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Stress relaxation in tungsten films by ion irradiation

E. Snoeks,? K. S. Boutros, and J. Barone
Philips Research, Briarcliff Manor, New York 10510

(Received 31 March 1997; accepted for publication 14 May 1997

Tungsten films, grown by plasma-enhanced chemical vapor deposition for very large scale
integration interconnect applications, suffer from a high internal tensile stress that leads to contact
failure. We show with wafer curvature measurements that the stress can be relaxed via viscous flow
at room temperature by irradiating the films with energetic ions after deposition. Transmission
electron microscopy does not indicate significant structural changes in the W films during
irradiation. We varied the irradiation conditioffsom 140 keV B ions to 400 keV P iopsind find

that the flow rate scales with the nuclear stopping power. Similarities and differences with
beam-induced mixing and diffusion are discussed. 197 American Institute of Physics.
[S0003-695(197)04428-9

Tungsten thin films are an alternative solution for a low The layers consist of textured columns; under a certain dif-
resistivity ohmic contact to silicon. Chemical vapor deposi-fraction condition only a few columns light up in this dark-
tion (CVD) or plasma-enhanced CVIPE-CVD) are among field image. The typical diameter of the columns in the W
the commonly used techniques to fabricate these W filfns. film ranges from 50 to 150 nm, as determined by plan-view
A drawback of these techniques is that the resulting W filmsTEM.
often experience internal mechanical stress that may resultin  The wafer curvature was measured before and after the
contact failure and reduction in yield. Developing a tech-W deposition, using a laser deflection apparatBexus
nique to reduce the internal stress in these films will result ifF2418. The amount of wafer bending caused by the W
an improvement of reliability. deposition(measured from the edge to the center of the wa-

lon beam assisted deposition, using ion energies of seyer) was typically about 25um. From this measurement, the
eral hundreds eV, has been used in an attempt to produégtegrgteq in-planfa stress in the W film can be derived using
such low-stress metal filni The success of this technique the biaxial elastic modulus Ysio,=1x10"Pa) and the
has been limited, since an intrinsic stress scaling law seenfbickness and diameter of the substrafne integrated ten-
to exist caused bgtomic peeningwhere an excess of inter- sile stress in our W films at room temperature was about
stitial atoms result in compressive stré§sin the present 88+9 N/m, which corresponds to averagelocal stress of
letter, we report the use of ions at several hundreds kew=(2.6+0.3x10° Pa.
energy to relax the stress in W films after deposition is com- ~ The tungsten layers were then irradiated with 400 keV P,
pleted. This is a®x situbulk treatment, rather than amsitu 200 keV N, or 140 keV B ions. These energies were chosen
surface treatment. lon irradiations in the keV and MeV en-Such that the range plus the ion straggleere about equal
ergy regime have been shown to induce plastic deformatiofP’ €ach ion and corresponded to 80% of the thickness of the
in amorphous covalent materidt& Stress relaxation occured
via Newtonian viscous flow. The same apparent behavior
was found for stress relaxation of Al films on Si©

We now show that intrinsic tensile stress in polycrystal-
line W films decreases exponentially during ion irradiation at
room temperature. The relaxation rate is proportional to the
nuclear stopping, indicating that relaxation is activated by
ballistic interactions in the film. Structural changes upon
stress relief are assessed by transmission electron miscros-
copy (TEM). Comparison with other data on radiation-
induced flow suggests that this is a universal phenomenon.

The W films were deposited on 4-in.-diam quartz wafers
(525 um thick), on which a 5% TiW adhesion layer has first
been sputtered. During PE-CVD of W, via, lHeduction of
WF, the substrates were held at 360 °C. Figu@ $hows a
dark-field cross-sectional TEM micrograph, obtained with a
Philips EM430 microscope operated at 300 kV, of the layers
after deposition. The W and TiW layers can clearly be dis-
tinguished in the image. The thickness of the TiW layer is
0.13 um; the average thickness of the W film is 0.34n.

