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The tungsten-ricHSi/W atomic ratio less than 2.@hemical vapor depositiofCVD)-WSi, layer

was found to be an efficient diffusion barrier against Cu diffusion. In this study, the properties and
thermal stability of the W-rich WS$ifilms chemically vapor deposited at various deposition
temperatures, pressures, and QMg reactant gas flow ratios were investigated. With B

flow rates of 6/2 sccm and a total gas pressure of 12 mTorr, the activation energy of the CVD
process was determined to be 3.0 kcal/mole, and the film deposited at 250 °C has a Si/W atomic
ratio of unity. The WSj films have a low residual stress, low electrical resistivity, and excellent step
coverage. For the Wgilayers deposited on Si substrates, the residual stress varies from 7 to 9
X 10° dynes/cm depending on the deposition temperature. The resistivity of the WiSis varies

from 200 to 340u() cm; higher deposition temperatures and S flow ratios resulted in
higher film resistivities. The as-deposited amorphous Mgier is thermally stable up to 600 °C;
however, crystallization of the deposited film takes place at 650 °C ang WéSi transformed into
WSi, phase when the WZBi structure was thermally annealed at temperatures above 650 °C.
© 1999 American Vacuum Socieffs0734-211X99)03602-1

I. INTRODUCTION ratio larger than 2.0, and is often referred to as “silicon-rich
WSi,.” The as-sputtered Wgifilms have a resistivity of
ratio less than 2)0chemical vapor depositiofCVD)-wsi, ~ ©00—-900u€ cm, which decreases to about s cm after
layer served efficiently as diffusion barrier against cyannealing at 1000 °€&.However, it is difficult to deposit
diffusion? The thermal stability of Cu/WSi50 nm/p*-n WSi, films, with acceptable step coverage, into contact holes
junction diodes was found to reach 500 °C; withiasituN, ~ Of deep subhalf micron dimensions using physical vapor
plasma treatment on the surface of WBiyers, the resultant deposition(PVD) method. In contrast, CVD method gener-
Cu/WSIiN/WSj(50 nm/p*-n junction diodes were able to ally offers superior step coverage of conformal deposition;
retain integrity of their electrical characteristics up to at leasthus chemically vapor deposited WSCVD-WSi,) layer is
600 °C2 Moreover, the tungsten-rich CVD-WSiilms were  becoming very attractive in ULSI applicatian.
found to have a low residual stress, low electrical resistivity, The first systemic study of CVD-WSi to our knowl-
and excellent step coverage. This indicates that the tungstesege, was done by Bromst al,’ they proposed to deposit
rich CVD-WSi, films possess great potential in application\wsi, films in a cold wall reactor using SiWF as reactive
to Cu metallization system. Thus, a systemic study ofyas mixtures and obtained a good quality silicide films with
tungsten-rich C\{D-ngfilms is vite}I to_their applications in 5 resistivity as low as 3@ cm after a postdeposition an-
ultralarge scale integratiofULSI) circuits. _ _ nealing treatment. It was reported that the residual stress in
Refractory metal silicides have been intensively studiedcyp_ysij films decreased linearly with increasing silicon
for po'FentlaI use as interconnection in uLsl cwmﬁ’f%These. content in the WSifilm.2221n addition, it was found that the
materials offer good thermal stability and good electrlcalresistivity of as-deposited CVD-WSiilm increased with in-

conductivity. Among them, tungsten silicid@Si,) is one creasing deposition temperatdre:?2 Although many stud-
of the most promising materials because of its good compat-

ibility with conventional ULSI fabrication processe<! les have been dedicated to the properties and thermal stabil-

Sputter deposited Wgfilms have been widely used in inte- ity of _S|I|_con-r|(_:h (Sirw at_or.rluc r?,t'? Iargcle(r r;[hanb 20
grated circuits(ICs) manufacturd:® In general, the sputter "nonstoichiometric CVD-WSi films, little work has been

deposited WSiused in ICs manufacture has a Si/W atomic 90n€ on the tungsten-rich CVD-Wsayers. N
In this study, the properties and thermal stability of

*No proof corrections received from author prior to publication. tungSte_n'“Ch. nons.t0|ch|ometr|c CVP'WSIh'n films were
dElectronic mail: mcchen@ce.nctu.edu.tw systemically investigated. The WShin layers were depos-

It was found recently that a tungsten-ri¢8i/W atomic
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Fic. 2. Resistivity of WSj films vs SiH/WF; flow ratio. The WSj films
30 40 50 60 70 80 were deposited at 250 °C with a total gas pressure of 12 mTorr angd WF
2 0 (DEGREE) flow rate of 2 scem.

