C for 1
h. The oxygen partial pressur(asPo2 ) of the mixed gases
B. Electroless copper plating during the annealing process were monitored by an oxygen

sensot® (15 mol% CaO-doped ziconjiaThe detectedo,

The chemistry of the electroless plated Cu used in thigyhg the equilibriu®® Pg.in various annealing temperatures
study was the redox reactions between Cu-EDTA complex 2

ions and formaldehyd&The plating bath was alkalined with are listed in Table Il.
tetramethyl ammonium hydroxidéTMAH) to control the
bathpH. The stabilizer 2, 2bipyridine could trap Cti ions
to prevent Cu deposition in the plating solution The microstructure was analyze.d using JEOL JEM-
spontaneousl? Polyethyleneglycol was added as a surfac-4000EX HRTEM and crystallographic phases were deter-
tant to reduce the surface tension, thereby inhibiting the formined using MAC Sci. MXP-18 XRD with G« radiation.
mation of hydrogen gas bubbles on the plating of Cu. Thel he sheet electric resistivity was measured with a four-point
thickness of electroless plated copper films on wafers was

about 0.2um. The interface of copper aredTa:N, owing to  TasLe I. Chemical composition of the electroless Cu plating solution em-
the Pd clusters in the interfat&does not form a continuous Ployed in this study.

layer. Therefore, in this article, the assembly of @dl/a- Range

Ta:N will be designated to represent the interfacial structuresoiution containing (g/L)

between electroless plated copper artia:N layer.

F. Characterization

CusQ-5H,0 6-10

_ EDTA 25-35
C. Annealing TMAH 100-140
The electroless plated copper specimens were annealed pﬁf_gg%ziyrineglyco) %51__1152

a tube furnace with an atmosphere of 90% nitrogen and 10%cy0 (379 6-10

hydrogen mixed gases for preventing the surface oxidatior
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TaBLE Il. The detected and equilibriuisee Ref. 2Doxygen partial pressure — T T 7 T T T T
(Po,) in the annealing furnace. g 34 i i 3.37 Pd catalyst Js00
: L 32 =
Annealing Theorem equilibriunPo, (atm) Ci’; I 6944 @ £
temperature  Detected . = a9t 600 £
°C) Po, (atm) CuC Cw,0 Ta,05° 2| Q
> R - —
150 25107  1.8<10°%°  7.4x10°%  4.2x10 % % 28 251 »
300 8.5¢10°% 13107 56x10%* 6.5x10 ‘@ a6) PR R
500 35<10°%®  20x10°2  49x10°® 83x10° ¥ e &
24}
%Cu+1/20,=Cu0, AG%= — 152522+ 85.253. g ! 13
b2 Cut1/20,=Cu,0, AG®= — 168406+ 71.254T. 8 22}
©2Tat21/20,=Ta,05, AG®= — 2025056+ 412.547 . o
.0 1 L i 1 L L
(a) 2 0 100 200 300 400 500
o . Annealing Temperature (C
probe and the average grain size of copper was determinel 9 P ()
by the linear intersection methéd.The depth of the inter-
diffusion of the Cu(Pd/a-Ta:N assembly was analyzed by FO I T 1400
PHI 670 AES depth profile techniques. 3 Cu catalyst | .
The adhesion strength was evaluated by the pull-up test @ 30 [ —_
and the peeled area was characterized by PHI 1600 x-ray3 ,4L 10800 ® J4000 g
photoelectron spectrosco¥PS) with Al K« radiation with E, 2.59 802.1 ;
a probe size of 0.8 mm diameter. The pull test measurement'S 28 650.2 500 (;N)
were carried out using a Romulus Ill Universal Tester witha @ ,,[ /. ] e
aluminum stud face diameter of 3 mm, and the pull speed & 4600 ®
was 5 mm/min. Samples with epoxy coated studs were fixed® 22} 360.4 ™~ 1.98 o
on epoxy coated backing plates and were cured at 150 °C for ,o[ 2924 o 229 . {20 3
1.5 h in nitrogen ambient atmosphere. At least four samples§ o—
were used to determine the average breaking point. UJb”’ o 00 200 300 4(',00 s00 2%
(b) Annealing Temperature (C)

IIl. RESULTS AND DISCUSSION
) o Fic. 2. Sheet resistivity and grain size vs annealing temperature of the
A. Electric resistivity electroless plated Cu catalyzed by RH) Pd and(b) Cu seeds.