FIG. 1. Dark-field cross-sectional TEM micrographs of W filtas and (b)
before irradiation andc) after irradiation with 400 keV P to a fluence of
3E|ectronic mail: snoeks@amolf.nl 2.5x 10" cn?.
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~12 , — If we assume that=0 (i.e., no density changgsthe
1.0k ém_ P data from Fig. 2 can be used to estimate the radiation-
o P o | 4 induced viscosity. The solution of E@l) in that case is a
%o.a L\ o o8I ] single exponential function
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h S where o(¢)/ oy is the normalized stress after irradiation to
2 N 0055 0.4 0.8 1.2 0
2 04 Ne Nuclear St. (kev,/nm) fluence, as depicted in Fig. 2. The dashed curve is the best
O ~ . . H 0 11 ]
< - fit of Eq. (2) to the data. Using/\,=57x 10'° Pal! we find
E o2} T~ that 7,4 Of W under P irradiation is (0.960.21)
400 keV P — W Te—l X 10?° Pa ions/crf, (3.7+0.7)X 10?° Pa ions/crA under N
0.0 ! ! ! ! . irradiation, and (7.Z0.7)x 10°° Pa ions/crf for B irradi-
0.0 05 1.0 1.5 2.0 25 30 ated W. Hence, the fluence needed for relaxation increases

14 2
P Fluence (107 /cm®) with decreasing ion mass. This is summarized in the inset in

FIG. 2. Relative stress in the W film as a function of P fluence, measxed Flg' 2, where the fIU|d|t)(|nverse of the eXpenmenta”y de-

situin one film after subsequent irradiations at 400 keV. The initial stress inte_'rmined 77ra§J) IS pIOtte.d %gamSt the maximum 'f]uc'ear stop-
the film was about 2)6 10° Pa tensile. The dashed line is the best exponen-ping power in the W film'® As can be seen, #/,4is close to

tial fit. The inset shows the radiation-induced fluidity glj) of W vs |inear|y proportional to the nuclear stopping power. For the
_nudear stopping power. Data are :_shown_for P, N, and B irradiations, a§ange of ions and energies used, the electronic stopping
indicated. The line shows the best linear fit to the data. power varied much lesérom 1.3 keV/nm for 400 keV P to
0.66 keV/nm for 140 keV B than the nuclear stopping
film. The ion beam current was held below 50 nAfcto  power. We therefore conclude that electronic stopping con-
keep the subtrates at room temperature. At specified ion fluributes much less to the radiation-induced flow process than
ences, the wafer was taken out of the implanter in order teuclear stopping.
measure the wafer curvature, after which it was reloaded in  After the P irradiations were completed, the layer was
the implanter for the irradiation to be resumed. characterized by TEM. The film still consisted of the 50—
Figure 2 shows the normalized stress in the W film mea<150-nm-diam columnar structure, as was observed in Fig.
sured on one single wafer as a function of P irradiation flu-1(a) before irradiation. On smaller length scales, only minor
ence. They axis is normalized to the value found for the changes were observed. Figui®)ishows a dark-field image
as-deposited wafer. The data show an exponential decreaggken in cross section within a column before irradiation, and
of the stress in the W with P fluence. After a fluence of 2.5Fig. 1(c) after irradiation with the same magnification. In
X 10cn? (corresponding to about 0.6 displacements perFig. 1(b), some very small {3 nm) bright reflecting fea-
atom,'? the stress is relaxed to less than 10% of the originatures are seen, which could be defect loops or small crystal-
value. Thermally activated creep processes at room temperfine inclusions or grains. These features are only observed
ture are many orders of magnitude slower than the creepnder specific orientations of the sample. These small bright
rates observed in this ion beam experiment. The experimeréatures could no longer be observed within the columns
was also performed with N and B irradiations. The stress waafter irradiation, as is illustrated in Fig(d. Extended de-
found to decrease exponentially in both cases, similar to Figects (such as dislocations, which may form as a result of
2, with the difference that factors of 3.9 and 8.0 higher ionstress relaxationwere not observed either.
fluences were needed, respectively, to reach the same amount Since the structural changes are only very minor, we
of stress relaxation as shown for P. conclude that the mechanism for stress relaxation is related
There are several possible contributions to in-planeo the point defects within the ion cascade. From that point
stress changes during irradiation, such as density changes, of view, the atomic motion is a result of the defect density
plastic shear deformation. The latter may be characterized iand temperature which increase very briefly and strongly
terms of a radiation-induced viscosft§},if the strain rate is  within a few nm from where an energetic ion penetrates
proportional to the streséNewtonian shear flowwhich is  through the material. The temperature in the collision cas-
indeed the case in Fig. 2. Since the observed stress changecisde may rise many thousands of degrees for a few picosec-
fully beam related, time is replaced by ion fluence, as wasnds, sufficient to cause permanent rearrangement of the
explained in Refs. 7 or 8. Following these references thetoms'?*® This is known to lead to beam-induced mixing
general biaxial stress rate equation is given by and diffusion, of which the rate scales with nuclear energy
deposition if cascades or subcascades do not ovErf4pt®
When a stress field is present in the film, the atomic rear-

