Journal of Yacuum Science & Technology B

Improving the quality of electroplated copper films by rapid thermal annealing
Shih-Chieh Chang, Jia-Min Shieh, Bau-Tong Dai, Ming-Shiann Feng, and Ying-Lang Wang

Citation: Journal of Vacuum Science & Technology B 21, 858 (2003); doi: 10.1116/1.1562641
View online: http://dx.doi.org/10.1116/1.1562641

View Table of Contents: http://scitation.aip.org/content/avs/journal/jvstb/21/2?ver=pdfcov
Published by the AVS: Science & Technology of Materials, Interfaces, and Processing

Articles you may be interested in

Effect of rapid thermal annealing on the structure and magnetic properties of chemical vapor deposition cobalt
layers

J. Appl. Phys. 97, 10N307 (2005); 10.1063/1.1862012

Effects of wetting ability of plating electrolyte on Cu seed layer for electroplated copper film
J. Vac. Sci. Technol. A 22, 2315 (2004); 10.1116/1.1795831

Characterization of electroplated copper films for three-dimensional advanced packaging
J. Vac. Sci. Technol. B 22, 1108 (2004); 10.1116/1.1755217

Correlation of stress and texture evolution during self- and thermal annealing of electroplated Cu films
J. Appl. Phys. 93, 3796 (2003); 10.1063/1.1555274

Mechanisms for microstructure evolution in electroplated copper thin films near room temperature
J. Appl. Phys. 86, 2516 (1999); 10.1063/1.371086

" Re-register for Table of Content Alerts

Create a profile. Sign up today! 7



http://scitation.aip.org/content/avs/journal/jvstb?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1492969273/x01/AIP/HA_Pub2Web_ReregisterToCalert_AVS_CovPg_1640x440_10_2013/avs_aipToCAlerts.png/7744715775314c5835346b4141412b4b?x
http://scitation.aip.org/search?value1=Shih-Chieh+Chang&option1=author
http://scitation.aip.org/search?value1=Jia-Min+Shieh&option1=author
http://scitation.aip.org/search?value1=Bau-Tong+Dai&option1=author
http://scitation.aip.org/search?value1=Ming-Shiann+Feng&option1=author
http://scitation.aip.org/search?value1=Ying-Lang+Wang&option1=author
http://scitation.aip.org/content/avs/journal/jvstb?ver=pdfcov
http://dx.doi.org/10.1116/1.1562641
http://scitation.aip.org/content/avs/journal/jvstb/21/2?ver=pdfcov
http://scitation.aip.org/content/avs?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/97/10/10.1063/1.1862012?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/97/10/10.1063/1.1862012?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvsta/22/6/10.1116/1.1795831?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/22/3/10.1116/1.1755217?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/93/7/10.1063/1.1555274?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/86/5/10.1063/1.371086?ver=pdfcov

Improving the quality of electroplated copper films by rapid
thermal annealing

Shih-Chieh Chang
Institute of Materials Science and Engineering, National Chiao Tung University, Hsinchu 30050, Taiwan

Jia-Min Shieh® and Bau-Tong Dai
National Nano Device Laboratories, Hsinchu 30050, Taiwan

Ming-Shiann Feng
Institute of Materials Science and Engineering, National Chiao Tung University, Hsinchu 30050, Taiwan

Ying-Lang Wang
Taiwan Semiconductor Manufacturing Co., Ltd., Hsinchu, Taiwan

(Received 2 July 2002; accepted 27 January 2003; published 18 March 2003

The leveler, 2-mercaptopyridin€2MP), increases the filling power of copper electroplating
electrolytes in plating 0.1m vias, but forms the plated copper metals of small-grained column
structures with high resistivity. In this study, we used rapid thermal anne@®fg) to effectively
improve the film quality. After RTA at 400 °C for 30 s, the resistivity of Cu deposits was reduced
from ~16.1 to~2.4 u{) cm. Moreover, the Q1)) intensity of Cu deposits increased after RTA
annealing. ©2003 American Vacuum SocietyDOI: 10.1116/1.1562641

[. INTRODUCTION ventionally used for process steps such as dopant activtion,
dopant redistributior formation of metal silicide® and im-

