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Electromigration of Ag on Au-precovered Si(111) surfaces was investigatad $tu ultrahigh vacuum scanning electron
microscopy ange-probe reflection-high-energy electron diffraction (RHEED). Migration behaviors of a Ag-film patch strongly
depended on Au coveragg, and corresponding surface structures. Whgn< 0.7 monolayer (ML), the patch expanded
preferentially towards the cathode to attain a maximum area in which the sum of Ag and Au coverages were always about 1 ML
irrespective ob,,, resulting in two-dimensional (2D) alloy phases (showiflg x +/3 RHEED patterns) with different Au/Ag
concentration ratios. The largest expansion of the patch area was achievedoB-# (5+/3 x +/3)-Au mixed phase structure
(6au ~ 0.7 ML). However, wherda, > 0.7 ML, the patch expansion was greatly reduced. Especially op& x +/3-Au
surface fay ~ 1.0 ML), the patch showed no directional expansion towards the cathode. But Ag atoms were observed to
migrate inside the patches on all substrates (includingtké x /3-Au surface) to form 3D islands near terrace edges.
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The electromigration on semiconductor surfaces has atents were performed by applying direct current to the sam-
tracted considerable interest over the past decade. It has bpnalong the(110) direction with maintaining the substrate
widely observed in thin metal films® metal islands) Si  temperature constant between 723 K-813 K, at which very lit-
adatom&7'2 and Si microclustet® on Si(111) or Si(001) tle electromigration of Au was expected. The acceleration
substrates, and proved to be an important surface mass travtage of SEM was 30kV and the electron beam diameter
port phenomenon, which is both physically interesting andn the sample surface wa2 nm. The glancing angle of the
technologically important. However, so far, few results haviancident electron beam was about Ifbm the surface, so the
been reported on the migration of metals on differently modsEM images shown here suffer from foreshortening in verti-
ified surfaces or the migration of alloy adsorbates. Sinceal direction.

Au can cause a variety of superstructures on Si(111) sur-Figure 1(a) shows a Ag-film patch of about 5.3 ML thick-
faces upon submonolayer depositiért? and since Au and ness deposited on the cleank77 surface at RT, exhibiting

Ag move in opposite directions due to electromigration oparallel step bunches (where about 40 bilayer steps are accu-
a clean Si(111) surfade,it will be instructive to observe mulated) with about 1@m spacing. Figure 1(b) was taken
the Ag migration on Au-precovered Si surfaces with variouafter feeding a current of 0.42 A for 10 min at 813 K, showing
Au coverages for the purpose of understanding the mechapreferential spread of the patch towards the cathode. White
nism of electromigration. In this paper, we investigate tharrowheads shown in the images can be used as markers for
migration by means of-situ scanning electron microscopy evaluating the migration of the patch. Figures 1(c) and 1(e)
(SEM) andu-probe reflection-high-energy electron diffrac-depict as-deposited Ag patches on a mixed phase<a?-#u

tion (RHEED). anda-+/3 x +/3-Au (Au coveragéa, ~ 0.71 ML) (abbre-

The experiments were carried out in an ultrahigh vacuuwiated to (5x 2 + «-+/3) hereafter, similarly use fg8-+/3),
chamber equipped with a Hitachi S-4200 field emission SEMnd on a single phase gf+/3 (6au ~ 1.0 ML) at RT, respec-
column andu-probe RHEED. The base pressure in the chantively, and 1(d) and 1(f) are the images after current stressing.
ber was 2« 10~8 Pa, and during deposition it was maintainedrhe patch spreads anisotropically on thex(8+ a-+/3) sub-
below 1x 107 Pa. The substrate (164 x 0.4mn? in size) strate as on the ¥ 7 substrate, while the patch on the/3
was cut from am-type Si(111) wafer (50-10Q-cm), withits  substrate shows no spreading even with much longer current-
longer side parallel to the10) direction. After flash cleaning stressing duration.
at 1473K for 1 min and annealing around 1073 K for 3min The electromigration of Au on a clean Si(111) surface has
by passing direct current through the substrate, a clearY7 been reported by two groups of researchersThough the
surface was obtained. Current direction was always selectgdneral features of the migrations are similar to each other,
to obtain a step-bunched surface. First, a controlled amouthiere is a controversial issue between them. Yasunaga and
of Au was deposited from an alumina-coated tungsten baskeatori’s study by scanning Auger microscdpghows that di-
onto the entire Si surface at a substrate temperature of 873#ctional migration starts at 1.0 ML Au coverage{/3 struc-
to prepare the Au-induced surface superstructures. Then Age). However, the result obtained by Yagial by reflec-
of 5.340.5 monolayer (ML) thickness was deposited througltion electron microscopy observati®rndicates that the di-

