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This work investigates Cu diffusion in sputtered angdO\plasma-treated W films. JO plasma-treated W barrier has a nanostruc-

tured surface layer and shows high thermal stability and the best barrier properties. Also investigated herein are the lattice and
grain boundary diffusivities extracted from the Cu penetration depth profiles using the Whipple analysis of grain boundary
diffusion and Fick’s second law of diffusion. Analysis indicates that the diffusion models correlate well with experimental results.
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As device dimensions decrease toward 180 nm and below, thgyy N, or NH; plasma for comparison. For easy identification, the
necessity for interconnections with resistivity as low as possible isuntreated, MO, N,, and NH; plasma-treated W films were denoted
pressing. Copper is now being used in advanced metallization techyg \y/ W(NO), W(N,), and W(NH) barriers in the work. Copper
nology due to its low resistivity and high electromigration and stressf”msl 300 nm thick, were deposited on top of the barrier layers by
migration resistance. However, Cu can diffuse into and react with Sisputtering. The efficiency of the diffusion barrier was analyzed by
or dielectric materials during annealing, and create deep trap levelg,e yariation of sheet resistance and leakage current densities of

Epr?t cfause degfﬁgaé‘%r.‘ﬁ“. de\t/)ice_ pe_rforma(r;ct;a and r%ia ﬂité"sﬂunction diodes after thermal stressing ip &nbient at 500—700°C,
g_relorte,_ a qutal_lei dimusion arrfler tlrr:secr:te ?t\ll;/_ee? uRanf i.e., 773-973 K, for 30 min. The wafers were administered a local

or dielectric materials IS necessary for the Lu metallization. Relrac-,y;qation of silicon(LOCOS) process to define active regions. The

tory metals and their nitrides are used as diffusion barriers in copper.

. - ) ; 5 At .
metallization®® Among these materials, tungsten nitril/N) has active frg(g)l(lzn;s/ ;/verg |m_plar;_ted (\;Y'tg 5 101d QS |otns/cn‘? at f.n ted
received the most attention owing to its high thermal stability and ergy o eviorti-pjunction diodes, and dopants were activate

excellent chemical mechanical polishinggCMP) process by rapid thermal annealin@RTA) in N, ambient at 1050°C for 30 s.
compatibility” However, resistivity of tungsten nitride film is higher L€akage currents of diodes were measured at a reverse bias of 5 V
than that of tungsten film. As the technology node moves to 130 nrf?Y @ HP 4156 semiconductor parameter analyzer. A four-point probe

and below, a barrier layer with low resistivity is necessary to lower SYStém was employed to measure sheet resistance. _
the resistance of the total line interconnect and/or via. Film thickness was measured by a stylus surface profiler and

Most refractory metal films used as diffusion barriers in Cu met- SC@NNing €electron microscof$SEM). X-ray photoemission spec-
allization are polycrystalline rather than monocrystalline. Moreover, T0SCOPY(XPS)was used to study the bonding structures and chemi-
columnar grain structure is frequently found in sputtered refractory®@ Pinding energies. The microstructure and grain size of the film
metal and metal nitride film&° In general, atomic diffusion along Wer® examined using transmission electron microscopiM).
grain boundaries is much faster than in the bulk of grains. GrainStructure and crystalline orientation of as-deposited and annealed
boundaries may presumably serve as fast diffusion paths for coppef@MPles were analyzed by an X-ray diffractoméRD) with Cu
Coupled lattice and grain boundary diffusion is different from lattice <@ radiation operated at 50 kV and 250 mA. Surface roughness and
diffusion. Whipple had given formulas for the concentration in a MorPhology of the film were observed using a Digital Instruments
semi-infinite region of low diffusion coefficient bisected by a thin Nanoscope Il model atomic microscop&FM) with a 0.5 Hz scan-
well-diffusing slab'12 This is of interest in grain boundary diffu- 1iNY Speed in air ambient. Surface morphology was studied by a
sion. field-emission scanning electron microscol¢e SEM). Composi-

