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Ruthenium thin films were produced by plasma-enhanced atomic layer depa$tigklD) using an alternating supply of
bis(ethylcyclopentadienyiuthenium[ Ru(EtCp),] and NH; plasma at a deposition temperature of 270°C. The film thickness per
cycle was self-limited at 0.038 nm/cycle, which was thinner than the thickness obtained from the conventional ALD using oxygen
instead of NH plasma. The ruthenium thin film prepared with PEALD had a preferential orientation td@@2j, and it was
progressively promoted with Nfplasma power. The PEALD of ruthenium shows a merit in controlling ultrathin film thickness
with less than 2 nm more precisely and more easily than the conventional ALD, due to the reduced transient period at the initial
film growth stage. Also, ruthenium thin film improved the interfacial adhesion of metallorganic chemical vapor deposited copper
to diffusion barrier metals by forming Cu-Ru chemical bonds at the interface without degrading the film resistivity of copper.
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With the increasing performance and packing density required in Experimental
microelectronic devices, copper has been used as an interconnection Ruthenium thin films were deposited on 40 nm thick TiN/100 nm

nwlettgl toE(e:r;)hﬁnce opetr)ating speed tf.md reIiaHiIﬁfrec]tcrochemical thick SiO,/Si wafers at a deposition temperature and pressure of

(Fj)a ing ( ) f‘s now etcorge atro_li ine procft_ail;s orb_cl)_rml_r;%_ﬁopperzmoc and 3 Torr, respectively. REtCp), and NH; plasma were
amascene interconnects, due to its super-filling abiliey, it fills used as the ruthenium precursor and reducing agent, respectively.

trenches and via holes in a bottom-up fashion without any seams Oﬁu(Eth)z is a liquid compound with a relatively high vapor pres-

voids? To realize the bottom-up filling processes, a thin and confor- -
A : ; i .sure of 0.18 Torr at 80°C and good thermal stability. ThéERGp),
mal copper seed-layer is required. Currently, physical vapor deposi as contained in a bubbler, which was heated at 80°C, and carried

tion (PVD) technique is used to deposit the seed layer. However, on y argon gas at a flow rate of 50 scem. To prevent précursor con-

challenge is to find a way to deposit a uniform seed-layer in hlghﬁgnsation in the feeding line, the stainless steel feeding line was

aspect ratio via holes and trenches of damascene structures as t R o : .
feature size decreases. To overcome this technological barrier, stud- ated to 90°C. One de|c_)osmon cycle of ruthenium PEALD included
ur consecutive pulses: a pulse of (BtCp), vapor, a purge pulse

ies have examined seedless copper damascene filling with ECP or. h f f lse f
metallorganic chemical vapor depositiédOCVD), in which cop- Wit argon gfés at a o;v rate o 5|0 SC.CW'SS puise Or3w?zsmﬁ
per is deposited directly on copper diffusion barrier metals, and®xPosure, and a second purge pulse wit sccm argon. Each purge

copper seed-layer formation using MOCVD or atomic layer deposi-PU!Se 1asted for 10 s. During the Niplasma pulse, Nkigas was

tion (ALD) have been studiet®® However, the copper films fabri- ntroduced at a flow rate of 100 sccm mixed with 100 sccm argon.
cated using ECP, MOCVD, and ALD techniques have poor interfa- 10 ignite and sustain the Nfplasma synchronized with the depo-
cial adhesion to common copper diffusion barrier metals, such a$ition cycle, a rectangular shaped electrical power was applied be-

TiN, TaN, and WN, which causes failure of the copper interconnect tWeen the upper and lower electrodes. The electrodes were capaci-

systenf’ Therefore, an adequate adhesion layer for reliable adheliVely coupled with a radio frequencyrf, 13.56 MHz) plasma

sion is required in utilizing the seedless copper bottom-up filling SOUrCe. operated at powers from 20 to 100 W. The lower electrode

techniques or preparing the copper seed-layers with MOCVD or'V@S grounded and the showerhead used to distribute the reactant
gases in the reactor uniformly was used as the upper electrode.

