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Effect of surface pretreatment of submicron contact hole on selective
tungsten chemical vapor deposition
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The effects of various predeposition treatments of silicon substrates on selective tungsten chemical
vapor deposition were investigated using the silane reduction process. The predeposition treatments
include HF or buffered HF wet etch and/or Nplasma etch. The experimental results show
remarkable differences in the initial nucleation of W and the smoothness of the W surface and the
WI/Si interface among the various treatments, as revealed by scanning electron microscope
inspection and atomic force microscope analysis. Plasma etch leads to a rough W/Si interface while
wet treatment with HF dip results in a fairly smooth interface. The experimental results show that
betterl —V characteristics for the W£Si Schottky contact can be obtained by the wet etch treatment
prior to the W deposition. The reverse bias junction leakage for the wet etch pretregéah W/
junction diode is smaller than that of the plasma pretreated diode. In addition, the substrate surface
treatments were found to result in Si consumption of various degreed.998 American Vacuum
Society.

[. INTRODUCTION treated Si100 surface was found to be almost purely hydro-
gen terminatet| and extremely stable against reoxidation
Selective tungsten chemical vapor deposi@hCVD) is  and contamination in aff After plasma etch in dilute Nf
one of the most attractive techniques for filling deep submigas, the Si surface was damaged and covered with fluorine
cron contact holes and via holes for ultralarge scale intespecied?®2°
grated (ULSI) applications. Selective W-CVD can be per-  The purpose of this article is to clarify the effects of vari-
formed using the hydroge(H,) reductiort or silane(SiH,)  ous substrate surface treatments prior to conducting selective
reductior® of tungsten hexafluoridéVFy). W-CVD using the silane reduction process on a contact hole
Selective W-CVD, using the Hreduction process, can patterned substrate. The predeposition treatments include wet
result in a high reactivity of Wgtoward the silicon sub- etch with dilute HF or BHF and/or NfFplasma etch. The
strate. Thus, it causes excessive Si consumption, encroacxperimental results show remarkable differences in the ini-
ment at the Si/Si@Qinterface, and worm hole formation in tial nucleation stage of W as well as the smoothness of the
the contact region$® These disadvantages do not occur dur-W/Si interface among the various predeposition treatments.
ing the silane reduction proce$<or both processes, the
silicon displacement reaction takes place at the initial stagd!- EXPERIMENTAL DETAILS
Then, after a certain thickness of tungsten is formed, the The starting material wag-type (100 oriented Si wafers
silicon displacement reaction is self-limited by the tungsterwith 8—12 () cm nominal resistivity. After RCA standard
film.” It is expected and experimentally confirmed that thecleaning, the wafers were oxidized thermally to grow a 1500
surface preparation has a profound effect on the Si consump thickness of SiQ, followed by deposition of 4500 A of
tion during W-CVD. Borophosphosilicate glas8PSG. A p* junction implant
The common predeposition treatments of a Si substratevas carried out by B} implantation at 30 keV to a dose of
include HF etch, buffered HBHF) etch, and plasma etch. 3x10' cm™ 2 followed by furnace annealing at 900 °C for 30
The S{100 surface is isotropically and microscopically min in an N, ambient. Contact holes with sizes ranging from
rough after being treated in dilute H;it becomes even 0.6 to 1.2 um were then defined on the wafers using the
rougher when it is treated in BHF solution, dug(1d1) facet  conventional photolithographic technique. Prior to selective
formation!® The S{100) surface after HF dip is mostly W-CVD, the wafers were dipped in diluted HE%) or BHF
hydrogen passivated, while the fluorine coverage on the solution, with apH value of 4.5(7:1 mixture of 50 wt % HF
surface is only about 10% and can be further reduced to @ H,O and 40 wt % NHF in H,O for 10-30 s, followed by
few percent by deionize(DI) water rinse in 10 mift® How-  a rinse in deionized water for 2 min. The wafers were then
ever, this minority fluorine plays a significant role in enhanc-loaded into the load-locked cold wall W-CVD system within
ing silicon surface oxidatioff: During the DI water rinse, the 5 min.
Si—F species on the HF treated 1810 surface rapidly inter- In this work, the predeposition plasma etch was con-
act with H,O to form Si—OH groups, and the condensationducted with the following conditions: rf power: 30-50 W;
of Si—OH forms $-O-Si bridges and Si@!'® The BHF  total gas pressure: 100 mTorr; Nfow rate: 12 sccm; and
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N, flow rate: 72 sccm. After the plasma etch, the wafers were
transferred by a robot arm from the plasma etch chamber to
the deposition chamber without expose to the atmosphere.
The base pressure of the CVD chamber is%Torr. Typical
conditions for the W-CVD conducted in this work are as
follows: substrate temperature: 280—320 °C; total gas pres-
sure: 100 mTorr; WEflow rate: 20—30 sccm; SiHflow rate:
10-20 sccm; and Hcarrier gas flow rate 1000 sccm. After
the selective W-CVD, Al metalization was applied, followed
by a 30 min sintering at 400 °C. The nucleation of W and the
thickness of the tungsten film were determined by use of a
scanning electron microscop8EM). The surface roughness
of the W film was inspected by using an atomic force micro-
scope(AFM). The Fourier transform infrareFTIR) differ-
ential spectrum was used to detect the formation of various
bonds on the Si surface.