a Mo mask (with a rectangular window whose width wasectional movement can take place only after Au coverage is
150m) onto a central part of the Si surface at room temreduced below 0.76 ML (5 2 domains occur), and Au atoms
perature (RT) to fabricate a Ag-film patch. One ML corre-on they/3 structure do not show electromigration, which is at-
sponds to B x 10“atoms/cri. Electromigration measure- tributed to the difference in electronic states betweenBe

and 5x 2 structures. Our present result of Ag migration on
*Corresponding author. E-mail address: shuji@surface.phys.s.u-tokyo.actfpe Au-precovered Si surface, in some respects, corresponds
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Fig. 1. SEM images showing Ag film patches (a) (c) (e) before and (b) (d) (f) after electromigration (a) (b) on the gl§asurface
(6au = O ML) with 0.42 A for 10 min, (c) (d) on the (5 2 + a-\/é) surface §ay = 0.71 ML) with 0.35 A for 5min, and (e) (f) on

the 8-+/3 surface §a, = 1.0 ML) with 0.35 A for 15.5min, at 813 K. Arrowheads in the respective images are characteristic defects
used for markers.
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Fig. 2.

0.5min at 673K, (b) its magnified image, (c) and (d) after current stressing for 2 and 10 min, respectively. Similar observations on

the (€) 7x 7 (for 1 min), () 7x 7 + 5 x 2 (for 0.5min), and (g)8-+/3 surfaces (for 28 min). The current is fed from the right to left
in the images.

(a) SEM images showing 3D islands formed inside the patches during current stressing om the-(&-+/3) substrate for

to that of Yagiet al of the original Ag patch, and not in the extended area of the
Figure 2(a) is an SEM image of the Ag patch during curpatch as seen in Fig. 2(a). Flat and tall islands are observed to
rent stressing on the 62+ a-+/3) substrate, and Fig. 2(b) is coexist. Figures 2(c) and 2(d) show images taken after longer
its magnified image showing three-dimensional (3D) islandduration of current stressing than in Fig. 2(b). It is noted
inside the patch area appearing by current stressing (and tieat with extension of current-stressing time, the islands grow
sultant heating). These 3D islands appeared only in the ard@ager and accumulate only near the upper sides of bunched
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steps. Flat islands tend to disappear and tall islands remair 5§00 v T v T
in the later stages. These tall islands also disappeared com I (a)
pletely by further current stressing. 813 K
Figure 2(e)—2(g) show 3D islands on the other substrates. ~ 400
Their shapes and distributions seem similar to each other. €
Therefore, it is suggested that, by considering that the 3D is- 3 300}
lands formed on the % 7 substrate without Au in Fig. 2(e)
are composed of Ag only, the islands on the other substrates Q & 75
are also Ag islands, not Ag—Au alloy ones. On the other hand, & 200 TX7 + 5%2
round-shaped islands without flat tops appeared when Au of -2
monolayer regimes was deposited on top of {&x +/3-Ag Q
surface following annealing (not shown here), indicating that 100 a-+3
these islands were presumably of Au—Ag alloy, which could
be distinguished from the islands observed in Fig. 2. Behavior
of the islands shown in Figs. 2(e)—2(g) with current stressing 0 50 100 150
was also observed to be similar to the case of Figs. 2(c) and
2(d). When the current was applied in a step-up (step-down) (b) T T
direction, the islands were accumulated at the lower side (up- 763 K 52 +a—y 3
per side) of the bunched steps on every substrate. Since the [
bunched steps are not only barriers against migration but alsc_-_ 7X7 + §%2
favorable desorption sites for Ag atoms, it is reasonable to £ 200}
assume that Ag atoms migrate on terraces to be accumu- &
lated near step bunches, resulting in an increase in density
of the Ag atoms beyond the supersaturation density to form ©
the 3D islands. It should be noted here that although no direc-
tional spread of the patch was observed orghg3 substrate
(Fig. 1(f), Ag atoms migrate towards the cathode within the
patch to be accumulated into the 3D islands on the substrate
(Fig. 2(g)). However, these Ag atoms do not contribute to
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the patch expansion, rather desorb from (or diffuse into) the
substrate. P ( : 0 S0 100 150
Figure 3 shows the migration distance of the front edge 200 T T v T
of the patch towards the cathode as a function of current- (C)
stressing duration at different temperatures, measured from [ 723 K 7x7 + 5x2

