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ABSTRACT 

TiW(N) and TiW are employed as diffusion barriers in the Cu/barrier/Si system. The thermal stability of Cu/TiW(N) 
and Cu/TiW contacted p*n junction diodes was investigated with respect to metallurgical reaction and electrical character- 
istics. The as-deposited TiW film formed body-centered cubic (bcc) structure, while the TiW(N) film formed face-centered 
cubic (fcc) structure. The Cu/TiW(600 ~)/Si structure remains intact up to 750~ 30 s rapid thermal anneal (RTA) in N2 
ambient; at 775~ the Cu diffuses through the TiW layer to form Cu3Si with an overlayer of Ti-W-Si on the surface. The 
Cu/TiW(N)(600 A)/Si system is metallurgically stable up to 1000~ 30 s RTA in N2 ambient. The Cu/TiW(600 A)/p§ junction 
diodes were able to withstand the RTA annealing up to 675~ without losing the device integrity; however, the devices' 
characteristics are completely destroyed at temperatures above 775~ inconsistent with the occurrence of dramatic metal- 
lurgical reaction. The Cu/TiW(N)(600 A)/p*n junction diodes were able to withstand the RTA treatment up to 650~ without 
electrical characteristic degradation; and the devices' characteristics degrade gradually with the increase of RTA temper- 
ature. 

Introduction 
Copper has been considered as a potential metallization 

material in deep submicron integrated circuits because of 
its low resistivity (1.67 ~-cm for bulk) and superior high 
electromigration resistance. ~-~ However, copper acts as a 
deep-level contaminant in Si and reacts with Si to form the 
compound Cu3Si at very low temperatures (200~ -n To 
use Cu as an interconnection metal, an effective diffusion 
barrier layer is required to protect underlying devices from 
Cu contamination. 

Thermal stability of the Cu/diffusion-barrier/Si struc- 
ture has been extensively studied lately to assess the poten- 
tial of various diffusion barriers, and most of the results are 
summarized in Ref. 12. Among the various diffusion barrier 
materials, TiW [30:70 atom percent (a/o)] was found to be 
the most effective one. 12 TiW barrier has also been used in 
the AI/TiW/CoSi2 and Cu/TiW/CoSi2 systems and has 
proved to be a useful diffusion barrier layer.13'14 In addition, 
it has been reported that incorporation of nitrogen and 
oxygen in TiW film can improve the barrier performance in 
AI(Cu-Si)/W-Ti(N)/SiQ/Si and Au/TiW/AI/SiQ/Si sys- 
tems.1~-17 In this study, a TiW(N) layer, which was deposited 
by sputtering the Ti0.3W07 target in a mixing gas of Ar:N2 = 
1:5, was used as diffusion barrier in the Cu/TiW(N)/p+n 

diode structure and its barrier effect metallurgically and 
electrically investigated. 
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Fig. 1.o Sheet resistance v s .  annealing temperature for~ the 
Cu(2000A)/TiW(600 A)/Si and Cu(2000 A)/TiW(N)(600 A}/Si 
samples. 

Fig. 2. SflM micrographs showing surface morphology for the (a) 
Cu(2000 A)/TiW(600 A)/Si and (b) Cu(2000 A)/TiW(N)(600 A)/Si 
samples after 900~ RTA in N2 for 30 s. 
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Fig. 3. The XRD spectra for the 
Cu(2000 A)/TiW(600 A)/Si sam- 
ple: as-deposited and RTA an- 
nealed at 750, 775, and 800~ in 
N2 for 30 s. 

Experimental 
Samples of Cu/TiW(N)/p+n and Cu/TiW/p*n diodes were 

fabricated for this study. The starting material was n-type, 
(100) oriented Si wafers with a nominal resistivity of 1 to 

10 f~-cm. After initial cleaning, a 6000 /k field S i O  2 w a s  

thermally grown in a pyrogenic steam atmosphere at 
1050~ Square contact regions with area of 2.5 • 10 -3 cm 2 
were defined by the photolithographic method. The sam- 
ples were cleaned again and then oxidized to grow 250 
screen oxide for ion implantation. The p*n junctions were 
formed by BF~ implantation at 70 keV to a dose of 5 • 
1015 em -2 through the screen oxide, followed by annealing 

Fig. 4. EM micrographs of bright field plan view and diffraction 
pattern for the as-deposited TiW film: (a) plan view and (b) diffraction 
pattern. 