1. PIll Pd catalyst

Figure 2 shows the sheet electric resistivity and grain siz%m) and a major increase~350 nm at 400 °C. This indi-
variation of the electroless plated copper specimens with régates that the copper film has been partially recrystallized at
spect to the annealing temperature. Figui Ddicates that 300 °C and is heading for the grain growth as temperature
if the electroless plated copper films were catalyzed by Plli,creases to 400°C. In addition, copper grain size is in-
Pd, the electric resistivity of the annealed copper film dras¢ eased up t0-694 nm by annealing at 500 °C. Larger cop-
tically decreases with increasing temperature to a lowesber grains have less grain boundaries and therefore decrease
value of 2.29u€) cm at 300 °C, because annealing can pro-he resistivity of the copper film. However, it is interesting to
mote the recovery, recrystallization and grain growth of thénote that there is not clearly deference of the resistivity after
as-deposited copper filif. Consequently, the crystalline de- 300°C, which reaches a value of 2.3&)cm at 400 °C.
fect reduction is the main reason for the observed decrease @fier 500 °C annealing, the electric resistivity is significantly
the electric resistivity. However, as the temperature furthef,creased to 2.51Q cm. The use of Pd as catalyst is the
increases to 500°C, there is a slight increase of the shegiost often used method to activate the surface for the sub-
resistivity to 2.51u() cm: o _ sequent electroless copper plating. Nevertheless, the resistiv-

The recrystallized copper plate is significantly mquencedity of Pd (10.54€ cm) is about six times higher than that of
by the degree of cold work. If the cold-worked strain ratio is ¢, (1,67 uQ cm).2* Under the circumstances, PdCinter-
not high enough, such as3% for copper alloy; recrystal-  metallic compount? is the most plausible phase at 400 °C.
lization will not occur even though annealed at higher tem-pjanceforth, Fig. 2) implies that higher temperatures
perature for a longer time. The recovery and recrystallizatioq>3oo °Q significantly increase the resistivity which may

of the deposited copper film can take place at room tempergsaye resulted from the diffusion of Pd atoms into the copper
ture simultaneously, due to its submicron thickness and regim.

sidual high density dislocation in the copper fitfh.

Figure Za) shows that the copper grain annealed at
150 °C does not grow substantially, but on the contrary, the- P/l Cu catalyst
resistivity of copper film decreases drastically, accounting for Through the utilization of the self-catalytic effect, PIIl Cu
the recovery of the copper film. For the specimen annealed a&s seeds applied aaTa:N was also explored in this study in
300 °C, there is only a slight increase in grain s{zel32  order to gain an insight as well as a comparison with PIIl Pd

JVST A - Vacuum, Surfaces, and Films
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Fic. 3. AES depth profile analyzing Q&#d/a-TaN interface with(a) annealing free and annealed(b} 150 °C,(c) 300 °C, and(d) 500 °C.

as catalyst to the formation of the electroless Cu plate. The

sheet resistivity and grain size of the electroless plated copynnealing temperature increases, the interdiffusion zone of

per films as a function of the annealing temperature arghe cy(pg)/a-Ta:N interface tends to be widened, as shown
shown in Fig. 2b). The electric resistivity of the as- Fig. 4.