Fic. 1. XRD spectra of WSifilms deposited on bare Si substrate with ) ]
SiH,/WF; flow ratio of (a) 0.25,(b) 1.5, and(c) 3.0. The films were depos- min at a temperature ranging from 400 to 800 °C. The varia-

ited at 300 °C with a total gas pressure of 20 mTorr. tion of sheet resistance with respect to the annealing tem-
perature was used to monitor the thermal stability. Atomic
force microscopy(AFM) was employed to characterize the

. : . . surface roughness. XRD analysis was used for phase identi-
method using the Siftreduction of Wg. The properties of fication. RBS was used to determine the Si/W atomic ratio of

CVD-WSi, layers including crystalline phase, deposition WSi, films and to examine the interdiffusion between W and

rate, electrical reS|st|V|ty,. res@ual stress, surface roughpes$i substrate at the WSSi interface. Moreover, SEM was
and step coverage were investigated. The thermal stability o

CVD-WSi, layers was also investigated using various teCh_employed to measure the film thickness and observe the sur-

niques[scanning electron microscogBEM), x-ray diffrac- face morphology as well as the change of microstructure.
tion (XRD) analyses, Rutherford backscattering spectros-
copy (RBS), and sheet resistance measuremleiiise results lll. RESULTS AND DISCUSSION

of this study might be useful in multilevel metallization for A. Properties of CVD-WSi , thin films

ULSI circuits. 1. Effects of SiH ,/WF, flow rate

Three different types of film microstructure-W phase,

Il EXPERIMENT B-W phase, and amorphous WSihase, were obtained by
The test samples were fabricated ontype, (100)- the SiH, reduction of Wk with different SiH/WFg flow

oriented, 4-in.-diam silicon wafers with 4-{Z cm nominal ratio, as revealed by XRD analys{Big. 1). At a substrate

resistivity. After RCA standard cleaning, one group of wa-temperature of 300°C and with a total gas pressure of 20

fers was thermally oxidized to grow a 500-nm-thick $iO mTorr, a-W diffraction peaks were detected for films depos-

layer. Unpatterned samples of Wi and WSJ/SIO,/Si  ited with SiH/WFg flow ratio lower than 1.0(Fig. 1(a)],

structures were then prepared for material analysis. For stephile 8-W peaks were detected for films deposited with

coverage study, patterned samples with trenches having asiH,/WF; flow ratio ranging from 1.0 to 1.5Fig. 1(b)]. With

pect ratios ranging from 1 to 4 were also prepared. the SiH/WF, flow ratio higher than 2, the structure of WSi
The WS layers were deposited by CVD method using films was eventually amorphoifig. 1(c)].

SiH, reduction of WE. Prior to the WSj deposition, both To investigate the effects of SjWF; flow ratio on the

the bare Si and SigSi wafers were dipped in dilute HF resistivity and Si/W atomic ratio of WSifilms, the CVD

(50:1) for 30 s, followed by a rinse in DI water for 3 min and

spin dry. The wafers were then loaded into a load-locked

cold wall CVD system within 5 min and transferred by a 400 300 200 150°C

robot arm to the deposition chamber without exposure to the 500F Si}‘I WE _*6/2 oo " ’

atmosphere. The base pressure of the CVD chamber was 300: Total regs;re= 12 mTors

10°® Torr. In this study, WSi films were chemically vapor P

deposited from SiEHWFg gas mixtures with the conditions 200,

illustrated as follows: substrate temperature 150—-450°C, to-

tal gas pressure 12—-20 mTorr, WHow rate 2 sccm, and

SiH, flow rate 4—100 sccm. 50 L : - :
The properties of the CVD-Wglayers including crystal- 1.5 18 21 24

line phase, deposition rate, electrical resistivity, residual 1000/T (K™

stress, surface rothneSS’ and step coverage were Inve%‘é. 3. Deposition rate of WSifilms vs deposition temperature. The WSi

gated. The samples of the Wsi and WSi/SiOZ/Si StrUC-  films were deposited with a total gas pressure of 12 mTorr and/&iF,
tures were thermally annealed in, Howing furnace for 30  flow rates of 6/2 sccm.

ited by low pressure chemical vapor depositiPCVD)

100 |
. E_=3.03 Kcal/mole

Deposition Rate (nm/min)