Cu electroplating has become a promising technology foproving the barrier capability in a Cu metallization systém.
producing copper interconnects in a damascene structure. |R this study, the resistivity of as-deposited Cu films was
particular, a plating bath should introduce a diffusion-limitedabout 16.1u cm using the electrolyte with 2MP as the
leveler to result in a higher copper deposition rate at theilling promoter. After RTA at 400 °C for 30 s, the resistivity
bottom of the features than at the sidewalls, to yield excellenivas dramatically reduced te2.4 u{2 cm. Additionally, the
filling. In agreement with previous reports of the chemistrieschanges of grain size and electrical resistivity were moni-
used to achieve superfilling in sub-Quin Cu electroplating, tored to determine the effect of electrolyte compositions in
description of the combined effects of chloride ion {fl electroplated Cu films at room temperature and elevated tem-
polyethylene glycolPEG, and other filling promoters have peratures.
recently been published by many grodp8 Although addi-
tives with depletion(adsorption reactions can be used to
enhance the gap-filling efficiency, the incorporation of impu-
rities may lead to electroplated Cu films having a much The blanket wafer used in this study was prepared by
higher electrical resistivity than the bulk valtidccordingto  sputter depositing a 50-nm-thick TaN diffusion barrier and a
the mathematical model developed by West and co-wofkers50-nm-thick Cu conduction layer on SjOThe patterned wa-

a dimensionles®R, 5, (~k/D) was proposed as the design fer was composed of a 30-nm-thick ionized metal plasma
rule for the void-free deposition; whefe andk are the dif- (IMP)—TaN layer as the diffusion barrier and a 200-nm-thick
fusion coefficient and the consumption rate constant of atMP—Cu film as the seed layer. In the Cu electroplating pro-
additive, respectively. An effective additive must not only cesses, the standard electrolyte was composed of £uSO
have an appropriate value Bf 5 to generate a concentration H,O (30 g/l), H,SO, (275 g/), and chloride iong50—-100
gradient within a feature but also produce a low-resistivityppm). The films were deposited under galvanostatic control
Cu film. In our previous study, superfilling phenomenon wasat room temperature. All the Cu electroplating for films was
achieved in 0.15um vias using 2-mercaptopyridin@MP) performed under a constant current density of 0.001 A/cm
as the leveling agent, because 2MP provided not only adexcept when films were deposited using the standard electro-
equate overpotential but also selective inhibition gradient.lyte due to a weaker polarization effect in the latter electro-
However, 2MP produced a high-resistivity film due to its Iyte (without additiveg that necessitated a higher bias cur-
high consumption rate into deposited films and its small‘€nt for maintenance of minimal resistivity in deposited films
grained column structure. in which case 0.01 A/chwas used. The cross-sectional pro-

In this work, we used rapid thermal annea"@TA) to files of Cu films were examined USing a field emission scan-
reduce the resistivity of Cu films and to prevent time-ning electron microscopéFESEM and surface morpholo-
consuming and high-temperature furnace annealing, which igies were measured using an atomic force microscope
harmful for lowk material integrated processes. RTA is con-(AFM) from DI Nanoscope. PotentiodynanieD) polariza-

tion measurement performed on an EG&G potentiostat/

Aauthor to whom correspondence should be addressed; electronic maigalvaDOSta(mOd_el 273A was used to analyze the electro-
jmshieh@ndl.gov.tw chemical behaviors of electrolytes. The counterelectrode was

IIl. EXPERIMENT

858 J. Vac. Sci. Technol. B 21 (2), Mar/Apr 2003 1071-1023/2003/21(2)/858/4/$19.00 ©2003 American Vacuum Society 858



859 Chang et al.: Improving the quality of electroplated copper 859

eling power, a high-resistivity film(>8 u{)cm) was ob-

'] . tained after depositiohTafel plots in Fig. 1 reveal that 2MP
H “ raised the charge transfer resistance and inhibited Cu depo-
iz

sition. At a constant current density of 0.001 Aknthe
shifted overpotential, caused by the added PEG, was 61.7
mV relative to that of the standard solutig8TD) and the
related value for the combined action of PEG-2MP was
200.1 mV. Table | summarizes the XPS data of the Cu films
electroplated in STD with PEG and 2MP. The presence of
nitrogen(N) atoms in the Cu films indicates that 2MP was
chemisorbed on or consumed by the deposit. According to