In this study, a method of forming nitrogen and oxygen incorpo- tional depth profiles were measured by secondary ion mass spec-

rated W films with low resistivity was investigated,® plasma was trometry (SIMS).
used to post-treat the W diffusion ba_rrier. The_ ef‘fgctivene_ss of as- Results and Discussion
deposited and pD plasma treated W films as diffusion barriers be- . . .
tween Cu and Si was evaluated. A composite diffusion barrier was 10 investigate the effects of JD plasma treatment on W barrier,
formed after NO plasma treatment. Cu diffusion in the® plasma chemical bonding states of barrier were analyzed by )_(PS. Figure
treated W barrier was further analyzed by numerical calculation us-1a-C Show the W 4f, O 1s, and N 1s spectra of as-deposited g0d N
ing Whipple’s and Fick's models. plasma-treated W barriers. The W-4fand W 4§, peaks are situ-
ated at the same positiq81.2, 33.4 eV)for two barriers, and the
. two peaks are characteristics of the W itsélHowever, two other
Experimental peaks at binding energies 36.2 and 38.4 eV are observed for the
Single crystal,(100) orientated silicon wafers were used in this W(N,O) barrier. The peaks correspond to binding energies of tung-
study. Tungsten films of 50 nm were deposited at a power of 1000 Wsten oxide and are attributed to oxidation duringON\plasma treat-
by sputtering. Films were sputtered at room temperature withoutment. The O 1s spectrum of the(W,0) barrier exhibits a strong
intentional heating and base pressure was less than16 ' Torr. and broad peak centered at around 531.2 eV, as shown in Fig. 1b.
The wafers further received @ plasma treatment in a plasma- There is almost no peak in untreated W barrier. W-O phases are
enhanced chemical vapor depositi®¥ECVD) system after W films  believed to form at the surface of W,0) barrier. The N 1s peak of
were deposited. The power and pressure gDNblasma treatment  the W(N,O) barrier can be well resolved into two peaks by curve
were 200 W and 100 mTorr, respectively. Some wafers were treateditting compared to no peak in the N 1s spectrum of the W barrier, as
shown in Fig. 1c. These two peaks are centered at 397.5 and 399.3
eV. The weak peak centered at 397.5 eV is consistent with the N 1s
* Electrochemical Society Active Member. binding energy of nitride compound and is also reported by previous
2 E-mail: wiwu@mail.ndl.org.tw researctt* Another strong peak at+399.3 eV is observed in N 1s
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Figure 2. (a) Cross-sectional bight field TEM image of W barrier. Plane-

Figure 1. (a) W 4f, (b) O 1s, and(c) N 1s XPS spectra of W and (@) ) ) )
baﬁfriers. @ ®) dc) P W.0) view TEM images and SAD patterns of tkig) W and(c) W(N,O) barriers.

02

spectrum. This indicates that some N atoms do not form strongfusion. Figure 2b and c display plane-view TEM images and se-

covalent or ionic bonds with W duringJO plasma treatment. Some lected area diffractioiSAD) patterns of W and W(bD) barriers.

N atoms or molecules may present in grain boundaries 8f-° Several sharp rings are observed for untreated W film. This indicates
Figure 2a displays cross-sectional bright field TEM micrograph that the as-deposited W film is a polycrystalline structure. The grain

of as-sputtered W film. Columnar grain structure is observed. Cusize of as-deposited W film is 20—40 nm, as shown in Fig. 2b. The

diffusion in columnar grains is believed to be relatively easy be- W(N,O) barrier has a diffused ring pattern instead of diffraction

cause columnar grains will provide fast diffusion paths for Cu dif- spots, indicating that the JO plasma treatment causes an amor-
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Figure 3. Resistivity and RMS surface roughness ofNy), W(NH,), and w
W(N,0) films as a function of plasma treatment time. (110)

phous surface layer upon W film. Grain size of théNAO) barrier

is only 2—5 nm. This indicates that a surface layer with finer grains
is formed due to the reactions and bombardments of energetic radi-
cals and ions during plasma treatment. It is reported that the nano-
structured amorphous diffusion barrier, defined as a very short-range
order single crystal, is highly attractive due to its relatively high
thermal stability and its relatively higher resistance against Cu y ;
diffusion’