J. Vac. Sci. Technol. B, Vol. 17, No. 2, Mar/Apr 1999



387 Wang et al.: Properties and thermal stability of CVD WSi , thin films 387

— 280 T T T T T 6 T T T T T
g 260 L SiH/WF, = 6/2sccm |
% Total pressure: 12 mTorr E ) Total pressure: 12 mTorr
T 240 1 2 | SiH/WF, =6/2sccm 1
= $
& 220 . _a
g 200 = O -
-2 1 [~
1 1 L 1 L 0 1 L 1 1 1
150 200 250 300 350 400 450 250 300 350 400 450
Temperature (°C) Temperature (°C)

Fic. 4. Resistivity of WSj films vs deposition temperature. The WBIms ~ Fi. 6. Surface roughness of as-deposited CVD-Wins vs deposition
were deposited at a total gas pressure of 12 mTorr ang/\&fiF flow rates  temperature. The WSiflms were deposited at a total gas pressure of 12
of 6/2 sccm. mTorr and SiH/WF; flow rates of 6/2 sccm.

process was conducted at a substrate temperature of 250°C

and with a SiH flow rate ranging from 4 to 100 sccm, while

keeping the WE flow rate at 2 sccm and the total gas pres-transfer mechanism. Thermodynamically, silane is an un-
sure at 12 mTorr. Figure 2 shows the resistivity of CVD- stable compound and will decompose into silicon and hydro-
WSi, films versus Sil}WF4 flow ratio. The resistivity of gen. Since the decomposition of Sild a thermally activated
WSi, layers increases with increasing flow ratio of process, the amount of Si incorporated into \WiBims will
SiH/WFg; this increase in resistivity is presumably relatedincrease with increasing deposition temperature. It was re-
to an increased amount of Si incorporated in the W&jer.  ported that the resistivity of chemically vapor deposited
We found that the Si/W atomic ratio in the WSayer in-  amorphous WSifilms increased with increasing Si content
creased from 1.0 to 1.3 as the $IWF; flow ratio was in-  in the as-deposited filnf®:>2 The reported observation is
creased from 3 to 50, as determined by RBS measurementhus consistent with the results of this work that the increase
Similar results were reported by Clark, although thein deposition temperature resulted in an increase in resistiv-
SiH/WFg flow ratio ranged from 85 to 315, deposition tem- ity for the as-deposited Wgfilms.

perature ranged from 330 to 360 °C and the resultant,WSi

layer was nonstoichiometric silicon-richx$¥2) in his

study??

2. Deposition temperature effect

The CVD of WSj films was conducted at temperatures
ranging from 150 to 450 °C with a total gas pressure of 12

100 nmM

50.0 nm
mTorr, Wk, flow rate of 2 sccm, and SiHflow rate of 6
sccm. Figures 3 and 4 show the deposition rate and resistiv
ity of WSi, films versus deposition temperature. Below &7 25-0 nu
300 °C, the surface reaction might be the rate limiting pro-
cess, and the activation energy of the CVD process was de _ 0.0
termined to be 3.0 kcal/mole. At temperatures above 300 °C
the deposition rate was independent of the substrate temper
ture; as a result, the process was possibly controlled by mas
1200 — . r . .
& 100.0 nm
E 900 |- .
q:; H\.\.\.
;u 600 | e 50.0 nM
% 00| SH/WF, =62 scom
£
@ - L ! L L 0.0 nm
250 300 350 400 450

Temperature (°C)

B

Fic. 5. Residual stress in as-deposited \Whins as a function of deposition

temperature. The Wgifilms were deposited at a total gas pressure of 12 Fic. 7. AFM micrographs for WSifilms deposited at substrate temperature
mTorr and SiH/WF; flow rates of 6/2 sccm. of (a) 250 and(b) 450 °C.
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Fic. 8. Step coverage of Wgifilms
}’ deposited on submicron trenches with
aspect ratio ofa) 2.0 and(b) 4.0.