100

50

E (mV vs Ag/AgCl)

E;;___%?PEG - Cunningham’s investigatiolf, we propose one factor to de-
504  (3) - -(2)+2MP . scribe the influences of characteristic impurities on the resis-
" tivity of deposits. This impacting factdris expressed aé
, =4*C+5.50+7*N+9*S (C, O, N, and S denote the
-100 e S, - atomic percentages of C, O, N, and S atoms in the deposits,
1E-6 1E-5 1E-4 1E-3 0.01

) respectively and the calculated of various electrolyte
| (A/em”) chemistries are in the following order. SHPEG+2MP
Fic. 1. SEM cross-sectional profiles: superfilling transient mechanism in (5.33>STD+PEG(3.39>STD (3.01). The electrical resis-
pm vias using the electrolytepcontaininngMP; gteady-sitﬁa:haracteris- ]tance Of blanket .ﬂlms IS us_ually .us.ed to prob_e the 'nf!uence
tics for copper deposition from various electrolytes. of additive chemistries on impurity incorporation and its ef-
fect on microstructural evolution. The initial resistivities of
_ _ _ as-deposited filmgaverage thickness of about 300 hde-
platinum and the working electrode was Cu with a ConStanbosited using different electrolytes are as follows: STD
surface area of 0.5 ¢mAll potentials are reported relative to +PEG+2MP (16.1 xQcm)>STD+PEG (2.2 uQcm) >
the Ag/AgCl elect.rode, which was used as _the refergnce elegTp (2.1 uQ cm). The added 2MP apparently increased the
trode. An x-ray diffractometefXRD) was utilized to inves-  registivity of deposited films due to its higher impurity incor-
tigate crystal orientation of the electroplated Cu films a”dporation and small-grained column structlrr€igure Za)
differential scanning calorimetryDSC) was performed on  ghoys that the electrolyte with 2MP formed a columnar
the electroplated Cu films to characterize the microstructurestructure; this type of grains was the result of a preferred
The chemical composition was determined using x-ray phogowth in certain crystal directions. The field orientated tex-
toelectron spectroscopXPS). The XPS analyses were per- y,re tyne(FT) is usually observed at fairly strong inhibition
formed using a VG ESCA 210 instrument, with ex<_:|tat|on bY and is characterized by a large number of elongated crystals
Mg Ka radiation(h»=1253.6 eV. After elect‘[oplatmg, the  perpendicular to the substrate, forming a coherent depbsit.
specimens were annealed from 200 to 550 °C for 30 s;n Npgegjges, it was found that random-orientated grains were
atmosphere and the sheet resistances of Cu deposits W8 med by the STD and STBPEG electrolytegFig. 2b)]

measured by a four-point probe. and they had relative larger sizes than the case of a columnar
structure. Comparisons between grain growth types predicted
lIl. RESULTS AN DISCUSSION that the STD-PEG+2MP electrolyte would generate a

In our previous work, we found that in the electrolyte higher electrical resistivity than other electrolyfes.

containing PEG and 2MP, a complete filling was obtained in  Electroplated Cu films are typically deposited at room
0.15 um vias because 2MP enabled a selective inhibitiontemperature by a galvanostatic or a potentiostatic process,
gradient® The adsorption—diffusion model combined with and are metastable immediately after deposition. The as-
cathode polarization and cyclic voltammetric stripping mea-deposited films transform into larger-grained structures at
surements were also employed to explain the attribution ofoom temperature by self-annealing. However, the driving
additives in superfilling phenomeracanning electron mi- force for grain growth derived from reduction in grain
croscopy(SEM) cross-sectional profiles in Fig. 1 show the boundary energy and reduction of microstrains and/or de-
superfilling transient mechanism ingn vias using the elec- fects is limited. To further reduce the grain boundary surface
trolyte containing 2MP. Although 2MP provided a high lev- area, the input of additional energy is requité@he goal of

TaBLE |. XPS data for the copper films electroplated in various electrolytes; C, O, N, and S denote the atomic
percentage of C, O, N, S atoms in the deposits.