Figure 3 displays resistivity and root-mean-squéRdMS) sur-
face roughness of plasma treated W film as a function of plasma
treatment time. Surface roughness reduces apparently after plasma (b)
treatment, as shown in Fig. 3. Plasma treatment could sputter the, o . . . .
barriers and make them smooth. Sputtering and stuffing effects ar igure 4. (a) Varlatl_on percentage in sheet resistance of Cu/barrlgrlSl as a
believed to occur due to the reactions or bombardments of energetiémlcvt\'lon Of/ a_mnealmg temperatft:re{b) XRIID. Spec;raQOffCU/W/S.' and
radicals and ions during plasma treatment. Resistivity increases with WW(N,O)/Si contact systems after annealing at 700°C for 30 min.
increasing plasma treatment time. It is expected that resistivity of W
with plasma treatment would increase because a high-resistivity sur-
face layer is formed and thus the effective thickness of the W film plated copper layer, are affected boy the stress in the copper seed
with low resistivity reduces. Resistivity of WM,0) barrier is higher  layer deposited on the barrier lay8r?Electroplating of Cu layer is
than those of the W() and W(NH) barriers. High resistivity may  difficult on seed layers with rough surface. Surface roughness could
be due to the formation of high-resistance W-O compounds inbe reduced from 2.5 to 0.5 nm by,® plasma treatment, as listed in
W(N,O) barrier, as indicated in XPS analyses. However, the resis-Table |. Grain size is calculated from plane-view TEM. The as-
tivity of W(N,0) (~24 nQ cm) barrier is still much lower than that ~deposited W film is columnar grain structure with a grain size of
of the reactively sputtered WN film (150 200 p.Q cm)8 20-40 nm and grain size of the (W,0) barrier is only 2-5 nm.

Table | summarizes the properties of W, WN andNAO) bar- This |_nd|cates that nanocrystallization effz_ect wo_uld occur _due to th_e
riers. Table | also lists properties of sputtered Ta and Ti films in réactions and bombardments of energetic radicals and ions during
literature4:16.18 for comparison. The resistivities of sputtered W N2O plasma treatment. Furthermore, it is reported that the impurities
and W(N,O) barriers are about 20 and O cm, respectively. The (nitrogen or oxygenjn tht_e films are respon5|b_le for the intrinsic
resistivities are very close and much lower than that of the reactivelyfcOmpressive stre€s.In this research, the tensile stress decreases
sputtered WN(150—200p.0 cm),® Ta (~160 uO cm),*®and Ti  from 1.9X 10°to 1.4x 10° dynes/cr as NO plasma treatment
(~70 wO cm).!® Haraet al. have reported that the agglomeration is applied to W film, as listed in Table I.JO plasma treatment also
and adhesion strength of the copper seed layer, its crystallographienhances the adhesion between Cu ar{diy®) barrier. The adhe-
orientation alond111), and the resistivity of the subsequent electro- sion strength of Cu on W(D) barrier (50—58 Mdynes/cH) is

XRD Intensity (a.u.)
=

Table I. Properties of W, WN, and W(N,0) diffusion barriers. Properties of sputtered Ta, Ti films are also listed for comparison. Leakage
current densities of diodes were measured at a reverse bias of 5 V after annealing at 600°C for 30 min.

w W(NZO) WNB Ta4,6,16 Ti6,18
Resistivity (nO cm) ~20 ~24 150-200 ~160 ~70
RMS roughnesgnm) 2.5 ~0.5 1-2 4 3.2-4.2
Grain Size(nm) 20-40 2-5 5-15 20 10-30
Stress(dynes/crf) 1.9 x 100 1.4% 10° 1.5% 10 2.0X 101 3.9% 10°
Adhesion poor good poor poor fair
Leakage current ~9.0x 1074 ~3.0x 10°° ~8.5x% 10°° 25% 10°° 55x 1074

density(A/cm?)
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Figure 6. Statistical distributions of leakage current densities of copper con-
Figure 5. Statistical distributions of leakage current densities of copper con-tacted ri-p junction diodes with various plasma-treated W diffusion barriers
tacted ri-p junction diodes with various diffusion barriers after annealing at after annealing ata) 500 and(b) 600°C for 30 min.
(a) 500 and(b) 600°C for 30 min.