the SEM images like those of Fig. 1 on different substrates. 150
Figure 3(a) clearly indicates that the migration markedly de-
pends on the substrate surface structure. Compared with tha
on the 7x 7 clean substrate, the Ag migration is enhanced ~
on the 5x 2 and (5x 2 + a-+/3) substratesdf, is less than
~0.71 ML), but suppressed on the and -/3 substrates
(fau is above~0.8 ML). The patch exhibits the largest migra-
tion on the (5x 2 + a-+/3) substratedy, ~ 0.71 ML), while
the migration distance is the smallest on fhe/3 surface. By
comparing the migration distance of the patch at both the an-
ode and cathode sides on the\/3 substrate, we confirmed 0 \ \ .
that the patch extended equally to both sides during current 0 50 100 150
application, indicating only isotropic thermal diffusion. It ) .
should be noted that although the maximum migration dis- Time (min)
tances are enhanced on the substratés,ok 0.71 ML, their g 3 wmigration distance of the front edge of the patch on different sub-
initial speed of migration is suppressed compared with that onstrates as a function of duration of current stressing at (a) 813K, (b) 763K,
the 7x 7 substrate. Figures 3(b) and 3(c) show the results ofand (t_:) 723 K. Au coverages and corresponding superstructures on the re-
similar observations at 763K and 723K which only involve 57" isgzztmfs(swfgéf;)\é) 2’%'#&??; j’é)x vl
three kinds of substrate structures. (B-v/3) ~ LOML.

Expansion of the patch area by current stressing was mea-
sured from SEM images on the different substrates at 813 K.
The results are summarized in Fig. 4(a) as a function of treich cases, the area ratios when the patch reached its max-
precovered Au coverage, in which the ratios between thewum were also measured, and are presented with solid cir-
patch area after 3D islands apparently disappear and thatatés on a dashed line in Fig. 4(a). An obvious trend is that
the original Ag patch are presented on a solid line with solithe patch expands to the maximumdgt ~ 0.7 ML (on the
squares. On some surfaces, the patch still continued to €%-x 2 + «-+/3) substrate). On the other hand, Ag cannot
pand even after the 3D islands apparently disappeared. dffectively spread with higher Au coverage.
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atfa, > 0.8ML. The sums obag andba, coverage in the
After 3D islands (a) patches on the respective substrates are also shown by solid
disappeared circles in Fig. 4(b). It is noticed that, up i, ~ 0.7 ML,

the sums of Au and Ag coverages in the respective patches
are always around 1 ML. Therefore we can say that the final
patches attained after current feeding (and resulting heating)
are 2D alloy phases with different Ag/Au concentration ra-
tios under a condition ofay + ag = 1ML. The 2D alloy
phase formation with this rule has been already reported dur-
ing thermal desorption of Ag from the (AtAg) co-adsorbed
Si(111) surface$® However, in case ofx, > 0.8 ML, this