S—U:ng( b)— GYW o, (1)  rangement will be biased such that the elastically stored en-

¢ MTrad ergy in the film is lowered. Radiation-induced flow thus
seems to be related to beam-induced diffusion.

where¢ is the ion fluenceyy is the biaxial elastic modulus Based on conceptual similarities and differences be-

of poly crystalline tungsten, ang,,q the radiation-induced tween diffusion and plastic flofr:"*8it is perhaps possible
viscosity; ¢ denotes the sum of strain rates due to phenomto modify well established models for beam-induced
enalike density changes, and may depend on fluence. diffusion**=®in order to describe beam-induced flow. One
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T T T beam-induced diffusivity scales linearly with nuclear stop-
e o Tungsten | ping power in the athermal re_g_ime only, i.e., at irradiation
. A Aluminum temperatures below the transition temperatlire Brong-
\ ersmaet al?° have shown that the temperature dependence
. of 7.aqin SIO,, very similarly, shows a temperature depen-
\ dent and independent regime with~300 K.2° T, is a ma-

) terials parameter which scales with the cohesive enErify.
Using a cohesive energy of 8.7 é{/we find that for tung-
stenT.~830 K. Because this is well above room tempera-
ture, it is expected that our measurements;Qf;in W films
were performed in the temperature-independent regime. To

experimentally study the temperature dependence would be
10" — "";3_1 — ""1'2)0 — "'1'(')1 an interesting next step towards understanding radiation-
Nuclear Stopping (keV/nm) induced flow of W.
In conclusion, the intrinsic stress in PE-CVD W films
FIG. 3. Double log plot ofy4/Y against nuclear stopping power for W can be relaxed at room temperature by ion irradiation. The
(data from this work Al (data from Ref. 7, SiO, (Ref. 8, sodalime-  gtress relaxes via creep or flow in an exponential fashion
borosilicate glasgRef. 8, and amorphous silicofRef. 7). The lines are best L . . .
fits, and both have identical slopes ofL.1. with ion fluence. The relaxation rate scales linearly with the
portion of the stopping that is deposited into atomic colli-
i ) sions. This is consistent with the idea that the relaxation
aspect that has to be taken into account in the case of plastifyenomenon is a ballistic effect, that will occur during irra-

flow is how well a material can elastically accommodate a'%iation with any ion. Based on conceptual similarities with

imposed mechanical strain. To test this idea, we plotte . o
devided by the bielastic constant of the film for different eam-induced diffusion, we speculate that the product of
Tad y beam-induced viscosity and diffusivity is a constant that de-

materials in Fig. 3 as a function of maximum nuclear stop- q terial ¢ h the elasti tant
ping powert® The data points for Wdotg are based on the peg sthon materials parameters such as the efastic constan
and others.
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