WN and W film. Failure temperaturgvariation percentage
> 50%) of W(N,O) barrier is higher than 750°C and superiors to
sputtered W ~650°C) 22 TiC,(~625°C) 23 and TaN(~650°CY
Yarriers.

better than untreated WB0—35 Mdynes/cry) and other barriers
such as Ta and Filt is suggested that O or N species on the barrier
surface can react with Cu to form more stable interface and thu
promote adhesion after @ plasma treatment.

. ; ] measured at reverse bias of 5 V after annealing at 500 and 600°C.
which Ry and R denote the sheet resistance of as-deposited andpy,, leakage current densities of all diodes are below Wem?

annealed samples. The results reflect the interactions between Cé‘efore annealing. Most diodes with sputtered W, WWC, ,22 and
and Si indirectly. Resistance increases rapidly at certain temperatun?.. 23 : : L X!
iC,*> barriers have leakage current densities higher than 1

because of failure of the diffusion layer and formation of com- _; > . o : . .
pounds. Sheet resistance of CUNYO)/Si increases slightly even X 10 A/cm_ after a_nneallng at 500°C for 30. min. D'Odes,w'th
after annealing at 750°C. However, sheet resistances of sample (NZZO) barriers retain Ieakagg current densities Iess thar 1.0
with other barriersW, WN8 WC, 22 TiC, .2 and TaN¥) sharply cm” after gnneahng at 500°C. Moreover, _r_nost dIOdeS_ with
increase after annealing at 600—700°C, indicating that a considerW(NZZO) barriers retain leakage current densities less tharf 10
able amount of Cu has already diffused through the barrier layerdV/cm"~ even after annealing at 600°C.(W,0) show an excellent

and resulted in C48i compounds, and thus strongly deteriorated the barrlezrz cgpagglty against Cu_diffusion compared to W, WN,
conductivity of the contact system. XRD was further used to detectVCx ™ TiC,”" and TaN," as shown in Fig. 5.~~~ )

the structural change in the annealed samples. Figure 4b shows Although barrier performance of the W film is significantly im-
XRD patterns of Cu/W/Si and Cu/iM,0)/Si systems after anneal- Proved by NO plasma treatment, similar plasma treatmests,,

ing at 700°C for 30 min. Peaks of G8i compounds are observed N, plasma tregtment, had beeg propo;ed to enhance barrier perfor-
for W barrier and the resulting XRD pattern is consistent with varia- Mance in previous researc_Hésl._W barriers are also treated by, N
tion in sheet resistance. There is no;Siipeak in W(NO) barrier or NH; plasma for comparison in the work. Figure 6 exhibits statis-
system, indicating that Wi,0) has an excellent barrier perfor- tical distributions of leakage current densities of CUWO)/n"-p,
mance. It is noted that there is no Cu-W compound in the XRD CU/W(N)/n*-p and Cu/W(NH)/n*-p diodes after annealing at
spectra, and similar results are found for WN barrfefhe failure 500 and 600°C. All WN,O), W(N,), and W(NH;) show an en-

of W and WN barriers is attributed that Cu atoms diffuse through hanced barrier performance compared to untreated W. Moreover,
defects and grain boundaries of the barrier without reacting with theN,O plasma treatment has a better barrier improvement than N
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Figure 7. SIMS distribution profiles of the copper elements(@ Cu/W/Si
and(b) Cu/W(N,0)/Si after annealing at 600, 650, and 700°C inanbient
for 30 min.
plasma treatment and,Nblasma is more effective than Nhkplasma.
It is found that some diodes have leakage current densities higher 5 1.5
than 1x 1077 A/cm? for W(NH;) barriers after annealing at £
500°C. Most diodes with WN,O) barriers retain leakage current 204
densities less than X 107% A/lcm? and large leakage current den- e
sities in range of 107 to 10°* are found for Cu/W(M)/n*-p and .25 DL=4-7°"'°13(°“"259°)
Cu/W(NH,)/n*-p diodes after annealing at 600°C. Enhancing per- D,=6.08010" (cmifsec)
formance of the W(BO) barrier is attributed to combined effects of 3.0. —
nitridation and oxidation during §0 plasma treatment. JO is a 00 100"  20x107  30x107 40107 50x107
strong oxidizing agent and energetic oxygen radicals and atoms are ¥ yin cm)
more easily produced by dissociation of@! In contrast, it is less ( )
effective to dissociate triple bonds of nitrogen as nitrogen plasma is ¢

