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Effective Improvement on Barrier Capability of Chemical Vapor
Deposited WSi, Using N, Plasma Treatment

M.T.Wang, Y. C. Lin, J.Y.Lee C. C. Wang, and M. C. Chen**

Department of Electronics Engineering, National Chiao-Tung University, Hsinchu, Taiwan

This work studies the thermal stability of Cu/WSi/p*-n and CW/WSIN/WSi,/p*-n diodes in which the WSi, barrier layers were
deposited by chemical vapor deposition to athickness of about 50 nm using SiH,/WFg chemistry with the SiH,/WFg flow rates of
6/2 sccm, whilethe WSIN layers were formed by in situ N, plasmatreatment on the chemically vapor deposited WSi, (CVD-WSi,)
surfaces. Without N, plasma treatment, the thermal stability of Cu/WSi, (50 nm)/p*-n junction diodes was found to reach 500°C;
with N, plasma treatment, the resultant Cu/WSIN/WSi, (50 nm)/p™-n junction diodes were able to retain integrity of electrical
characteristics up to at least 600°C. Failure mechanism of the WSIN/WSi, bilayer in the CWWSIN/WSi,/Si structure was closely
related to the WSi,/Si interface reaction and the tungsten silicide formation of the WSi, layer. Thus, barrier capability of the
WSIN/WSi, bilayer can be further improved by suppressing the WSi,/Si interface reaction and the silicidation of the WSi, layer.
The thermal stability of Cu/barrier/p™-n diodes was further raised to 650°C by using a multilayer barrier structure of WSIN/WSi,
(50 nm)/WSIN/WSi, (10 nm) or aWSiN/WSiy, (y > 1) barrier. We conclude that the post-CVD-WSi, treatment with in situ N plas-
maisasimple, practical, and efficient method of improving the WSi,-based barrier capability for Cu metallization.
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Copper (Cu) has been extensively studied as a potential intercon-
nect material for deep submicron integrated circuit (IC) applications
because of itslow electrical resistivity and superior electromigration
resistance as compared with the conventionally used Al and its
aloys.1® Moreover, Cu can be deposited using chemical vapor
deposition (CVD).*® Unfortunately, Cu diffuses fast in Si and forms
Cu-Si compounds at low temperatures (about 200°C).% It causes
deep-level trapsin Si.” In addition, it has poor adhesion to interlev-
el dielectric and drifts through oxide under field acceleration.®
Therefore, the use of adiffusion barrier between Cu and its underly-
ing layersis considered a prerequisite for Cu to be useful in silicon
IC applications.

Various materials have been studied as diffusion barriers between
Cu and Si substrates as well as Cu and dielectric layers. Refractory
metals are generally regarded as potential barrier materials because
of their high thermal stability and good electrical conductivity.®13
Sputter-deposited, nitride-based diffusion barriers, such as
WN, 101416 TaN, 151720 MoN, 2L and TiWN, % have attracted ex-
tensive attention for a long time. Most recently, the use of a WSIN
layer as a diffusion barrier has also been intensively studied.?327 |t
was reported that the WSIN film has low film stress, low electrical
resistivity, excellent thermal stability, good adhesion to insulator and
copper films, and awell-matched thermal expansion coefficient with
Si.2428 |t was also reported that a very thin (4 nm) WSIN layer can
be formed on the surface of WSi, by electron cyclotron resonance
(ECR) N, plasma nitridation and that it functioned as an excellent
barrier to dopant diffusion.2? Moreover, it was found that a uniform
ultrathin (<1 nm) WSIN barrier layer can be formed at the interface
of WN/poly-Si by thermal annealing and that the WSIN layer was
able to suppress the silicidation reaction between W and poly-Si up
to 800°C.%° Although these studies have provided much valuable
information regarding WSIN films as a diffusion barrier, no study
has been made on the WSIN layer with respect to its barrier effec-
tiveness between Cu and Si substrates using electrical measurement
as well as material analysis.