Fig. 5. TEM cross-sectional micrographs of the Cu(2000 A)/ 
TiW(600 A)/Si sample after RTA annealing in N~ for 30 s at (a) 750 
and (b) 775~ 
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Fig. 6. Auger depth profile of the Cu(2000 A!/TiW(600 A)/Si sam- 
ple after RTA annealing in N2 for 30 s at 775 C. 

at a temperature of 900~ for 90 min in N2 ambient. A 600 ~- 
thick TiW(N) or TiW barrier layer was deposited. The 
TiW(N) film was deposited by sputtering using the TiW 
[Ti:W 10:90 weight percent (w/o)] target in a gas mixture of 
Ar:N2=I:5 ambient at a pressure of 5 • 10 -3 TorT and with 
a deposition rate of 1.7 A/s. The TiW layer was deposited 
using the same target and with the same conditions, except 
that pure Ar was used instead of an Ar/N2 mixture. The 
sampIes were exposed to air and then the Cu deposition 
followed. An 1800 A thick Cu film was deposited by sput- 
tering a Cu target (99.99%) in Ar ambient at a pressure of 
5 x 10 -3 TorT; the deposition rate was 0.1 A/s. The samples 
were patterned into individual diodes by wet etching, using 
an etching solution for the Cu film of 5% HNQ, and a 
mixture of NH4OH + H202 + H20 = 1:1:1 for the TiW(N) and 
TiW films. The completed samples were treated with rapid 
thermal annealing (RTA) for 30 s at temperatures ranging 
from 300 to 1000~ Finally, A1 metallization was applied to 
the back side of each wafer for electrical measurement. 
Unpatterned samples of Cu/TiW(N)/Si and Cu/TiW/Si 
structures were also fabricated following the same proce- 
dure for material analysis. Sheet resistance was measured 
by a four-point probe on the unpat terned samples. Surface 
morphology of the samples was inspected by scanning elec- 
tron microscope (SEM). Scanning Auger microscope (SAM) 

Fig. 8. TEM micrographs of bright field plan view and diffraction 
pattern for the as-deposited TiW(N) film: {a} plan view and (b) diffrac- 
tion pattern. 

was used for depth profile structure analysis. X-ray dif- 
fraction (XRD) spectroscopy was used for material phase 
identification. Transmission electron microscope (TEM) 
was used to study the interacted layer structures and for 
crystal structure identification. Electrical characteristics 

Fig. 7. The XRD spectra for the 
Cu(2000 A)/TiW(N)(600 A)/Si 
sample: as-deposited and RTA 
annealed at 800, 950, and 
1000~ in N2 for 30 s. ,j') 
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Fig. 9. TEM diffraction pattern for the TiW(N) film after RTA in N2 
for 30 s at 1000~ 

of the diodes were measured with a semiconductor param- 
eter analyzer HP4145B. 

Results and Discussion 
Figure 1 shows the sheet resistance Rs of the Cu/TiW/Si 

and Cu/TiW(N)/Si samples after 30 s RTA at various tem- 
peratures. An abrupt Rs increase occurred on the Cu/TiW/ 
Si sample after 775~ RTA; sample surface color also 
changed from reddish yellow to silver-gray, suggesting 
that some metallurgical reaction had occurred. On the 
other hand, only a small Rs variation was observed on the 
Cu/TiW(N)/Si sample. In addition, the sample surface re- 
mained reddish yellow Cu color even after reaching 1000~ 
RTA, although it became slightly less glossy looking. 

Surface morphology of the Cu/TiW/Si and Cu/TiW(N)/Si 
samples after ETA at 900~ is illustrated in Fig. 2. The 
Cu/TiW/Si sample (Fig. 2a) looks silver-gray, appears to be 
made up of grains (identified as W-Ti-Si as explained later 
in this section) about 30 p~m in size, and has a rough surface 
morphology. Surface morphology of the Cu/TiW(N)/Si 
sample (Fig. 2b) shows that it is composed of compact Cu 
grains about 1.5 ~m in size. 