ALD. : ST .
A rutherium i im prepared oy ALD using ahycyclopen- (S L Sh0u5 8 SEhenats g o e nenunn PEALD o
tadienyl)ruthenium Ru(EtCp)] and oxygen gas was reported to y . : g
Y ! ! electron microscopyFESEM). Film resistivity was calculated from
have excellent performance as an adhes%n layer to improve thg,e sheet resistance measured with a four-point probe and the film
interfacial adhesion of MOCVD copper to TiHowever, the oxy- icyness X-ray diffractiofXRD) analysis using Cu Kaadiation

gen gas used as a reactant can_form an interfacial metal oxide f”nb\ = 1.5405 A)was used to determine the crystal structure of the
with under-layered diffusion barrier metals, such as Ta and °T4N. deposited films. The film density was measured using 2.4 MeV

This causes interconnection failure or increases via-hole contact re-, 5 ;

sistance. To address this issue, we have been investigating a plasrﬁt%-eez fegsuig;l?tgocr)? gs&tslg?ﬁ?r:g]r%u?\gefﬁ:;ozgq?asc:hgsoioﬁvﬁyg:efor
enhanced atomic layer depositidEALD) of ruthenium thin films MOCVD copper films, a peel-off test using 3M Scotch tape was
with NH; plasma as a reducing agent, instead of oxygen gas. Ou[)erformed on a saméle~1 um thick MOCVD Cu/Ru adhesion
initial results showing that the PEALD technique enabled rutheniumlayer/40 nm thick TiN/100 nm thick thermal SjGstacked on Si
film deposition, while avoiding the formation of an interfacial metal substrate). The MOCVD of copper was carried out for 10 min at a

oxide, were reported (ecenﬂ In this paper, we present further temperature of 180°C and a pressure of 5 Torr using hexafluoro-
results, including the difference in the saturated film thlckness/cycleace lacetonate-copper-vinyltrimethylsilang(hfac)C(vtms)]  as
and the film growth in the transient region between the PEALD ty PP Y y

. o .~ the copper precursor. The interaction between the MOCVD copper
and the conventional ALD. In addition, we report that the ultrathin _. . ; )
(~2 nm) ruthenium adhesion layer prepared by PEALD greatly im- film and the PEALD ruthenium film was analyzed using X-ray pho-

proves the adhesion strength of MOCVD copper to diffusion barriertoelectron spectroscopXPS).
metal by forming Cu-Ru bonds.

Results and Discussion

* Electrochemical Society Active Member. Until now, most of the MOCVD or ALD in forming ruthenium or
Z E-mail: swkang@Xkaist.ac.kr ruthenium oxide thin films has been utilized oxygen gas, and the
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Figure 1. A schematic diagram of the deposition apparatus used in the ru- 0 z 4 & . 8 10 12
thenium PEALD system. Ru(Eth)z pulse time (sec)

Figure 3. The number of ruthenium atoms/cycle, which calculated from the

. ; ; ; ; thickness/cycle and the film density measured by RBS analysis, in the
film to be deposited was determined depending on the partial PreSSEA D and conventional ALD.