In this study, we use the WSIN/WSI, bilayer as a diffusion barri-
er between Cu and Si substrates in which the WSi, layer was de-
posited by CVD using the SiH,/WFg chemistry, while the WSIN
layer was formed by an in situ N, plasma treatment on the WSi, sur-
face. According to this scheme, avery thin WSIN (about 5 nm) layer
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was formed on the surface of the WSi, layer. We found that the
WSIN/WSi, bilayer possesses a much improved barrier capability
against Cu diffusion.

Experimental

The thermal stability of barrier layers was evaluated by measur-
ing leakage current of thermally annealed Cu/barrier/p™-n junction
diode. The starting materials for the diodes fabrication were n-type,
(100)-oriented silicon wafers with 47 () cm nomina resistivity.
After RCA standard cleaning, the wafers were thermally oxidized to
grow a 500 nm thick oxide layer. Diffusion areas with sizes of 500 X
500 and 1000 X 1000 wm were defined on the oxide-covered wafers
using conventional photolithographic technique. The p™-n junctions
with junction depth of 0.3 wm were formed by BF implantation at
40 keV to adose of 3 X 10% cm™2 followed by furnace annealing
at 900°C for 30 min in N, ambient.

After the junctions were formed, the wafers were divided into five
groups for the preparation of the following devices: (&) Cu/p™-n; (b)
CWWSi, (50 nm)/p*-n; (c) CWWSIN/WSi, (50 nm)/p*-n; (d) Cu/
WSIN/WSiy (y > 1)/p*-n; and (€) CWWSIN/WSi, (50 nm)/WSIiN/
WSi, (10 nm)/p™-n junction diodes. Schematic cross sections of the
former four differently metallized p™-n junction diodes are illustrated
in Fig. 1. The WSi, layer was deposited by CVD to a thickness of
about 50 nm using the SiH,/WFg chemistry. The subsequent thermal
annedling of the WS, /Si sample occurred at 700°C for 30 minin N,
ambient so that the WSi, layer became a Si-rich WSiy (y > 1) layer.
The WSIN/WSi, and WSIN/WSi barrier bilayers were formed by N,
plasma treatment on the surface of WSi, and WSi, layers, respective-
ly. Thelast barrier of the WSIN/WSI,/WSIN/WSi, multilayer was ac-
complished by a double-step processing of WSi, deposition and N,
plasma trestment: a 10 nm WSi, deposition followed by N, plasma
treatment plus another 50 nm WS, deposition followed by N, plasma
treatment. Figure 2 shows the process flow for the CWWSIN/WSi,
(50 nm)/WSIN/WSi, (10 nm)/p™-n junction diode.

Prior to the WSi, deposition, the wafers were dipped in dilute HF
(50:1) for 30 s, followed by arinse in DI water for 5 min and a spin
dry. The wafers were then loaded into a load-locked coldwall CVD
system within 5 min and transferred by arobot arm to the deposition
chamber without exposure to the atmosphere. The base pressure of
the CVD chamber was 1 X 107° Torr. In this study, the CVD-WSi,
was deposited with the following conditions: substrate temperature
250°C, total gas pressure 12 mTorr, WFg flow rate 2 sccm, and SiH,
flow rate 6 sccm. For the formation of WSIN, a very thin (about
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5 nm) layer of WSIN was formed by in situ N, plasma treatment on
the surface of the WSi, layer without exposure to the air, or by N,
plasma treatment on the surface of the WSiy, (y > 1) layer with air
exposure. The N, plasma treatment was performed at 100 W plasma
power with N, flow rate of 80 sccm and a gas pressure of 25 mTorr;
the plasma treating time was 300 s.

Finally, Cu metallization was applied to all samples using a dc
magnetron sputtering system with a base pressure of 1-2 X
10~% Torr and with no intentional substrate heating and bias. A

L/*Cu

& Si0,

Cu

= CVD-WSl
—= SlO2
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Figure 1. Schematic cross sections of (a) Cu/p™-n; (b) CWWSi (50nm)/p -n;
(c) CWWSIN/WSi, (50 nm)/p*-n; and (d) CWWSIN/WSi (y> 1)/ p*-njunc-
tion diodes.