deposited copper film is 3.0&Q cm, and is decreased with As for the diffusion of Ta into the copper film in the

increasing annealing temperature. Unlike PlIl Pd seeds, thercess of annealing, two reactive mechanisms have been
resistivity for PIIl Cu seeds drops monotonically to 1.98 proposed® (1) If there is enough oxygen present in the an-

nL2cm at 500 °C. This proves that Pd as seeds for electrolesg, jing furnace, the diffusion of Ta may occur since Ta has a
copper plating will invariably encounter the problem of high

electric resistivity in the future ultralarge scale integration —~

copper interconnect metallization process. § 500 —— . . . i — 500

) Cu film thickness: 0.2 um 450 E

B. Interface of the Cu /(Pd)/a-Ta:N assembly rgj 400 14° E’

C N

As shown in Fig. 3, the AES depth profiles are measured.g 00k 439'{ 00 S

in order to obtain more information on the QRd)/a-Ta:N = 240 2

interfacial reactiofs). Figure 3a) is the AES spectra of the S | O 200 jij

as-deposited specimen without subsequent annealing, tht @ 200 150 / ] ‘2

the Cu(Pd/a-Ta:N interface is easily discernible. The inter- £ 90 /O 1 ©

face is significantly broadened at 150 and 300 °C, as showré’ 100 035 7 40.8 51.0 {100 3

in Figs. 3b) and 3c). The content of Pd atoms maintains a 5 Y m [ | . 5

stable level in the interface; no abrupt diffusion signals are «  ol—toou—t— 1 L A PR
= 0 100 200 300 400 500

observed. These spectra indicate that these layers can exiB
up to 300 °C without evidence of severe intermixing. As the =
temperature increases to 500°C, the interdiffusion amongle. 4. Relation between adhesion strength and the width of the interdiffu-

Cu, Pd and Ta are even more sigr?ific_ant_, as shown in FiGsion zone of the electroless plated copper film on the nonpatterned wafer
3(d). The result of AES depth profile indicates that as theenhanced by increasing the annealing temperature.

Annealing Temperature ('C)

J. Vac. Sci. Technol. A, Vol. 20, No. 3, May /Jun 2002
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higher affinity towards oxygen, an@) It is also possible that
stresses incorporated into the Ta-based layer during the depo-
sition enhance the diffusion of Ta. In this research, the oxy-
gen partial pressure(sPoz) are high enough to form a stable
phase of TgOg, as shown in Table Il. The-Ta:N layer also
accumulates residual stress in the Pl Pd process. Therefore,
the two reactive mechanisms of the Ta diffusion are co- op-
erated in the CyPd)/a-Ta:N assembly.

C. Adhesion strength

The adhesion strength of the electroless plated copper film
on the Cu(Pd/a-Ta:N assembly as a function of the anneal-
ing temperature is shown in Fig. 4. The adhesion strength of
the as-deposited copper film without annealing is 35.7
kg/cn?; significant increase occurs at300 °C and reaches
439.4 kg/cr at 500 °C. The annealing process will promote .
the interdiffusion crossing the interfaces and relax the re-
sidual stres¥ of the Cu(Pd)/a-Ta:N assembly, which are the
two major reasons for the increased adhesion strength as a
result of the annealing treatment. Figure 4 also implies that
adhesion strength of the Cu film is strongly dependent on the
width of the interdiffusion of the C(Pd/a-Ta:N.

Figure 5a) shows the OM image of a continuous and
smooth morphology of the peeled area of the specimen with-
out previous annealing. Figurglj shows the XPS survey
spectra of the un-peeled area, where only Cu and O optical . . . .
electron peaks are observed. However, the peeled area pos- 1000 800 600 400 200 0
sesses strong Ta and Cu optical electron peaks in the survey (b) Binding Energy (eV)
spectrum and weak Pdd3peaks in the fine scan spectrum;
no clear Si peaks in the survey spectrum were detected, as e
shown in Fig. %c), indicating that the split plane for separa-
tion is located in between the copper amda:N interface of
the Cu(Pd/a-Ta:N assembly.