[ll. RESULTS

A. Surface microroughness after predeposition
treatment

Figure 1 depicts the Si substrate surface after various pre-

(a)

(b)

()

(d)

R.M.S. =0.811 nm

Fic. 1. Silicon surface microroughness with and without predeposition treat-

ments as determined by an AFN&) without pretreatmenib) with HF dip,
(c) with BHF dip, (d) with HF dip followed by 30 W Nk plasma etch, and
(e) same agd) but with 50 W plasma etch.
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Fic. 2. The initial nucleation stage of 10eft) and 30 s(right) selective
W-CVD on Si surfaces inside submicron trench which had been treated with
(a) HF dip followed by DI water rinse(b) BHF dip followed by DI water
rinse, (c) HF dip followed by DI water rinse and subsequent;Nffasma
etch, (d) BHF dip followed by DI water rinse and subsequent;Niffasma
etch, (e) HF dip only, and(f) BHF dip only.

6000 . .
—a—HF + plasma
o’:ﬂ“ 5000 - — o -BHF dip -
~ ---0---HF dip
= 4000 - .
S
» 3000 - .
v
-5
£ 2000 - .
2
= 1000 F .
| ]
0 1 1 ]
0 50 100 150 200

Deposition Time (sec)

Fic. 3. Thickness of tungsten film vs deposition time of W-CVD for various
predeposition surface treatments.
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FiG. 4. Surface roughness of tungsten film vs deposition time of W-CVD forFie. 6. Si consumption vs deposition time of W-CVD for two different
HF dipped substrates with and without additional;Nfasma etch. predeposition treatments.

deposition treatments, as determined by an AFM. It can b&- Initial nucleation stage of W-CVD

seen that the HF dipped surfdeeot-mean-square roughness  The SEM micrographs illustrated in Fig. 2 show the initial
rms=0.203 nm, as shown in Fig.()] is much smoother nycleation stage of 1Qleft) and 30 s(right) selective
than the BHF dipped surfadems=0.519 nm, as shown in  W-CVD on the Si surface inside submicron trench which had
Fig. 1()]. It should be noted that, in contrast with the HF- received various predeposition treatments. The wet etch with
cleaned Si surface, whereon only the surface oxide was sgfilute HF dip followed by DI water rinse resulted in a longer
lectively removed, BHF attacks bulk silicon anisotropiclly. incubation time(or delayed nucleation of WFig. 2@]. The

The use of buffered HF may be ill-advised in attempting tojncubation time was shortened when BHF was used instead
prepare atomically flat100) surfaces, sincél1l) facets de-

velop upon the BHF etch. Increased surface roughness has

been directly observed after BHF etch. A very smooth Si 80 , .
surface was obtainddms=0.139 nm, as shown in Fig(d)] 70 - HF dip
after the 30 W plasma etch following the HF dip; however, S 60f ﬁng‘g';ma
the surface became very rouffims=0.811 nm, as shown in T sl BHE + plasma
Fig. 1(e)] when the plasma power was raised from 30 to § 40 L
50 W. % 30 | :
& 20} E .
10 |
0 [ |_| 1 E '
21 32 41 5 6.7
Leakage Current (x 107 Amp)
100 T T T T T
_ P P,
R 80 HF + plasma
N BHF + plasma
=:a’ 601" No. of Diode
o =40 points
% 40
Sl
=R
0 1 |H Ia 3 '