used to post-treat W barrier. The bond strengths of N-O and N-N are . . e ) .
630.57 and 945.33 kd/mol. Energetic oxygen radicals and atoms arIélgure 8. Penetration plots for Cu Cilf'quIOI‘l into W films at various tempera-
helpful in formation of an oxvaen stuffed laver on the columnar- tures of(a) 600, (b) 650, and(c) 700°C. The solid curve is the fitting curve.

p y9 Yy
grained W batrrier. It will act as a more efficient barrier against the
Cu diffusion. N, plasma treatment does not induce oxygen stuffed
layer on surface of the W barrier and nitrogen radicals and atoms are Barrier capabilities are further investigated by evaluating Cu dif-
limited for nitridation and stuffing compared to,® plasma treat-  fusion in W and W(NO) barriers. The diffusion of Cu in the tem-
ment. Bond strength of N-H is 339 kJ/mol for Nhblasma treat-  perature range of 600—700°C is evaluated by SIMS and the penetra-
ment. Although nitridation is expected to occur greatly, no plasmation depth profiles of specimens are indicated in Fig. 7. Relatively
oxidation on W surface occurs and lots of atomic hydrogen will low Cu penetration into the YW,O) barrier is detected compared to
diffuse into the grain boundaries of W due to effective dissociation sputtered W barrier. Because the mixing enthalpy of Cu solute in W
of NH;. Hydrogen will out-diffuse from grain boundaries of is large (8.0x 10*j/mol), Cu atoms do not intermix with W at high
plasma-treated W after annealing at a certain temperature, lead temperaturé>26As far as we know, it is relatively difficult for Cu
defect sites or carrier trapping sites, and hence, decrease its resipenetration into W barrier by lattice diffusion. However, the diffu-
tance to copper penetration. sion coefficients of Cu in grain boundaries of W barrier are still
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Table 1. Summary of the values of diffusivities, pre-exponential factors, and activation energies for Cu diffusion in W films at various
annealing temperatures.

Sample T(°C) D, (cn/s) Dy (cn¥/s) Do (cm?/s) Q. (eV) Dgo (cm?/s)
w 600 2.28 x 10716 6.47 x 1074 1.83x 1071° 0.508 1.28x 1074
650 2.60 x 10716 1.24 x 1071®
700 470 X 10716 6.05 x 10713
unknown, though the rough estimation has been disci/$sew] the Based on the numerical calculation, a satisfactory fitting to the
results are still needed to be further discussed. experimental depth profile can be obtaitédhe temperature de-

Whipple had given formulas for the concentration in a semi- pendence of the grain boundary diffusivity in W barrier can be ex-
infinite region of low diffusion coefficient bisected by a thin well- pressed by the Arrhenius relation Bfy = Dgy exp(—Q;/kT), as
diffusing slab. Because our source condition is close to infinite oneplotted in Fig. 9, wher®g, is the pre-exponential factoRj is the
the Whipple’s solution is used for profile analy$isThe key result  activation energy for grain boundary diffusiokijs the Boltzmann
of Whipple’s solution is constant, and’ is annealing temperature. Also, the temperature de-

.\ -5/3 112 pendence of the lattice diffusivity in W barrier can be expressed by
W) (ﬂ) (1] the Arrhenius relation ob, = Do exp(—Q /kT), whereD,, and
ay®® t Q. are pre-exponential factor and activation energy for lattice dif-
o fusion. The dependency is plotted in Fig. 10. The values of diffu-
whereC = C/C,, C represents the concentration in a section at asivities, pre-exponential factors, and activation energies are summa-
tion, t is the annealing time, andiis the grain boundary widttD, smaller than those in CVD-W fllms, _but the magnltudes_are_ln the
andDg present the diffusion coefficients in the lattice and the grain same order. In addltlon, the activation energy of Cu d'ﬁlé%'%%n in
boundary. Figure 8 displays the concentration profiles obtained frontPuttered W films is somewhat larger than that in CVD-W fifs.
diffusion of Cu in W barriers at various temperatures in the standard _ Similar numerical analysis can be applied to evaluate the effects
coordinates It vs. y°. Based on Eq. 1 and provided thgy is of Cu diffusion in W(N,O) barriers. As mentioned previously,®