(b) P Lj

i

P62102 20.0kV X20.0K S80nNnm 8621064 20.0kV

3. Residual stress 4. Surface roughness

The residual stress was measured using a Tencor's FLX- The surface roughness of CVD-WSilms was measured
2320 system. The value of stress was determined accordingsing AFM on unpatterned Wg8i samples. Figure 6 shows
to Eq.(2), the surface roughness versus deposition temperature for as-
E 21 1 deposited CVD-WSi layers. A fairly smooth surface was
o=—— —|—— _} ) obtained for the WSifilms deposited at temperatures be-
6(1-») d[R Ro tween 250 and 400°C, as analyzed using AFRG. 7(a)].
where o is the stressE is the Young’s modulus of Si sub- However, the surface roughness increased drastically for the
strate,v is the Poisson ratio of Si substratas the thickness films deposited at temperatures above 450(F®. 7(b)].
of WSi, film, d is the thickness of Si substrate, whitg and ~ Particles generated by gas phase nucleation might lead to the
R are the radii of curvature of the substrate before and aftegurface roughness. It has been reported that the gas phase
the film deposition, respectively. nucleation occurred at temperatures above 400 °C and with
Figure 5 shows the residual stress in as-deposited, WSSiH/WFg flow ratio higher than unity. Moreover, it was
films versus deposition temperature. The stress decreastaund that the particle generation rate increased with increas-
slightly with increasing deposition temperature. This is predng deposition pressuré.
sumably due to larger amount of Si incorporated in the WSi
layer at higher deposition temperatures. This result agrees
with the reported work in literature that the stress of Wisi 2 Sep coverage
influenced by the Si/W atomic ratio in the WSilm.?22® A highly conformal deposition of CVD-WSifilms was
It should be noted that a good adherence can be obtainegbtained. Figure 8 shows the WSilms deposited on sub-
for the CVD-WSj, layer deposited on Si substrate at tem-micron trenches with aspect ratios of 2 and 4 using the depo-
peratures higher than 200°C. Peeling of Whiyer on Si  sition condition illustrated as follows: substrate temperature
substrate was found for the WSayer deposited at 150°C 250 °C, total gas pressure 12 mTorr, YMow rate 2 sccm,
to a thickness of 220 nm. Moreover, peeling of Whiyer  and SiH, flow rate 6 sccm. We referred to this condition as
on SiQ, was found for the WSilayer deposited at 200 °C. “standard deposition condition” hereafter.

,'\ ; 650°C =
~ T =z s 2% g1 — £ =
g -W. g -MM-
= | ] s | g 1
i s g
E Amorphous-WSi, 1 5 i @ ;:: T
600 4 650 °C
Q -MMMWWM- Q -WNW.
vy wi =
= = g ]
3 Amorphous-WSi, 3 H
E As-deposited .E' [ As-deposited ]|
30 35 40 45 50 55 60 65 20 25 30 35 40 45 50 55 60
2 0 (DEGREE) 2 O (DEGREE)

Fic. 9. XRD spectra for as-deposited and thermally annealed, (225} Fic. 10. XRD spectra for as-deposited and thermally annealed,(B05i
nm)/Si samples. nm)/SiO,/Si samples.
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100 . r T 80 T T r
—G—WSix/Si 60 —G—WSix/Si
s 50 | ----Wsi /SiO /Si T § ----WSi /Si0,/Si
< 40
N ——— : ~ , ;
g \ e = 20 As-deposited
% 50l 3
As-deposited 0 ® (
-100 L L ! 20 1 ! !
0 200 400 600 800 0 200 400 600 800
Temperature (°C) Temperature (°C)
Fic. 11. Sheet resistance change vs annealing temperature fofSaid Fic. 12. Thickness change of WSlayer vs annealing temperature for
WSi,/SiO,/Si samples. WSi,/Si and WSJ/SiO,/Si samples.
B. Thermal stability of CVD-WSi , films position of this broad peak. After annealing at 600 °C, the

The thermal stability of the WSilayers, deposited using WSiy layer retained its original amorphous phase. However,
the standard deposition condition on bare Si and,&isub- @ number of diffraction peaks belonging to W®hase ap-
strates to produce W$R20 nm)/Si and WSj(50 nmy/ peared after the sample was annealed at 650 °C. The pres-
SiO,/Si structures, respectively, was investigated using th@nce of WSj phase indicates that reaction occurred at the
techniques of XRD, RBS, SEM, and the sheet resistanc¥VSi/Si interface.

measurement. XRD spectra for as-deposited and thermally annealed
WSi, (50 nm/SiO,/Si samples are illustrated in Fig. 10. After
1. XRD analyses annealing at 650 °C, a very weak peak oS4 phase ap-