Pd 3d fine scan

oA

348 344 340 336 332

Intensity (CPS)
Cu LMM

8
3

As shown in Fig. 6a), the OM image of the specimen ?
annealed at 300 °C exhibits a discontinuous surface morphol- o
ogy of the peeled plane. By characterizing the area A using %‘
XPS as shown in Fig.(6), the Si optical electron peaks are S
clearly observed, but no significant signals from Cu, Pd and E
Ta are detected. However, the result from the area B, as
shown in Fig. €c), is essentially the same as Figch The MR S SN ER o . .
XPS measurements indicate that the separation after peeling 1000 800 600 400 200 0
covers the interfaces @ Ta:N/FSG(area A and Cua-Ta:N ©) Binding Energy (eV)

(area B. Annealing treatment helps to enhance the adhesion

strength of the copper film to the Ta:N layer. Similar re- Fie. 5. Pull-up adhesion strength test of the annealing-free specitaen:
sults were observed on the other stripped half. Therefore, PM image,(b) XPS spectra of the unpeeled area, &)dXPS spectra of the
may be concluded that the adhesion strength is higher thaff®'ed area.

the cohesion strength of the CRd)/a-Ta:N assembly.

is near 2.17. As shown in Fig.(), the peak height ratio
value of Cy111)/Cu(200) increases at the annealing tem-
perature< 300 °C. At 300 °C, the ratio of Gd11)/Cu(200

Figure fa) shows the XRD patterns obtained for the reaches a maximum of 28.35, indicating that the copper film
specimens of the C(Pd)/a-Ta:N assembly without anneal- is highly (111) textured. It is well known that the copper film
ing and annealed at 150, 300, and 500 °C. From the normalvith a strong(111) texture can enhance its electromigration
ized peak heights, it was found that the copper film as deresistivity performance, because of the reduced degree of
posited mainly manifests €i11) preferred orientation. The anisotropy in grain-boundary transpéttHence, the strong
peak height ratio of Gi111)/Cu(200 as given by in the Joint Cu(111) preferred orientation of the specimen annealed at
Committee on Powder Diffraction Standard€PD3* card 300 °C is significant in this research.

D. Crystallography of the copper films and barrier
layers

JVST A - Vacuum, Surfaces, and Films
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Fic. 7. Electroless plated copper films aATaN/FSG wafers with various
T T T T annealing temperature@) XRD patterns andb) the Cy111)/Cu(200) nor-
malized peak height ratio and FWHM of Qull) peak as a function of
temperature.

Ta4d

temperature up to 500 °C. These results indicate that the re-
crystallization as well as the defects recovérgf the re-
sidual stress relaxation of the electroless plated copper films
enhance thg111) texture in the annealing process. Since
sy Cu(11)) is the most close-packed plane and is the preferred
348 344 340 336 332 orientation in this study, it may be concluded that the system
1000 860 660 460 260 o free energy of the CdPd/a-Ta:N assembly tends to mini-
mize through the predominance of ttlel1) plane which has
a lower surface free energy than tt200) plane®® Hence,
Fic. 6. Pull-up adhesion strength test after the specimen annealed at 300 °the peak ratio of C(111)/Cu(200) is particularly noticeable
(a) OM image andb) XPS spectra of the area A, afit) XPS spectra ofthe gt 300 °C in the annealing process driven by the residual
area B on the peeled area. stress relaxation in order to reduce the surface free energy of
the copper film.
The XRD patterns[Fig. 7(a)] also show the strong
Recent studie$**have shown that plating and processing Ta,N(002) and TaN(101) peaks for the specimen annealed
conditions have a strong influence on the initial as well as thet 500 °C. The maximum of the C111)/Cu(200 peak ratio
preferred orientation texture of electroless plated copper filmis 28.35 for the specimen annealed at 300 °C, but the peak
The crystallographic orientations of the diffusion barrier andratio decreases to 6.05 as temperature further increases to
seed layer have also been shown to influence the texture &00 °C, indicating that the strong Cliil) texture has been
plated copper filni=33 reduced at>300 °C. On the other hand, the pronounced in-
While the peak ratio of Qi111)/Cu(200 is increased with  crease of the copper grain siZé3g. 2(a)] indicates that the
the increasing annealing temperature up to 300 °C, the fultopper film has been recrystallized and a significant grain
width of half maximum(FWHM) of the Cy111) peak is growth would turn the textured copper grains into randomly
simultaneously decreased consistently with the annealingrientated grains. Figure(® also shows that there is no