sure of oxyge#:*>*However, as mentioned before, oxygen is not a
proper choice in forming ruthenium thin films which is to be applied
for an adhesion layer, since oxygen has a potential to make an in-
terfacial metal oxide layer, such as titanium or tantalum oxides, byeniym. |t is reasonable to postulate that the lone pair of electrons
oxidizing copper dn"fusm_)n barrier metals. To_av0|d this probler_n, in the NHj interacts with the ruthenium in the REtCp), and weak-
NH; plasma was used instead of oxygen. Figure 2 plots the fIImens the Ru-(EtCpbond, and that the excited species in Nplasma
thlcknes_s erosned for a cycléne f"'_“ thickness/cycleof ruthe- activate the reducing reaction by making volatile compounds with
nium thin films grown by PEALD using Niiplasma and by con- the ligands in Ru(EtCp). On the other hand, the saturated film
\{entlonal ALD using oxygen depending 0? the (RtCp), pul.se thickness/cycle with the PEALD, 0.038 nm/cycle, was much thinner
time at a deposition temperature of 270°C. The pulse time Ofyan that of the conventional ALD using oxygen, 0.15 nm/cycle. To
Ru(EtCp), was varied from 2 to 10 s. The NHplasma exposure g cidate the cause of the difference in the saturated film thickness/
time in the PEALD and the oxygen pulse time in the ALD were cycle petween the PEALD and the conventional ALD, the actual
fixed at 10 s, respectively. In the PEALD, the film thickness/cycle nymber of ruthenium atoms was calculated from the film thickness/
increased with the Ru(EtCp)pulse time and became saturated at cycle and the film density measured from RBS analysis. The film
about 0.038 nm/cycle when the fEICp), pulse time exceeded 5 s, density increased from 8.7 g/érim the conventional ALD to 12.03
which is one of the typical characteristics of ALD, so-called a self- g/cnt in the PEALD. The actual number of ruthenium atoms of the
limited reaction. The resistivity of the ruthenium film was constant PEALD was less than 40% as compared to those of the conventional
at about 12} cm, and was independent on the pulse time of ALD. The calculated results are plotted in Fig. 3. The difference can
Ru(EtCp),. These results show that NHplasma successfully re-  be understood by adopting the concept of secondary adsofptt6n.
duces the metal-organic precursor of(RICp), into elementary ru-  During the oxygen pulse in conventional ALD, oxygen will react
with Ru(EtCp), adsorbed on the film surface and forms a new ru-
thenium film, and at the same time the supplementary oxygen is
0.16 likely to adsorb on the newly formed ruthenium film surface. The
“,__Q .......... Q- adsorption of the supplementary oxygen is termed the secondary
©.-'0 adsorption. As a result, the secondary adsorbed oxygen will make an
. additional ruthenium film to react with REtCp), molecules sup-
plied by the following pulse of REEtCp),. The effect of secondary
' adsorption of oxygen was verified by removing the secondary ad-
! sorbed oxygen with hydrogen plasma. A pulse for hydrogen
; plasma was added after every oxygen pulses during the film depo-
0.08 . o ComvemtomalRualD sition. In this case, the _fiIm thickness/cycle reduced drastically as
, a RePEALD compqred to the ALD with oxygen only, and the actual number of
; ruthenium atoms formed for a cycle decreases to a similar level of
. PEALD, as shown by a dashed line in Fig. 3. In the ruthenium
PEALD, even though NKl remains on the film surface after the
pulse of NH plasma as a result of secondary adsorption, the re-
mained NH cannot contribute to forming an additional ruthenium
film, because NHlitself cannot decompose R&iCp), at a deposi-
0.00 1 1 L ) L tion temperature of 270°C without using plasma. These results lead
0 2 4 6 8 10 12 to a conclusion that the absence of the effect caused from the sec-
Ru(Eth)z pulse time (sec) ondary adsorption in PEALD leads to decreasing the actual number
of Ru(EtCp), molecules consumed effectively to constitute ruthe-
Figure 2. The dependence of the thickness/cycle of ruthenium thin films nium film in a cycle. As a consequence, the saturated film thickness/
grown by PEALD using NH plasma and conventional ALD using oxygen cycle of PEALD reduces as compared to that of the conventional
on the Ru(EtCp) pulse time. The pulse time of REtCp), was varied from  ALD of ruthenium.
2 to 10 s. The NH plasma exposure time in the PEALD and the oxygen  Figure 4a depicts the dependence of the film thickness/cycle on
pulse time in ALD time were fixed at 10 s, respectively. plasma pulse time and power. At a plasma power of 100 W, the film
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Figure 4. (a) Dependence of the film thickness/cycle on plasma pulse time
for plasma power of 100 and 20 Wb) XRD patterns obtained from the
ruthenium films grown by PEALD and conventional ALD.

Figure 5. Thickness of ruthenium films as a function of deposition cycles in
(a) the PEALD and(b) the conventional ALD.

ventional ALD. This means there exits an extended period having

thickness/cycle was saturated when the plasma pulse time exceedéslver growth rate in the early stage of the film growth in the con-
5 s. That is, a 5 s NkIplasma pulse is sufficient to completely ventional ALD. Generally, this early stage is called as transient re-
achieve the reduction of adsorbed (RtCp),. When the plasma gion. Aaltonen reported a similar behavior with a long transient
power was decreased to 20 W, the plasma pulse time to complete theegion in the ruthenium ALD using oxygéfi,and insists that the
reduction reaction elongated to 20 s. Figure 4b shows the XRDfilm growth retards until abundant ruthenium nuclei are formed,
patterns obtained from ruthenium films prepared with PEALD and since the dissociative adsorption of oxygen, which leads the oxida-
ALD. In the ruthenium film prepared by the ALD with oxygen, it tive decomposition of adsorbed FEiCp),, is probably facilitated
was preferentially oriented td01). But, the preferred orientation of on ruthenium nuclei than on the original substrate surface. On the
the film prepared by the PEALD with NHplasma was changed contrary, in ruthenium PEALD, the energetic reducing agent of NH
from (101)to (002)with increasing NH plasma power. This implies  plasma can directly decompose the adsorbed ruthenium precursor
that the additional energy supplied by Bliplasma enhances the without having a dependence on the substrate surface. Thus, a
rearrangement of ruthenium atoms to the orientatiorf062), the longer transient region is appeared on the ALD using oxygen than
most thermodynamically stable face in a hexagonal close-packedn the PEALD using NH plasma. In a previous paper, we reported
(hcp) crystal structure. that the ruthenium film deposited by the PEALD has an improved