1.02 1.04 105 106 1.07 1.08 1.1

Ideality Factor (n)

Fic. 5. Cross section SEM micrographs showing W deposition in submicrorFic. 7. The histograms showing the distribution(af reverse biased current
contact hole for various substrate pretreatmeias:F dip, (b) BHF dip, (c) measured at-5 V, and(b) forward ideality factor, for the Wi-Si Schottky

HF dip+plasma etch, an@d) BHF dip+plasma etch. The deposition time diodes. The Si substrates were pretreated with four different wet and/or
was 180 s. plasma etches.

JVST B - Microelectronics and Nanometer Structures



170 Yeh, Chen, and Lin: Surface pretreatment of submicron contact hole 170

70 T T T T 60
HF Di
6 P41 = s
® S5
<~ 50 W/p*n junction diode ] ~ 40
>
2 a0 4 g
5 Diode Size = 10° um?® @ 30
= 30 1 =
= NO. of Diode = 40
£ 20 {1 &%
i =
10 i 10
1 1 1 1 0
1 2 3 5 6 7 10 20 1 2 3 5 6 7 10 20
Leakage Current Density (nA/cm?) Leakage Current Density (nA/cm?)
50 T T T T T T T 80 T T T T T T T
(c) HF+Plasma 720F (d) BHF+Plasma
<~ 4qor o 60+
g g
30 - 50
= g dof
L
% 20 % 30F
Lo St -
& 10 & 20
10
0 1 1 1 L 1
1 2 3 5 6 7 10 20 1 2 3 5 6 7 10 20
Leakage Current Density (nA/cm?®) Leakage Current Density (nA/em?)

Fic. 8. The histograms showing the distribution of reverse leakage current density measufel &r the Wi * n junction diodes. The Si substrates were
pretreated with four different wet and/or plasma etches.

of HF [Fig. 2(b)]. The NF; plasma treatment further short- undoped Si@ and BPSG films. It can also be seen that wet
ened the incubation timgFigs. 2c) and 2d)]; the W nucle-  etch with HF dip resulted in a very smooth W/Si interface
ation sites can be clearly observed after 10 s W-CVD, and itfFig. 5(@)], while the plasma etch led to a rough W/Si inter-
morphology also looks different from those of the HF andface[Figs. 5c) and d)]. The BHF etch resulted in slightly
BHF etched samples. The substrates with wet treatmentsjore consumption of Si compared to the HF etch, because
either HF or BHF, but without DI water rinse also resulted in NH,F will attack the bulk Si anisotropicallyFig. 5(b)]. The

very short incubation timepFigs. 2e) and 2f)]; it can be  subsequent plasma etch will cause further Si consumption
seen that the nucleation has rapidly developed into a smoottiepending on the plasma power; higher power resulted in
W film after 10 s of W-CVD. Figure 3 shows the thickness of increased Si consumption. The Si consumption was indepen-
tungsten film versus deposition time of W-CVD for various dent of the deposition time of W-CVD, as revealed in Fig. 6.
predeposition surface treatments. The incubation time is difThe Si displacement process takes place only at the begin-
ferent during the nucleation stage of W for the various pre-ning of W-CVD, and the thickness of Si consumption re-
treatment cases, but the deposition rates of W-CVD eventumained constant during the entire deposition time of W-CVD
ally became nearly equébout 1800 A/miih Because of the at temperatures below 400 %€.

different initial nucleation stages of W-CVD, the surface

roughness of the W film is also different in the early periodp_ ;— v characteristics

of CVD (e.g., in the first 60)s However, surface morpholo- o
gies for all samples did not show obvious differences after a The current—voltage characteristics were measured on the

prolonged deposition. Figure 4 shows the surface roughnesd/n-Si Schottky contact diodes and [#//n junction diodes,
of the W film versus deposition time of W-CVD for HF which were fabricated by selective W-CVD on the variously

pretreated Si substrates with defined diode areas of 1000
X 1000 wm?. At least 40 randomly chosen diodes were mea-
sured in each case. Figure 7 illustrates the histograms show-
ing the distribution of the reverse biased current and forward
ideality factor for the WH-Si Schottky contact diodes. The
Figure 5 shows the cross section SEM micrographs foSchottky diodes with wet treatment prior to the W deposition
the W-filled contact holes with 0.em size. The HF and revealed better—V characteristics than those with additional
BHF etches resulted in a belt ring around the sidewall of theplasma treatment. This result is consistent with the SEM ob-
contact hole, due to the different etching rates between thservation, as shown in Fig. 5, that the predeposition plasma

dipped substrates with and without additional ;NHasma
etch, as obtained by AFM.