The XRD results from the Cu/TiW/Si sample illustrated 
in Fig. 3 show that Cu and TiW reacted with Si to form 
compounds of WSi2, (Ti0.~W0.~)Si2, and Cu~Si after 30 s RTA 
at 775~ The XRD (110) peak of the TiW film indicates that 
the lattice constant of the TiW film is 3.177 A. TEM tech- 
niques were used to make a more detailed study of the TiW 
film. Figure 4 illustrates the bright field plan view mi- 
erograph and the diffraction pattern of the as-deposited 
TIW film, which is composed of intersected grains about 
i000 A in size. The diffraction pattern shows that the crys- 
tal structure of the TIW film is body-centered cubic (bcc) 
with a lattice constant of 3.178 A, results consistent with 
the XRD analysis. TEM analysis of the 750~ annealed TiW 
film (not shown) revealed that the film's crystal and grain 

A Fig. 10. Cross-sectional view TEM micrograph for the Cu(2000 
)/TiW(N)(600 A)/Si sample after RTA annealing in N2 far 30 s at 

1000~ 

structures were almost identical with those of the as-de- 
posited TiW film. The TEM cross-sectional micrographs 
of the Cu/TiW/Si sample shown in Fig. 5 reveal that the 
Cu/TiW/Si structure ~emained intact after RTA at 750~ 
(Fig. 5a). After RTA at 775~ the structure was completely 
destroyed by the formation of silicides; the TEM cross-sec- 
tional views show a Cu3Si precipitate surrounded by, SiO~ 
intruding into the Si substrate, ~s well as a compound layer 
covering the top surface. The Auger depth profile of the 
Cu/TiW/Si sample after RTA at 775~ shown in Fig. 6, indi- 
cates that Cu has diffused toward the Si substrate and 
formed Cu-silicide, while the surface layer is mainly a com- 
pound layer of Ti-W-Si. From the XRD, Auger depth pro- 
file, and TEM results, we can conclude that a dramatic 
metallurgical reaction occurred within the Cu/TiW/Si 
structure at a temperature of 775~ Copper first diffused 
across the TiW layer and formed Cu3Si phase at some 
weaker points; then, the TiW layer was transformed into 
the compound Ti-W-Si on the surface, which exhibited a 
rough grain structure silver-gray in color as illustrated in 
Fig. 2a. 

The XRD results from the Cu/TiW(N)/Si sample are illus- 
trated in Fig. 7. It was found that the as-deposited TiW(N) 
film contained a mixture of W2N and TiN phases. The cor- 
responding bright field TEM plan view and diffraction 
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Fig. 11. Histogram of the reverse leakage current density for the 

Cu(2000 A)/TiW(600 A)/p*n diodes annealed with RTA at (a) 675, 
(b) 700, (c) 750, and (d) 775~ All leakage currents were measured 
at - 5  V bias. 
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Fig. 12. Histogram of the reverse leakage current density for the 
Cu(2000 A)/TiW(N)(600 A)/p*n diodes annealed with RTA at (a) 
650, (b) 675, (c) 700, and (d) 775~ All leakage currents were 
measured at - 5  V bias. 

pat tern  of the as-deposi ted TIW(N) film in Fig. 8 show the 
as-deposi ted TIWo(N ) film to be composed of compact 
grains about 100 A in size, and the diffraction pa t te rn  re- 
veals that  the as-deposi ted film has a face-centered cubic 
(fcc) structure. Furthermore,  the diffraction pa t te rn  seems 
to be composed of two closely spaced fcc diffraction rings. 
Both the W2N (ASTM Card:251257) and the TiN (ASTh/[ 
Card:381420) phases have fcc structures with lat t ice con- 
stants of 4.126 A (W2N) and 4.241 A (TIN), respectively, 
while the lat t ice constant est imated from the average ra-  
dius of the diffraction ring for the as-deposi ted TiW(N) film 
is 4.208/k, which is close to the lat t ice constants of W2N and 
TIN. The XRD spectra in Fig. 7 also show that  the W2N 
phase remained stable, and no metal lurgical  reaction was 
observed on the Cu/TiW(N)/Si structure up to 1000~ In 
addition, the shift of the W2N (111) peak indicates that  the 
lat t ice constant decreased after RTA. The TEM plan  view of 
the 1000~ RTA annealed TIW(N) film (not shown) revealed 
that  the annealed film had a grain structure identical  to 
that  of the as-deposi ted film. The diffraction pa t te rn  of the 
1000~ RTA annealed TiW(N) film as shown in Fig. 9 indi-  
cates that  the annealed film had a single-phase fcc struc- 
ture with a lat t ice constant of 4.178 A, which is smaller 
than that  of the as-deposi ted TiW(N) film (4.208 ,~). From 
the consistency of the XRD and TEM analysis results, we 

can conclude that  the as-deposi ted TiW(N) film consists of 
major W2N and minor TiN phases, and no obvious metal-  
lurgical  reaction occurred in the Cu/TiW(N)/Si structure 
up to 1000~ during RTA. Nevertheless, af ter  the RTA an- 
nealing, the TiN phase vanished, and the lat t ice constant of 
TiW(N) decreased. Since the atomic radius of Ti (1.475/k) is 
close to that  of W (1.37/k) and is much smaller  than that  of 
N (2.83 /k), it is possible that, after high temperature  an- 
nealing, Ti and N atoms in the TiN dissolved into the W2N 
structure forming the (TixW2_=)Ny compound and thus in- 
ducing the lat t ice constant  shift. 