K 5D be d ined b . he s ; h plasma treatment causes an amorphous surface layer upon the W
nown, 8D can be determined by measuring the slope from the g, Ths is the case of a semi-infinite medium which has a skin or

. . - N / 3 ) ) ) )

linear region in the IiC vs. Y plots. The value oD, can be found  gyrface layer W(NO), having diffusion properties different from
from the initial part of the concentration profile. Under the assump-i,qse of the rest of the medium (W,0),. The subscripts 1 and 2
tions of a semi-infinite system and constant source at the surface, thg 272

o . S T e . enote the amorphous surface layer and the rest in tkid,Q)
boundary conditions applied to solve Fick’s diffusion equation are barrier. Thus, suppose in the semi-infinite regioh < y’ < o, the

C=C,, y<0, t=0 [2] lattice diffusion coefficient i, in the region—h <y’ < 0, and
the concentration is denoted I8, there, while the corresponding

C=0 y=>0 1t=0 3] quantities iny’ > 0 areD,, andC,. Assume the conditions at the

interfface to be C;=C,, y =0 and D_0C,/ay’

= D,9C,/ay’, y' = 0 the solution to the problem of zero initial

) concentration and the surfagé = —h maintained at constant con-

Dgd = 0.66]( -

An error function solution can be expressed by the equation

C(y, t) = Cserfc [4]  centrationC, is given a$?

y
2Dt

where the error function was fitted to the initial part of the concen- - N (2n + 1)h + y’
tration profiles and extrapolated to zero thickngss 0 in the case C, = ConZO a erfc—\/D_t
of subtracting the grain boundary contribution. The results are B L1
shown in Table II, and the derived valueDf was used to calculate h—vy
: . : (2n+ 1)h —y
dDg. To obtain a valueDg, a grain boundary width must be as- — aerfc (5]
sumed, it is reasonable to assume a width of about two atom layers, 2yD4t
8 =5x 108 cm22
210 13 2
L, 350 D= 1.8310™ (em’s)
D, = 1.28x10" (cm’/s) QL= 0.508 oV
Q=1.6eV
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Figure 9. The Arrhenius plot of the grain boundary diffusivifyg for Cu Figure 10. The Arrhenius plot of the lattice diffusivit{p, for Cu diffusion
diffusion in W films. in W films.
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Figure 11. Penetration plots for Cu diffusion into {M,O) films at various
temperatures dfa) 600, (b) 650, and(c) 700°C. The solid curve is the profile

©

2kCy (2n + 1)h + ky’
Co=— a"erfc———m———
2 k+1 ngo 2D 4t

wherek = D 1/D,, a« = (1 — k)/(1 + k)

The thicknessh of the surface layer \WW,0), is about 3 nm
from high-resolution TEM micrograph. Both diffusion coefficients
can be obtained by numerical calculation. The value®pf and
D, can be roughly estimated from fitting of experimental concen-
tration profiles using an error function solution such as that in Eq. 4.
The estimated values are used as the initial gued3, ofandD,,
and further substituted into the Eq. 5 and 6 to obtain concentrations
C, and C,, respectively. To quickly obtain the numerical conver-
gence, the high order terms are neglected in the Eq. 5 and 6 during
the calculation. It is found that the calculated error is smaller than
10~% asn = 4. The asymptotic solutions of lattice diffusion coeffi-
cients can be obtained by steep-descent method and fitting of the
experimental concentration profile. Figure 11 shows experimental
and calculated concentration profiles. The derived valu& pfand
D, are listed in Table IIl.