200 nm thick Cu film was sputter deposited using a 99.999% purity
Cu target in Ar ambient at a pressure of 7.6 mTorr. Cu patterns were
defined and etched using dilute (5 vol %) HNOg, while the barrier
layers were etched using SFg/N, plasma. For comparison, Cu/p*-n
junction diodes without barrier layers were a so fabricated.

To investigate thermal stability of the diodes, samples were ther-
mally annealed in an N, flowing furnace for 30 min at various tem-
peratures from 200 to 800°C. Reverse-bias |eakage-current measure-
ment on the thermally annealed diodes was used to evaluate the bar-
rier capability of various barrier layers. An HP-4145B semiconduc-
tor parameters analyzer was used for the measurement, and at least
30 diodes were measured in each case. Unpatterned samples with
multilayer structures of Cw/WSi, (50 nm)/Si, CuW/WSIN/WSi,
(50 nm)/Si, and CW/WSIN/WSi, (50 nm)/SiO,/Si were also prepared
for material analysis. Sheet resistance of the multilayer structures
was measured using afour-point probe. Auger electron spectroscopy
(AES) was used to determine the composition of WSi, films. X-ray
diffraction (XRD) analysis was used for phase identification. Scan-
ning electron microscopy (SEM) was employed to observe surface

WSi (10nm)

ﬂ , plasma treatment

_ = WSiN/WSi (10nm)
1 <= sio,

N, plasma treatment

WSiN/WSi (50nm)

i ! WSiN/WSi (50nm)
WSiN/WSi,(10nm)

Figure 2. Process flow of CWWSIN/WSi, (50 nm)/WSIN/WSi, (10 nm)/p*-n
junction diodes: (a) WSi, (10 nm) deposition, (b) in situ N, plasma treatment,
(c) second layer of WSi, (50 nm) deposition and in situ N, plasma treatment,
and (d) Cu deposition and patterning.
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morphology and microstructure, and secondary ion mass spec-
troscopy (SIMS) was used to determine the elemental depth profiles.

Results and Discussion

Thermal stability of WS, (50 nm) and WSIN/WSi, (50 nm) barri-
ers—Figure 3 showsthe statistical distributions of reverse bias |eak-
age-current density for the Cu/p*-n, CWWSi, (50 nm)/p*-n, and
CWWSIN/WSi, (50 nm)/p*-n junction diodes annealed at various
temperatures. For the diodes without any barrier layer between the

Cu/p*-n

Cu and Si substrate, the Cu/p™-n junction diodes failed after 200°C
annealing (Fig. 3a). With a50 nm thick WSi, barrier between the Cu
and Si substrate, the CuW/WSi,/p*-n junction diodes were able to
retain the devices integrity up to 500°C (Fig. 3b). For the diodes with
an N,-plasma-treated barrier layer, the CWWSIN/WSi,/p™-n diodes
were able to remain stable after annealing at temperatures up to
600°C (Fig. 3c). Even after annealing at 650°C, about 85% of the
annealed diodes survived with leakage current density less than
100 nA/cm?. 1t is clear that the barrier capability of the WSi, layer
was significantly improved by in situ N, plasma treatment.
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Figure 3. Histograms showing statistical distributions of reverse-bias leakage-current density for (a) Cw/p*-n, (b) CWWSi, (50 nm)/p*-n, and (c) CWWSIN/ WSi,

(50 nm)/p™-n junction diodes annealed at various temperatures.
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The significant improvement of barrier capability for the No-
plasma-treated WSi, layer is attributed to a very thin WSIN layer
formed on the WSi, surface, as confirmed by AES depth profile
analysis shown in Fig. 4. Without N, plasma treatment, only a very
weak signal of nitrogen was detected near the WS, surface (Fig. 4a),
presumably due to adsorption of nitrogen gas on the WSi, surface
prior to loading the test sample into the AES chamber. After an N,
plasmatreatment at 100 W for 300 s, avery thin (about 5 nm) WSIN
layer was definitely formed (Fig. 4b). The N/W ratios in the WSIN
layer were determined to be about 3/2 at the sample’s surface and
about /1 at 3 nm depth from the sample’s surface. In addition, the
as-deposited WSi, layer has a Si/W atomic ratio of about unity, as
determined by Rutherford backscattering (RBS) measurement.