Figure 10 shows the TEM cross-sectional micrograph of 
the 1000~ annealed Cu/TiW(N)/Si sample. The structure 
was basical ly preserved after 30 s RTA at 1000~ however, 
some voids were formed between Cu and the TiW(N) layers, 
and the Cu film had obviously undergone a reflow process 
which created a rough surface. The roughness and porosi ty 
of the Cu film supposedly resulted in a slight increase of Rs 
and a fuzzy looking sample surface. 

Figure 11 shows the dis tr ibut ion of reverse leakage cur- 
rent density Jr measured at - 5  V on 40 randomly chosen 
Cu/TiW/p+n junction diodes. The diode characterist ics de- 
graded after RTA at 700~ and further deteriorated with 
further increases in annealing temperature.  After 775~ 
annealing, all junctions were severely damaged (Fig. l ld ) ,  
which is consistent with the dramat ic  metal lurgical  reac- 
tion that  occurred at  this temperature.  Similar  Jr measure-  
ments were made on the Cu/TiW(N)/p+n junction diodes, 
and the results are i l lustrated in Fig. 12. Although the Cu/ 
TiW(N)/Si structure is more metal lurgical ly stable than the 
Cu/TiW/Si structure, the Cu/TiW(N)/p§ diodes started to 
degrade at  a sl ightly lower annealing temperature  of 675~ 
and the junction degraded gradual ly  as annealing tempera-  
ture was increased. Figure 13 shows the average leakage 
current density vs. armealing temperature  for the Cu/TiW/ 
p+n and Cu/TiW(N)/p§ junction diodes. The Cu/TiW(N)/ 
p+n diodes apparent ly  become more stable electrically than 
the Cu/TiW/p+n diodes when the annealing temperature 
exceeds 775~ Degradat ion of the Cu/barr ier /Si  junction 
structure, electrical characterist ics always occurs before 
the metal lurgical  reaction. Since Cu is a fast diffusion spe- 
cies in Si, degradat ion of the junction will depend on 
whether  the barr ier  layer can or cannot prevent the Cu 
from penetrat ing through the bar r ie r  layer. Although the 
Cu/TIW(N)/Si system is more metal lurgical ly stable than 
the Cu/TIW/Si system, and we did hope that  the incorpo- 
ra ted nitrogen would be segregated at  the grain boundaries 
to re tard the diffusion paths  for Ca atoms, the diffusion- 
barr ier  effect of TiW(N) apparent ly  did not prevent Cu pen- 
etration. It is possible that  the smaller  grains in the TiW(N) 
layer offer more pa th  alternatives for Cu diffusion. 
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Fig. 13. Average reverse leakage current density measured at 
- 5 V  for the RTA annealed Cu(2000 A)/TiWI600 A)/p*n and 
Cu(2000 A)/T,~'(N)(600 A)/p§ iunction diode. 
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Conclusion 
Thermal s tabi l i ty  of Cu/TiW(600 A)/p~n and Cu/TiW(N) 

(600 A)/p§ diodes were investigated with respect to the 
diffusion-barrier  effects of TiW and TiW(N) bar r ie r  layers 
for Cu metallization. The TiW film has a W bcc structure, 
while the TiW(N) fi lm has a W2N fcc structure. The Cu/ 
TiW/Si system is metal lurgical ly stable up to 30 s RTA an- 
nealing at  750~ while the Cu/TiW(N)/Si structure re- 
mains basical ly stable up to 1000~ The Cu/TiW/Si 
structure was destroyed after RTA annealing at 775~ with 
the formation of a Cu3Si phase that intruded into the Si 
substrate, and the formation of a W-Ti-Si compound layer 
covering the sample surface. The electrical characteristics 
of the Cu/TiW/p+n junction diodes started to degrade at 
7O0~ and the diodes' reverse current made a drastic in- 
crease at 775~ On the other hand, the Cu/TiW(N)/p§ 
junction diodes started to degrade at 675~ and the reverse 
current increased gradually with increasing annealing 
temperature. As a result, the Jr of the Cu/TiW(N)/p+n diodes 
is smaller than that of the Cu/TiW/p+n diodes after RTA 
annealing at temperatures above 775~ 
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