rule does not seem to apply. However, the above-mentioned
estimates oflag are based on an assumption that no Ag atoms
desorb from (or diffuse into) the substrate, which may not
be true especially for the substratesfgf > 0.8 ML. This

is because, as seen in Fig. 3(a), the patch orBtké3 sub-
strate apparently shrank, meaning that Ag atoms disappeared
form the substrate surface region during the current stress-
ing. Therefore, we speculate that actual Ag coverages on the
substrates of, > 0.8 ML are much lower than those esti-
mated in Fig. 4(b), suggesting an application of the condition
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of the area measured at the time when 3D islands apparently disappeared+= L5
while solid circles on a dashed line show the expansion when the patch
area reached its maximum, which nearly coincides with the solid line data
except on the 5 2 and (5x 2 + a-+/3 x +/3) surfaces (b) Ag coverages

Oag (open circles) and sums of Ag and Au coverages (solid circles) in the
final patches after current stressing on the respective substrates are show
as a function of the precovered Au coverage.
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The patches after attaining the maximum spread alwaysg 35 f (b)
showedv/3 x +/3 RHEED patterns, irrespective of Au cov- ~_ |
erages, which are, however, different in spot intensity dis- _< 3 |
tribution from the+/3 x +/3 phase with Ag only (so-called Y -
honeycomb-chained triangle (HCT) structd®é’) Hence, ¥25 | I\
it can be said that the patches after spreading are two-® 2 b

\On BGX2+a-v3)

dimensional (2D) alloy phase of Ag and Au. o \

Now, let us estimate the concentrations of Ag and Auin & 1.5 | N
the 2D phase of the respective patches. The average Ag? \¥ i
coveragefng over the patch decreases with its expansion 8 1 On (TX7+5%2)
while 6a, remains constant. Since, on thex77 substrate 3 5 f
(6au = 0 ML), the final patch is composed of 1 ML Ag, show- & -
ing the/3 x ~/3-Ag phase of the HCT structure, theaverage & o b ... 1. 1 1. 1.,
Ag coverages in the patches on the other substrates can be e: 700 720 740 760 780 800 820
timated by comparing the respective area expansions with that Temperature (K)

on the 7x 7 SUbStrateZ The Ag C.O\/erag & thus esﬂmatgd Fig. 5. (a) Concentration ratiagkg/6au, and (b) sums ofag andfay in
are shown by open circles in F'Q-.4_(b§Ag dgcreases With  the respective final patches after electromigration on the {7+ 5 x 2)
Oau Up t00ay ~ 0.7 ML, although it is considerably larger and (5x 2 + «-+/3) substrates at differentsubstrate temperatures.
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(7x 7+5x 2) surfacefa, ~ 0.36 ML), a Ag-rich alloy phase all substrates shown here are similar to each otkérgeV),
(Bag/6au ~ 2—-25) is formed irrespective of the temperaturewhile pre-exponential factors are reduced for the Au-adsorbed
while on the (5x 2 + a-+/3) surface §a, ~ 0.71 ML), the substrates.
Ag-rich alloy phase at 723K is transformed into a Au-rich In summary, apparent differences in spreading of the Ag
phase €aq/0as ~ 0.5) at higher temperatures. However, apatches are systematically understood by considering the fi-
higher temperatures, both substrates give the patches of @&l 2D alloy phases characterized by a rule for concentrations
alloy phase characterized By, + 6oy = 1ML as shown in 6ay + 6ag = 1 ML, though behaviors of migration and des-
Fig. 5(b). Thus the final patches are composed of character@ption from (diffusion into) the substrates are modified by
tic 2D alloy phases, which is the reason for different spreadirtbe precovered Au.
ability of the Ag patch on different substrates as observed in This work has been supported in part by a Grant-in-Aid
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