C. Tungsten/silicon interface

J. Vac. Sci. Technol. B, Vol. 14, No. 1, Jan/Feb 1996



171 Yeh, Chen, and Lin: Surface pretreatment of submicron contact hole 171

treatment resulted in a fairly rough W/Si interface after the
W deposition. It also shows that the Schottky diodes, made (a) HF dip only
with wet treatment, have a scattered distribution of reverse
current and ideality factor.

Figure 8 illustrates the histograms showing the distribu-
tion of the reverse leakage current density measurecbaf
for the WhH™n junction diodes with various predeposition
substrate treatments. The average reverse leakage current
density for the junction diodes with HF treatment is 2
nA/cn?. The reverse leakages for the junction diodes with
wet treatment and an additional plasma treatment were found
to be about three times larger than those of the diodes which
did not receive the plasma etch. The plasma treatment tended
to result in more Si consumption and a rough W/Si interface
after the selective W-CVD. This is presumably the main rea-
son for the increased reverse leakage for the shallow junction
diodes.

Absorbance (a. u. )

| 1 1 1 1 1 1 1

2180 2160 2140 2120 2100 2080 2060 2040 2020 2000

IV. DISCUSSION

In general, only two chemistries have been seriously stud-
ied with respect to selective tungsten deposition/Wg
(hydrogen reduction procgsand SiH/WF4 (silane reduc-
tion process In this work, the SiH reduction process was
used in order to avoid the HF by-product of the tdduction
process which would cause undesirable excessive Si con- HF + DI water rinse
sumption. Nonetheless, in both processes, the first reaction ! i i ( |
that occurs between Si and Wis the so-called Si displace-
ment reaction. 3

During the Si displacement reaction, Wiist dissociates Wavenumbers (cni”)
on the Si surface forming Wkx<6) adsorbed on the Sur_. .FiG. 9. FTIR differential spectrum for the Si surface aftey HF dip only
face, and then further reduces to W. At the same time, Si iSyq ) HF dip followed by deionized water rinse for 2 min.
converted into Sii{x=1) and further changes to SiFThe

overall process can be expressed as
. . R minated which is extremely stable against reoxidation and

2WFe+3Si-2W+3SiF, (T<400°0. contamination in the air. Thye existancge of the Si—H bond is

The Si surface must be fluorided or hydrided first so as taonfirmed, as shown in Fig. 1&. The BHF-cleaned surface,
adsorb the WE molecule. The HF-cleaned Si surface is which does not exhibit surface fluorine, ought to be stable
mostly hydrogen passivated. The hydrogen terminated suduring the subsequent water rinéeFigure 1@b) shows that
face is surprisingly stable in the air towards reoxidation. Thehe BHF-cleaned and DI water rinsed surface did not reveal
FTIR spectrum shown in Fig.(8) confirms the existance of any obvious Si—OH peak. Therefore, the incubation time of
the Si—H bond2080-2160 cm?). In fact, small amounts of W-CVD on the BHF-cleaned Si surface followed by DI wa-
fluorine also existed on the HF treated Si surface, and theer rinse[Fig. 2b)] is shorter than that on the HF-cleaned
fluorine-terminated surface was oxidized rapidly in wafer. and DI water rinsed Si surfad¢€ig. 2(a)]. If the wet etching
The fluorine-terminated surfaces are much more reactivef HF or BHF is not followed by the DI water rinse, the
with water than the hydrogen-terminated surfaces. When th8i—H and Si—F bonds produced on the HF-cleaned Si sur-
HF dipped wafer is rinsed by deionized water, the flourine-face and the Si—H bonds produced on the BHF-cleaned Si
terminated surfacéSi—F bond will be converted to Si-OH surface would attract the WHmnolecules to the Si surface
species. The FTIR spectrum shown in Figb)9shows that and enhance the nucleation of W filfigs. 2e) and 2f)].
the HF-cleaned Si surface produced Si—OH bg@Ba00— For the plasma etched substrate, the; [dlasma breaks
3700 cm'}) after DI water rinse for 2 min, which is consis- the Si—Si bonds on the Si surface and produces a large
tent with those reported in the literattfeCondensation of amount of surface damad&?* This surface damage, which
Si—OH forms $-O-Si bridges which is the prestage of has lower potential energy, will easily attract the y¢pecies
SiO,.151® The native oxide(SiO,) will interfere with the  to react with Si and further proceed with the nucleation of W
incubation of tungsten and increase the nucleation time ofslands. The W islands will cause nonuniform Si consump-
W-CVD [Fig. 2@)]. tion leading to rough W/Si interface. Although both the Si—H