Figure 5 shows the SIM S depth profiles for the as-deposited and
600°C-annealed Cu/WSi,/Si and Cu/WSIN/WSI,/Si samples. With
the WSi, barrier without N, plasma treatment, the interdiffusion
among Cu, W, and Si resulted in severe degradation of the Cu/WSi,/
Si structure after annealing at 600°C, as shown in Fig. 5b (compared
with Fig. 5a for the as-deposited sample). On the other hand, with
the barrier layer treated with N, plasma, the CW/WSIN/WSI,/Si sam-
ple was able to keep the W and Si profiles nearly unchanged, with
only a dight diffusion of Cu into the barrier layer, as shown in
Fig. 5d (compared with Fig. 5¢). The results of SIMS depth profile
analysis further confirm that thermal stability of the Cu/WSi,/Si
structure can be improved effectively by forming avery thin layer of
the WSIN on the surface of the WSi, layer via N, plasma treatment.

Without
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Figure 4. AES depth profiles of as-deposited WSi,/Si samples (a) without N,
plasma treatment and (b) with N, plasma treatment at 100 W for 300 s.

The sheet resistance change of thermally annealed samples, nor-
malized to the as-deposited sheet resistance value, is denoted as
ARS/Rs percent and defined as follows

ARS% _ RSsfter anneal — Rsasrdeposited

Rs Rsas-depos'ted

Figure 6 shows the percentage change of sheet resistance vs. anneal-
ing temperature for the samples of Cu/WSi, (50 nm)/Si, CW/WSIN/
WS, (50 nm)/Si, and CuW/WSIN/WSi, (50 nm)/SiO,/Si. For the Cu/
WSi,/Si sample, the sheet resistance remained constant up to 550°C;
it increased drastically after annealing at 600°C. For the samples with
a barrier layer treated with N, plasma, the sheet resistance of Cu/
WSIN/WS,/Si samples remained stable up to 650°C, and only aslight
degradation was observed after annealing at 700°C. This is a signifi-
cant improvement of barrier effectiveness. Compared with the results
of leakage-current measurement shown in Fig. 3, we found that the
electrical measurement is a much more sensitive technique for barrier
failure detection. Nevertheless, the results of sheet resistance meas-
urement further confirm that thermal stability of the CWWS,/Si struc-
ture can be significantly improved by forming athin layer of WSIN on
the surface of the WSi, layer viaN, plasma treatment.

X 100%

Failure mechanism of WSN/WSi, (50 nm) barriers—There are
two interfaces, Cu/WSi, and WSi,/Si, in the CWWSi,/Si structure.
Barrier effectiveness of the WS, layer can be retained up to a cer-
tain temperature only if these two interfaces and the WSi, layer itself
are thermally stable up to that temperature.® Our previous findings
revealed that thermal stability of the Cu/WSi, interface can be
improved by inserting aWSIN layer between Cu and WSi,. Howev-
er, reaction at the WS, /Si interface might affect thermal stability of
the CWWSIN/WSI,/Si structure. To investigate the effect of the
WSi,/Si interface reaction on the thermal stability of the Cu/WSIN/
WS,/Si structure, we examined the thermal stability of the Cu/
WSIN/WSI,/SiO,/Si structure. The presence of the SiO, layer in this
structure prevented interdiffusion between WSi, and the substrate Si
at elevated temperatures. We found no obvious change in sheet re-
sistance for the Cu/WSIN/WSI,/SIO,/Si sample after annealing at
temperatures up to 750°C (Fig. 6). This indicates that the degrada-
tion in the electrical characteristics of CWWSIN/WSi,/p*-n junction
diodes was due to the reaction that occurred at the WS, /Si interface
at 700°C, aswas confirmed further by XRD analysisshownin Fig. 7.
This result also suggests that thermal stability of the CW/WSIN/
WSi,/p*-n diodes could be further improved if a scheme can be
developed to suppress or retard the WS, /Si interface reaction at ele-
vated temperatures.