In Fig. 5, the ruthenium film thickness is plotted against the surface rou%hness as compared with that prepared by the conven-
number of deposition cycles for the PEALD and ALD. As expected, tional ALD.'* From the above analysis, it is expected that the ab-
the film thickness increased linearly with the number of depositionsence of transient region in the PEALD makes the ruthenium film
cycles, regardless of the PEALD and ALD. However, the extrapo-have a smoother surface than the film prepared by the ALD. Also,
lated line did not pass through the origin, and it interceptes-aris the film smoothness will be helpful to form a continuous and ultra-
with a perceptible positive value especially for the case of the con-thin (<2 nm) ruthenium film.
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such as by increasing the resistance of the copper layer, despite

Table I. Results of adhesion test of jum thick MOCVD copper. e ) . - : >
exhibiting excellent adhesion. Therefore, in addition to its adhesion

Cycles None 20cycle 40cycle 60cycle 80 cycle properties, stability with the copper layer is important for utilizing
- ruthenium thin films as an adhesion layer. To verify the stability of
-Fl;tlﬂ(dnr?:;oor: — 073nm  11llnm 1.88nm  2.64nm . henjum with a copper layer, the sheet resistance of a copper layer

deposited on a ruthenium adhesion layer has been investigated be-

| - .
sggalts of Falil Falil 76% 100% 100% fore and after a heat treatment. Heat-treatment was carried out using
adhesion test Pass Pass Pass a rapid thermal procegKRTP) at a temperature of 450°Crfd h in

argon ambient. The sheet resistance of the copper layer is not
changed after the heat-treatment, as ruthenium is immiscible with
copper thermodynamically. Therefore, ruthenium films grown by

To evaluate the feasibility of PEALD ruthenium thin films as an PEALD can be used as an effective adhesion layer between
adhesion layer to improve the interfacial adhesion of MOCVD cop- MOCVD copper and copper diffusion barrier metals.
per to copper diffusion barrier metals, a peel-off adhesion test using Conclusions

Scotch tape was performed after MOCVD of aboupn thick Ruthenium thin films were successfully deposited by PEALD

copper on a ruthenium adhesion layer. Before the scotch tape peehsing Ru(EtCp) and NH; plasma at 270°C. Niiplasma acted as an

off test, the crossed grid with 2 mm intervals was scratched on theeffective reducing agent for REtCp),. The ruthenium film formed
specimen with a cutter to quantitatively analyze the adhesion prop- g ag P

erty, so that the results of the adhesion test are expressed as the raHHr.'ng one deposition cycle was saturatgd at 0'938 nm/ cycle, and its
of number of the remained grids after adhesion test to the totalres's‘t'vIty was 12u() cm. The decrease in the film thickness/cycle

number of arids. Because the adhesion laver should be as thin %ompared with conventional ALD was attributed to film densifica-
grics. Y ion and the decrease in the number of atoms deposited per cycle

possible, we carried out adhesion tests while progressively decreas; i
ing the thickness of ruthenium layer. A 2 nm thick ruthenium adhe-due to the absence of the effect caused from the secondary adsorp

: : - : . ; : tion in PEALD. The preferred orientation of the PEALD ruthenium
sion layer is sufficient to improve the interfacial adhesion of _ o
MOCVD copper to the diffusion barrier metals without any failure film was changed from thé101) peak to the(002) peak with in-

in the peel-off adhesion test, as summarized in Table I. To determiné;ref"."lSing NH Elasma powerhThe transient regir:)n at the early.stag{e
the mechanism responsible for the increased adhesion strength, X% flm growth was even shorter in PEALD than in conventiona
analysis was performed. As shown in Fig. 6, the copper atoms at th D, which facilitates the precise thickness control of ultrathin

interface between copper and ruthenium are electronically perturbedMms: A peel-off adhesion test confirmed that an ultrathin ruthenium
with respect to the bulk copper atoms, and shift towards a |Oweradhe5|on layer prepared by PEALD greatly improved the interfacial

- ; ; adhesion of MOCVD copper to TiN barrier metal. The formation of
ElpnedCIRg gfn ﬁ]ige)ﬁf;rééhc%r%%r%c?n)'(rfl\ls iss %%it;?]’iﬁvggllﬁ.&ie%?egjg ingiJocalized Cu-Ru chemical bonds at the interface enhances adhesion.
cate that a chemical interaction between Cu and Ru is anticipated alggﬁfgéi'ezisfg‘zrmthen'um thin film can be effectively utilized
the interface and, therefore, the interfacial adhesion of MOCVD yer.
copper to the diffusion barrier metal is improved. Acknowledgments
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