Ta 4f

Intensity (CPS)

(b) Binding Energy (eV)
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crystallites (~3 nm) have been formed im-Ta:N matrix.
Cu Because the doses of palladium is very low, the peak formed
by metallic Pd or Pd compounds is not observed in the XRD
. g patterns; no clearly crystallized Pd is ever found in the inter-
Micro Twin face of copper film and barrier layéEu/a-TaN), as shown in
Figs. 8a) and 8b). However, the XRD patterns also indicate
that the hexagonal F&l has been precipitated in the matrix
of a-Ta:N with long range ordered crystals of the 500 °C
annealed specimen. However, also known from the HRTEM
image, there exists short range orderegNlraanocrystallites
formed in thea-Ta:N matrix in the annealing process of at
least at 300 °C.

" e

IV. Conclusions

(1) As the annealing temperature increases, the interdiffu-
sion zone of the C@Pd/a-Ta:N assembly tends to be wid-
ened; the interdiffusion zone increases with increasing an-
nealing temperatures.

(2) When PIIl Pd is used as a catalyst, the electric resis-
tivity of annealed copper films decreases with increasing an-
nealing temperature, e.g., to 2.2800cm at 300 °C, but
slightly increases to 2.5L{Q cm at 500 °C, resulting from
the diffusion of the Pd atoms into the copper film. When PlII
Cu is used as self-catalyst, the electric resistivity for the as-
deposited copper filnt3.01u() cm), decreases with increas-
ing annealing temperature to 1.9&) cm at 500 °C.

(3) The adhesion strength of the nonannealed copper film
o) on barrier layem-Ta:N is 35.7 kg/crh and increases to 439.4

kg/cn? at 500 °C; the adhesion strength is strongly depen-
Fic. 8. Cross-sectional HRTEM images of the ®d/a-TaN/ FSG inter-  dent on the width of the interdiffusion zone of the (Rd)/
faces:(a) annealing free an¢b) annealed at 300 °C. a-Ta:N assembly.

(4) The annealing-free copper film provides a stréhtyl)
texture, made of columnar grains whose grain boundaries are
Gertical with the a-Ta:N layer. The XRD peak ratio of
Cu(111)/Cu(200 increases to 28.35 at 300 °C and decreases
f 6.05 at 500 °C, indicating that the strong(CLd) texture
has been reduced at 300 °C.

measureable difference of copper grain size at temperatu
<300 °C. However, Fig. (b) shows that FWHMs are of sig-
nificant difference in the temperature range, which seems t
contradict the grain size measurement@&®00 °C. In fact, it
is due to the quantity of FWHM combined effect from mi-
crostre;ss and grain size in the f|Im_. The FWHM (_:hanges a}\CKNOWLEDGMENTS
<300 °C are primarily to the relaxation from the microstress, . . _
not from the grain growth. The authors would like to acknowledge the financial sup-
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The HRTEM image shows that the grain boundaries of thel' he authors would also like to acknowledge Professor F.-H.
electroless plated copper film are vertical to #ia:N layer; LU of the Department of Materials Engineering, National
microtwins and stacking faults are the major crystalline de-Chung Hsing University, for his annealing furnace with oxy-
fects, whose grain boundaries are parallel to theadia/N ~ J€N SeNsors; without his facilities, this research would not be
interface. Hence, the as-deposited copper film provides BOssible.
strong (111) texture of the columnar copper grains. The Presented at the IUVSTA 15th International Vacuum Congress and the AVS
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