Figure 7 illustrates the XRD spectra for the as-deposited and
thermally annealed Cu/WSi,/Si, Cu/WSIN/WSI,/Si, and Cu/WSIN/
WS, /SiO,/Si samples. The formation of CusSi, WsSi5, and/or WSi,
phases for the Cu/WSi,/Si sample annealed at 600°C and above, as
shown in Fig. 7a, resulted in drastic increase in sheet resistance.
Similarly, the increase in sheet resistance for the CW/WSiN/WS,/Si
sample after annealing at 700°C reflects the formation of both CusSi
and WSi, phases, as shown in Fig. 7b; in fact, weak peaks of WSi,
aready appeared when the sample was annealed at 650°C. It should
be noted that no diffraction peak relating to the formation of WSi,
was detected for the CW/WSIN/WSI,/Si sample annealed at 600°C
(Fig. 7b), while astrong peak of copper silicide and weaker peaks of
tungsten silicides were detected for the Cu/WS,/Si sample annealed
at the same temperature (Fig. 7). It has been reported that the amor-
phous state of WSIN can be preserved even after annealing at
850°C.%° For the Cu/WSIN/WSi,/Si sample, the thin but chemically
and thermally stable WSIN layer contributed to retard the diffusion
of copper; thus, the barrier effectiveness was improved. For the
Cu/WSIN/WSi,/Si sample annealed at 650°C, athough weak dif-
fraction peaks of WSi, appeared, no signal relating to CusSi phase
was detected. This indicates that Cu diffusion remained suppressed
by the WSIN layer, though interface reaction at the WS, /Si interface
had occurred. However, annealing at 700°C resulted in silicidation
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Figure 5. SIMS depth profiles: (a) as
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and grain growth of the WSi, layer, leading to a net volume change
and localized defect formation (such as columnar seams and stress-
induced microcracks), which in turn broke the continuity of the
WSIN layer. Thus, barrier capability of the WSIN/WSIi, bilayer was
degraded. As for the structure of the CW/WSIN/WSI,/SIO,/Si, the
diffraction peak of copper silicide was not detected after annealing
at temperatures up to 750°C, though weak peaks relating to WsSi;
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Figure 6. Percentage change of sheet resistance vs. annedling temperature for
the samples of CWWSi,/Si, CWWSIN/WSI,/Si, and CWWSIN/WSI,/SIO,/Si.
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phase were found (Fig. 7c). This implies that the reaction occurring
at the WS, /Si interface played an important role in the failure of the
CUW/WSIN/WSI,/Si structure. Comparative results of thermal stabili-
ty for the multilayer structures studied in this work based on XRD
analysis are summarized in Tablel.

Figure 8 shows the SEM micrographs for the Cu/WSi,
(50 nm)/p*-n junction diodes. The barrier structure remained un-
changed after annealing at 500°C (Fig. 8b); however, large CusSi pre-
cipitates (silicide) were formed after annealing at 600°C (Fig. 8c). For
the CWWSIN/WSi, (50 nm)/p™-n diode structure, SEM micrographs
show that this multilayer structure remained stable after annealing at
600°C, as shown in Fig. 9. After annealing at 650°C, some of the
diodes showed degradation while the others remained intact (Fig. 3c).
For the diodes that remained intact after annealing, the SEM micro-
graph shows that integrity of the barrier structure was retained
(Fig. 9c). For the degraded diodes, highly localized protrusions were
found (Fig. 9d). Thus, failure of the WSIN/WSIi,, (50 nm) bilayer bar-
rier islikely associated with these highly localized protrusions, which
were presumably caused by diffusion of Cu through the localized
weak points (such as grain boundaries, columnar seams, and stress-in-
duced microcracks) in the barrier layer. These highly localized defects
also revead a common feature of aprotrusion at their center, surround-
ed by aring of Cu film depletion. After annealing a 700°C, defects
were found with larger size as well as higher density (not shown).