Cu C O N S F=4*C+5.50+7*N+9*S
STD 36.63%  40.39%  19.37% 0% 3.61% 3.01
STD+PEG 3559% 24.91%  34.44% 0% 5.06% 3.35
STD+PEG+2MP 11.57%  14.02%  33.46%  34.26%  5.89% 5.33

JVST B - Microelectronics and  Nanometer Structures



860 Chang et al.: Improving the quality of electroplated copper

2mpd

rpegl 25.0kV X3@,8K 688nm

2mp 408 25.8kV X30.0K

Fic. 2. SEM cross-sectional profiles of Cu films.

this study is to introduce RTA to improve film quality. We

found that an increase of annealing temperat(860—
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Fic. 4. (a) Effect of electrolyte chemistries on resistivity transients of de-
posited films by RTA from 200 to 550 °C. All of the additives had the same
concentration of 50 ppnip) Arrhenius plots of Irn{iz—dg) vs the reciprocal

of absolute temperature from 300 to 550 °C.

film resistivity decreased with annealing temperature as
shown in Fig. 4a). After RTA at 400 °C for 30 s, the resis-
tivity of Cu films deposited using the STEPEG+2MP
electrolyte was obviously reduced te2.4 u{) cm. The SEM

550 °Q enhanced grain growth and the obvious grain growthcross-sectional profile in Fig.(® shows that the small-
started at 400 °C, as seen in Fig. 3. On the other hand, thgrained column structurfsee Fig. 2a)] disappeared after

as-deposited | 300°C 400°C
Standard )
solution L ~
Std. + PEG
+2MP

Fic. 3. Plane views of AFM image¢§ umx5 um) of annealed(300—
550 °Q and as-deposited films.

J. Vac. Sci. Technol. B, Vol. 21, No. 2, Mar /Apr 2003

RTA at 400 °C for 30 s. For the Arrhenius model, the mean
diameter for the thermal-induced grain boundary migration
could be expressed with the annealing tinaecording to the
relationshig*

dn_dn
0
R=——=Roexp(—Q/KT), (1

whereQ is the thermal activation energy for grain growth,
andd, are the mean grain size of the annealed and the as-
deposited films, respectively, an& and n are time-
independent constants; the exponerg set at its usual value

of 2. Figure 4b) shows the Arrhenius plot of Idf—dé) ver-

sus the reciprocal of the absolute temperature from 300 to
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g ; ] temperaturg~301 °Q than that of the film deposited using

: : the STD+PEG (~304 °Q electrolyte. This result also con-
firmed that the added 2MP could lower the activation energy
of Cu grain growth, as shown in Fig(l3).

In addition to grain size, another important factor for elec-
trical performance is the crystallographic texture of the Cu.
The crystallographic texture of Cu is face-centered-cubic
(fcc) and (112) is the closed packed plane in fcc structures.
Therefore,(111) has higher electromigration resistance than
other planes of the fcc structute Figure 5b) shows the
x-ray diffraction patterns obtained for the as-deposited and
annealed films deposited using the SFBEG+2MP elec-
trolyte. It was found that the films mainly consisted{@11)
preferred orientation and the (11) intensity increased
with RTA annealing temperature.

{-" STD+PEG+2MP

STD+PEG

Heatflow

T T T T T ¥ T T T T T d T T
206 208 300 302 304 306 308 310

Temperature (°C)
IV, CONCLUSIONS

ﬁ cutiny The resistivity of the Cu films deposited using the elec-
trolyte with 2MP as the leveler was effectively reduced from
Cu(200)

~16.1 uQd cm to ~2.4 uf) cm after RTA at 400 °C for 30 s.
The high-resistivity film deposited using the electrolyte with
2MP had lower activation enerd®.34 e\j for grain growth
than that(0.36 e\j of the film deposited using the electrolyte
without 2MP during RTA annealing300—550 °Q. This re-

sult occurred due to lower interface energies between grains
of the preferred orientation structueolumn structurg

400°C

300°C

Intensity
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