Similarly, grain boundary diffusion coefficienBg, in W(N,0),
region can be determined from the derived lattice diffusion coeffi-
cient D, and the slope in I€ vs. y®® plots. Figure 12 displays
experimental concentration profiles for Cu diffusion ifNYO) bar-
riers at various annealing temperatures in the standard coordinates
InCvs. y®®. The derived grain boundary diffusion coefficieftg,
are listed in Table Ill. Table Ill summaries the values of diffusion
coefficients and pre-exponential factors for Cu diffusion ifNAO)
barriers. Other barrier materials in literatures are also listed for
comparisort’*%3: The W(N,O) barrier shows small lattice diffu-
sion coefficients compared toJN, W, and TiB, barriers. The varia-
tion of D, with temperature is slight for the WM,0) barrier, indi-
cating that the W(MO) barrier has better thermal stability.

One significant finding in the present study is that some atomic
nitrogen and oxygen will react with W, segregate at grain boundaries
of W film as impurities, and act as a stuffing agent to block fast
diffusion path during NO plasma treatment. Nitrogen addition will
stuff the grain boundaries of W and nitrify tungsten to form tungsten
nitride, as shown in XPS analyses of Fig. 1c. Similar nitridation
effect had been reported by Hagaial3? A TiN barrier was formed
at the surface of the Ti layer in high-pressure ammonium ambient.
Figure 13 shows cross sections of the interfacial structures of Cu/
W/Si and Cu/WN,0)/Si samples before and after annealing. The
as-deposited W barrier has a columnar grain structure as shown in
Fig. 13a. The failure of W barrier is attributed to the Cu diffusion
through the columnar W to form G8i after annealing at 700°C for
30 min. Grain boundary diffusion coefficients are &510 14

calculated from Eg. 5 and 6.

~ 6.1% 10 cm?/s using Whipple analysis of grain boundary

Table Ill. Summary of the values of diffusivities, and pre-exponential factors for Cu diffusion in W(N,O) films and at various annealing
temperatures. Other barrier materials are also listed for comparison.

D, (cnéls) Dg (cn¥/s) Do (cn¥/s)
Sample T(°C) Dy D, Dgs Dy Dgo (cr/s)
W(N,0) 600 1.17x 10716 1.58x 10716 4.07 X 1074 6.12x 10715 6.43%x 10715 9.28x 10713
650 1.45x 10716 2.04%x 10716 537 X 107
700 1.76 x 10716 2.31x 10716 557 X 10
W,N?* 600 1.15X 107 7.00x 107
700 452x 10716
w30 600 2.4x 10716 1.11x 10713
700 45x% 10716
TiB,%t 500 1.4x 10°%°
600 2.0x 10715
700 53x 1071
800 50x 1014
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9] Conclusion
0 a5 SXC The effecti £ \,0) fi diffusion barriers b
c o Experiment  OO3 e effectiveness o ‘{N% ) films as iffusion barriers between
1 —— Computation ©C3 Cu and Si has been investigated(NWO) films, which have amor-
20+ D,,=2.04x10™ (cm'fsec) phous and nano-grained surface layers, show high thermal stability,
-zs: D,,=5.37x10" (cm/sec) low resistivity, low surface roughness, low tensile stress, and better
] adhesion with Cu. WN,O) barriers show excellent barrier capabili-
30 ties against Cu diffusion. Cu/¥M,0)/n*-p junction diodes retain
00 100106"  20x10"  30x107  4.0x107 leakage current densities less than @@/cm? even after annealing
¥ (¥ In cm) at 600°C. Copper diffusion in W and {N,O) barriers is further
analyzed using the Whipple analysis of grain boundary diffusion and
Fick’s diffusion law. Both lattice and grain boundary diffusivities of
(b) Cu diffusion in W and WN,O) barriers are extracted from the Cu
concentration profiles after annealing the samples at 600—700°C.
0.04 Grain boundary diffusion coefficients of Cu in sputtered W films are
6.5%x 10 ~ 6.1 x 10 '8 cné/s. Relatively low diffusion coeffi-
-0.54 cients are found in \(N,O) barriers because oxidation and nitrida-
tion layers with nano grains are formed at the surface of the stuffed
1.0+ W barriers after NO plasma treatments.
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diffusion. The barrier capability of the W film against Cu diffusion
can be improved by DD plasma treatment. An oxidation and
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