Further improvement of barrier capability.—To further improve
barrier capability of the WSIN/WSi, bilayer, two schemes were de-
signed to either eliminate reaction at the WSi,/Si interface or sup-
press interdiffusion between WSi, and Si substrate. According to
these schemes, we proposed the following two barrier structures.
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a CW/WSIN/WSi, (y > 1)/p*-n junction diode. Second, we inserted

First, we annealed the WS, layer to stabilize the barrier structure,
an extrathin WSIN/WSi,, (10 nm) bilayer between the original WSi,

followed by N, plasma treatment prior to Cu metallization to make

Table |. Compound phases detected by XRD analysis for various multilayer structures studied in this work.2

Multilayer structure

Annelaing temperatures Cu/Wsi,/Si Cu/WSIN/WS,/Si CUu/WSIN/WSI,/SIO,/Si
550°C X X X
600°C Weak WSi,, WgSi3, CusSi X X
650°C WS 2 CU3S Weak WS|2 X
700°C *WSi,, CusSi WSi,, weak CuzSi X
750°C *WSi 2 CU3Si WSS 3

2 X indicates no observation of compound phase; * indicates XRD spectra not shown in Fig. 7.
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Figure 8. SEM micrographs for the Cu/WSi, (50 nm)/p*-n junction diodes
(a) as-deposited (oblique view), (b) annealed at 500°C (oblique view), and (c)
annealed at 600°C (cross-sectional view).

(50 nm) layer and Si substrate to make a CW/WSiN/WSi, (50 nm)/
WSIN/WSi,, (10 nm)/p™-n junction diode so as to suppress interdif-
fusion between the 50 nm WS, and Si substrate.

CUWSIN/WS,, (y > 1)/p*-n junction diodes—We thermally an-
nealed thewéx (50 nm)/p™-n junction diodes at 700°C in N, ambi-
ent for 30 min so that the WS, layer became a Si-rich WSiy (y > 1)
layer. After the formation of the Si-rich WS, layer, N, plasma treat-
ment was performed on the Si-rich WSi; surface to produce a
WSIN/WSi, bilayer. Figure 10 shows the statistical distributions of
reverse-bias leakage-current density for the Cu/WSiNIWSVp*-n
junction diodes annealed at various temperatures. All junction
diodes retained the integrity of their electrical characteristics up to
600°C. After annealing at 650°C, they were slightly degraded; how-
ever, even after annealing at 700°C, about 60% of the diodes sur-
vived with leakage current density less than 100 nA/cm?. Compared
with the results of electrical measurement for the CW/WSIN/WSi,/
p*-n junction diodes shown in Fig. 3c, we found that the barrier
capability of WSIN/WSi, bilayer is superior to that of WSIN/WSi,.
Thisindicates that the annealing before nitridation stabilized the bar-
rier structure, presumably due to the formation of Si-rich WSiy, and
thus efficiently improved the barrier capability.

CWWSIN/WS, (50 nm)/WSIN/WS,, (10 nm)/p*-n junction diodes.—
We found that the CU/WSIN/WSi, (50 nm)/p™-n junction diodes
degraded after annealing at 650°C (Fig. 3c). It ispossible that Si out-
diffusion took place at the WSi,/Si interface at such a temperature.
Presumably, the Si out-diffusion together with formation and grain
growth of tungsten silicide (as confirmed by XRD analysis shownin
Fig. 7b) generated local defects and thus led to degradation of the
diodes electrical characteristics. To prevent the undesirable interdif-
fusion between WSi, and Si, athin WSIN/WSi, (10 nm) bilayer was
introduced between the WSiN/WSi, (50 nm) bilayer and Si substrate
to make afour-layer barrier structure of WSiN/WSi, (50 nm)/WSIN/
WSi, (10 nm). Figure 11 shows the statistical distributions of
reverse-bias |eakage-current density for the CW/WSIN/WSi,/WSiN/
WSi,/p*-n junction diodes annealed at various temperatures. The
junction diodes retained their integrity after annealing at tempera-
tures up to 650°C. This is an obvious improvement over the Cu/
WSIN/WSi,/p™-n junction diodes. It appeared that the out-diffusion
of Si substrate at WSi, (50 nm)/Si interface was suppressed by the
presence of WSIN/WSi, (10 nm). The WSIN/WSi, (10 nm) under-
layer blocked the Si out-diffusion and thus retarded the formation of
WSi, and suppressed the grain growth of the WSi, (50 nm) layer,
which in turn resulted in the improvement of junction diodes thermal
stability. However, al the diodes were severely degraded after an-
nealing at 700°C, presumably due to the crystallization and grain
growth of the WSi, (50 nm) layer. The reaction at the WSi, (10 nm)/
Si interface at such a high temperature was a so responsible for the
degradation of electrical characteristics.