For WSi (220 nm/Si samples, the as-deposited WSi peared at 2 angle of about 37°, and the intensity of the
films are amorphous, as indicated by XRD analysis shown iWzSi; peaks increased with increasing annealing tempera-
Fig. 9. A broad peak was present clearly & angle of ture. However, no peak of Wgphase was observed even
39°-43°. Since at least six diffraction peaks available toafter annealing at 800 °C. This different behavior between
various phaseq110«w-W, 330-WsSi;, 202-WiSi;, 420- the WSj/Si and WS}/SiO,/Si structures is apparently re-
WsSiz, 411-WESiz, and 110-WS)) are located within this lated to the presence of Sitayer in the latter structure. The
20 range, it is not possible to draw any conclusion from theSiO, layer prevented out diffusion of Si atoms from the sub-

Fic. 13. Cross-sectional SEM micro-
graphs for WSiSi samples(a) as-
deposited, and thermally annealed at
(b) 600, (c) 650, and(d) 800 °C.

wa1711 20.08kV X48.0K
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Fic. 14. Rutherford backscattering spectra for \WSi samplega) as-deposited, and thermally annealedt600, (c) 650, and(d) 700 °C.

strate to the WSilayer; thus, the Si deficient WSliayer was
not able to form stable Wgphase during thermal annealing.
Moreover, since no signal of Wsphase was observed for

amorphous structure of WSTfilm remained unchanged, as
confirmed by XRD patterns shown in Fig. 9. With the
samples annealed at temperatures above 650 °C, the sheet
the thermally annealed W@8iO,/Si sample, we excluded resistance decreased rapidly with increasing annealing tem-
the possibility that the as-deposited WSilm contained perature. This is attributed to the formation of the low resis-
amorphous WSi. Therefore, we conclude that the as- tivity WSi, phase at temperatures above 650Fg. 9). For
deposited WSiis a mixture of amorphous phase of W and WSi (50 nm)/SiO,/Si samples, the sheet resistance also
Si, together with possible existence of amorphous phase ¢howed decreasing trend after annealing at temperatures

W;Si;.°

2. Sheet resistance measurements

The sheet resistance change of annealed samples, normg

above 650°C; however, the extent of decrease is much
smaller than the W$ISi samples. The decrease in sheet re-
sistance was presumably due to crystallization and grain

{_owth of W;Si; phase(Fig. 10.

ized to the as-deposited sheet resistance value, is denoted as

ARYRs (%) and defined as follows:

ARs

R Rss. i
= (%) _ Safter anneal” R Sas deposit

R sas-deposited

samples, in which the Wgiayers were deposited using the
standard deposition condition. The sheet resistance of

e}x 100%.

2

3. Thickness change of WSi, layers

The thermal annealing was found to result in the thickness
change of WSi layers for WSj/Si samples. The thickness
change normalized to the as-deposited thickness is denoted

Figure 11 shows the sheet resistance change versus a&sAt/t (%) and defined as follows:
nealing temperature for the W@si and WSj/SiO,/Si

At
— (%)=

tafter anneal” tas-deposit

e}’x 100%,

tas—deposited

WSi,/Si remained constant up to 600 °C, implying that thewheret is the thickness of WSilayers.

J. Vac. Sci. Technol. B, Vol. 17, No. 2, Mar/Apr 1999
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Figure 12 shows the thickness change of yu&yers for  and SiH/WF; flow ratios resulted in higher film resistivities.
the WS|/Si and WS|/SIO,/Si samples after annealing at with SiH,/WF; flow rates of 6/2 sccm and a total gas pres-
various temperatures. The thickness of W&iyers for  sure of 12 mTorr, the activation energy of the CVD process
WSi,/Si samples remained constant after annealing at temyas determined to be 3.0 kcal/mole, and the Win de-
peratures up to 600 °C; however, the thickness made a sigosited at a temperature of 250 °C has a Si/W atomic ratio of
nificant increase at temperatures above 600 °C and the notinity. As for the thermal stability of CVD-WSifilms, we
malized increase finally reached a saturated value of abogund that the WSiSi contact system is thermally stable up
50% when the sample was annealed at temperatures abowg at least 600°C. However, WSivas transformed into
700°C. This is consistent with the results of XRD analysiswsi, phase when the W3Bi structure was thermally an-

(Fig. 9 and sheet resistance measureméfig. 11 that nealed at temperatures above 650 °C.
WSi, phase was formed at temperatures above 600 °C. For

WSI,/SiG,/Si samples, the thickness of WS3ayers showed aAckNOWLEDGMENT

no obvious change after thermal annealing at temperatures _ . ) ) )
up to 800 °C. Figure 13 shows the cross sectional SEM mi- This work was supported by the National Science Council
crographs for WSiSi samples before and after thermal an—(ROC) under Contract No. NSC86-2215-E-009-040.
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