In contrast to the HF-cleaned Si substrate, the Si surfacand Si—F dangling bonds exist on the HF-cleaned Si sub-
after BHF dip was found to be almost purely hydrogen ter-strate, the Wgmolecules are first attracted to the Si—F bond

Absorbance (a. u )

3800 3600 3400 3200 3000 2800 2600
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which was(a) HF dipped followed by DI water rinse and then Nplasma
etched, andb) HF dipped followed by DI water rinse. The deposition time
Wavenumbers (cm’) of the W-CVD was 20 s.
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Fic. 10. FTIR differential spectrum for the Si surface af@rBHF dip only ) . ) .
and (b) BHF dip followed by deionized water rinse for 2 min. other hand, a relatively thin W film was deposited on the

HF-cleaned and DI water rinsed Si substrate, and the film
contained a very low concentration of fluorifigig. 11(b)].

which has a lower potential enefgyand proceed with the

displacement reaction. Silicon reduces the jfolecules, V. SUMMARY

leading to the deposition of a W film. The tungsten surface, The Si substrate surface condition imposes great influence
either by retaining some of the fluorine or adsorbing moreon the behavior of W-CVD. The experimental results indi-
WF; species, is highly fluorinated; thus, Sikeacts with this  cate remarkable differences in the initial nucleation stage of
surface to form W, leaving SjFand H, on the surfacé® On W as well as the smoothness of W/Si interface among the
the other hand, the WFmolecules need more energy to various predeposition treatments of substrate surfaces. Both
break the Si—H bond that exists on the Si surface. When th8i—H and Si—F bonds were produced on the HF-cleaned Si
Si—H bond is broken, the WFspecies will react with the H substrate surfaces, while only Si—H bonds were produced on
atom and reproduce the HF species which will cause Si corthe BHF-cleaned surfaces; either the Si—H or the Si—F bond-
sumption to some extent, like the,eduction process. In ing enhanced the W nucleation. If the HF-dipped wafer is
all, during the initial nucleation stage of W film, the Si dis- followed by DI water rinse, the surface will produce a large
placement process which proceeds on the Si—F bond, and timamber of Si—OH species which will retard the nucleation of
H, reduction process which proceeds on the Si—H bond, wilW. On the other hand, if the BHF-dipped wafer is followed
occur simultaneously until the Si surface is entirely coverecby DI water rinse, the surface remained to be hydrogen ter-
with a W film. After that, the W film deposition is completely minated and the nucleation of W still can be enhanced. With
taken over by the silane reduction process. Figure 11 showadditional NF plasma etching following the wet treatment,
the secondary ion mass spectrosc¢8iMS) depth profiles the large amount of surface damage produced on the Si sub-
of the CVD W films deposited on the HF dipped and DI strate will attract the WE molecules to react with Si and
water rinsed Si substrate with and without a subsequegt NFeventually lead to the nucleation of W islands. Thus, it was
plasma etch. The deposition time of the W-CVD was 20 s. Afound that the wet etch of the Si substrate using dilute HF
very high concentration of fluorine is observed in the W film resulted in an increased incubation time and a very smooth
deposited on the plasma etched subsiriaig. 11(a)]. Onthe  WI/Si interface. The plasma etch resulted in a shortened in-

J. Vac. Sci. Technol. B, Vol. 14, No. 1, Jan/Feb 1996
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cubation time and a rough interface. In addition, bettey
characteristics were found for the Mv5i Schottky diodes
and the Wp*n junction diodes with the Si substrates wet
etched in dilute HF prior to the selective W-CVD rather than
etched in Nk plasma.
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