Figure 12 shows the surface morphology of the CWWSIN/WSi,,
(y > 1)/p*-n junction diodes. No obvious defect was found on the
diodes annedled at 650°C (Fig. 12b) as compared with the as-de-
posited sample (Fig. 12a). For the diodes anneadled at 700°C, some
of the diodes retained their integrity with very low leakage current
while others were severely degraded (Fig. 10). A number of small
openings were found on the diodes that have a low leakage-current
density (not shown), while dense and large openings were found for
the diodes with degraded electrical characteristics (Fig. 12c). Fig-
ure 13 shows SEM micrographs for the CWWSiN/WSi, (50 nm)/
WSIN/WSi, (10 nm)/p*-n junction diodes annedled at 650 and
700°C. No obvious defect was found on the diodes annealed at
650°C (Fig. 13a). This is consistent with the results of electrical
measurement shown in Fig. 11. After annealing at 700°C, a highly
localized trapezoidal section precipitate was found throughout our
SEM inspection (Fig. 13b). Thermal stability temperatures of WS-
based barrier layers determined by various techniques of measure-
ment or analysis are summarized in Table I1.
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p42128 20.8kV X28.68K 988nm

Figure 9. Oblique and top-view SEM
micrographs for the CWWSIN/ WSi,/p*-n
junction diodes (a) as-deposited, (b)
annealed at 600°C, and (c) and (d)
annealed at 650°C.

Conclusion sion barrier capability between Cu and Si substrates. We found that
Thermal stability of CVD amorphous WS, layers, with and with- the barrier capability of WS, films can be efficiently improved by N,
out N, plasma treatment, was investigated with respect to the diffu- plasma treatment. Without N, plasma treatment, the thermal stability
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Figure 10. Histograms showing statistical distributions of reverse-bias leakage current density for the CWWSIN/WSiy (y > 1)/p*-n junction diodes annealed at
various temperatures.
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Figure 11. Histograms showing statistical distributions of reverse-bias leakage-current density for the CwWWSiN/WSi, (50 nm)/WSiN/WSi, (10 nm)/ p*-n junc-
tion diodes annealed at various temperatures.
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Figure 12. Top-view SEM micrographs for the Cu/WSi N/WSiy/er-n junc-
tion diodes (a) as-deposited, (b) annealed at 650°C, and (c) annealed at
700°C.

of CWWSi, (50 nm)/p*-n junction diodes was found to reach 500°C.
With N, plasmatrestment applied to the WSi, barrier, anitrogen-con-

@c27186 280.0kV X18.8K 1.08004Mm

Figure 13. Oblique-view SEM micrographs for the Cu/WSIN/WSi,/WSiN/
WSi,/p*-n junction diodes annealed at (a) 650 and () 700°C.

taining thin layer of WSIN was formed on the surface of WSi,,, and
the CU/WSIN/WSi, (50 nm)/p™-n junction diodes were able to re-
main intact up to at least 600°C. Barrier failure mechanism for the
WSIN/WSi, bilayer was closely related to the WS, /Si interface reac-
tion and the crystallization of the WSi, layer. The thermal stability
was further raised to 650°C by using a multilayer barrier structure of
WSIN/WS, (50 nm)/WSIN/WSi, (10 nm) or a WSIN/WS,, (y > 1)
barrier. We conclude that the post-CVD-WSi, treatment with in situ
N, plasma is a simple, practical, and efficient method of improving
the WSi,-based barrier capability for Cu metallization.
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Tablell. Thermal stability temperatures of WSi,-based barrier layers determined by different techniques of measurement/analysis.

Barrier structure

Measurement/analysis WSi, WSIN/WSiy, WSIN/WSiy, (y > 1) WSIN/WSI,/WSIN/WSi,
methods (°C) (°C) (°C) (°C)

Leakage current 500 600 650 650

SEM 500 600 650 650

XRD 550 650

Sheet resistance 550 650
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