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We have investigated the growth of 3 monolayévi.) of Ag on Cu111) for substrate temperatures from
170 through 640 K by using time of flight-impact collision ion scattering spectros€bpy-ICISS. Also,
scanning tunneling microscogsTM) topographs were taken after the deposition of 0.8 ML of Ag atoms at
room temperaturéRT). We observed that for deposition of Ag at substrate temperatures above 300 K, two
different types of epitaxial growth exist: Ag12]ICU 112] (typen) and Ad112]ICu112] (typet). The
growth modes of the Ag thin films on CLL1) surfaces depend strongly on the temperature during deposition
with the Ag(111) planes having a preferred orientation of either typgrowth mode or type-growth mode as
a function of the Cu substrate temperature. A part of the first-layer Cu g&08s of the surfaceis displaced
at low Ag coverage, where the stacking changes abruptly from fcc to hcp sites because of the Ag atom
deposition at 603 K. The STM image of the Ag coverage of 0.8 ML showed a periodic array of triangular
misfit dislocation loops at the deposition temperature of RT. The triangular shape in a localized region where
the stacking{Ag—Cu (A)—Cu (B)—Cu (C)} is replaced by{Ag—Cu (C)—Cu (B)—Cu (C)} in the first
substrate plane. At 603 K, surface alloying of the Ag—Cu system was confirmed for Ag coverage below 0.15
ML. The experimental results concerning Ag{Clil) show many similarities to those in the previous study of
Au/Ni(111). This would suggest that observed oscillations in the growth mode, dependent on the substrate
temperature during deposition, may be a general phenomenon on solid surfaces, in cases of large misfit since
it has now been seen for both Au(lill) and Ag/Cy111) systems. Furthermore, Cu atoms deposited on the
Ag/Cu(111) system form islands with the same orientation of Xbl) planes. The Cu atoms undergo surface
diffusion at room temperature in the direction of typedomains for both type-and typen modes Ag

substrates.
DOI: 10.1103/PhysRevB.63.035402 PACS nunier68.35.Bs, 81.15:z
I. INTRODUCTION immiscible in the bul The Ag/Cy111) combination has a

large lattice mismatckl3%); the nearest neighbor distances

In recent years, considerable progress has been achievefl bulk Ag(111) and Cy111) are 2.89 A and 2.56 A,
in the understanding of how atomic processes contribute teespectively* The Ag/Cy111) system is very similar to the
thin film growth. Understanding and controlling growth mor- Au/Ni(111) system. The lattice mismatch between Au and Ni
phologies requires detailed knowledge of microscopic prois 16%; the nearest neighbor distances of bulk1Au) and
cesses for both fundamental and technological reasons. RRi(111) are 2.88 A and 2.49 A, respectively. Elemental
cent advances in epitaxial growth techniques have greatlk ,_Ni is also immiscible in the bulk. In both cases, low
expanded our capabilities to grow artificially structured Ma-gnergy electron diffractiofLEED) patterns display (8 9)
tenials, which can not be found in na’;drEpit_axiaI growth  ictures at a coverage of 1 ML/ The (9x9) structure is
can produce films with significant strain, or, in some cases, %xplained considering the bulk lattice parameter of deposited

crystal lattice structure different from the bulk material. Es- )
. ) X ; . and substrate atoms. The lattice parameters are almost com-
pecially, heteroepitaxy often involves lattice mismatch be-

tween the deposited film and the substrate that will producénensurate with the.ratlazl(Ag)/d(C.:u) and d(Au)/d(Ni)

strain at the interface between the deposited film and thglose to 978, respectlyely. In such |ncom.r.nens,,,ura'1te systems,

substrate. It is also well known that different growth modesany atoms occupy “less favorable positions” with respect

can result from changes in the substrate temperature as wéfl the substrate, and one can expect a strong process of re-

as the deposition rafe. laxation. In a previous study, we investigated the surface
Large difference in the lattice spacing between the deposftructure and metal epitaxy for the Au(ill) system by

and the substrate tends to lead to an overlayer of uniquésing impact collision ion scattering spectroscdfiSs).”

structure. The Ag/C11) system can be considered as rep-We showed that two simple, symmetric growth modes domi-

resentative of the case: a large deposition atom and smafiate the ordered heteroepitaxy and the relative abundance of

substrate atom for two species which are almost completelthese two modes exhibits a striking and previously unob-
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served oscillatory dependence on the substrate temperatuising AES and ICISS. The clean crystal showed a sharp
\ itory aep > p g
during deposition. The deposition of Au on (i1 gave unreconstructed X1 LEED pattern. We also used ICISS
new insight on _meta_tl/metal heteroepitaxy growth mechameasurements to ensure that the Cu crystal is not twinned.
nisms. As a continuation of that woflwe now report on and  Twinning is easily seen in ICISS polar scans. After deposit-
discuss in detail the heteroepitaxial growth behavior for Aging Ag at a coverage of about 1.0 ML at RT, the LEED
films [~3 monolayers(ML)] on Cu11l) surfaces using pattern displayed a9 LEED pattern with respect to the
time-of-flight impact collision ion beam scattering spectros-ynderlying Cu lattice. The sample temperature was moni-
copy (TOF-ICISS. In addition, scanning tunneling micros- (oreq using a chromel-alumel thermocouple tightly attached
copy (STM) images were obtained for the Ag/l1) Sys- o the front side of the a1l sample. Ag of 99.999%
:em aftetr thsTdeposmon of 0.8 ML Ag atoms at room purity was evaporated at a rate of about 0.1 ML/min onto the
empera WE( )- . . ... Cu(11)) crystal to a coverage of 3 ML at various substrate

Low kiloelectron-volt energy ion beam scattering with
. . o . temperatures from 170 through 640 K. The ICISS spectra
time-of-flight (TOF) detection is well established for analyz- . ! 4

oere taken by chopping the primary 2-kéNe' ion beam

ing both the atomic composition and the surface structure . s o :
single crystald. The STM technique provides an unprec- and measuring the 180° backward scattered particle intensity
plate(MCP) that was coaxially

edented microscopic view of activated processes taking plac¥ith @ microchannel _ . _
on surfaces. In many ways, the TOF-ICISS and the sTMMounted along the primary drift tube. Following Ag deposi-

measurements are complementary in studies of the topmogpn at specified substrate temperatures, the ICISS measure-
layers of simple crystals and thin film heteroepitaxy systemsments were performed at a substrate temperature of about
Both methods reveal new aspects in the adsorbate systep®0 K. Ag and Cu TOF spectra were well resolved as a
Ag/Cu(111). The experimental results for Ag/Cill) show function of Ag coverage. Polar scans were performed from
many similarities to those of the previous study of —85° to+85° in 2° increments with a pulsed beam current
Au/Ni(1112).”8 This indicates that the remarkable oscillatory of 3~5 pA. Azimuth scans were performed from72° to
dependence of the growth mode on substrate temperatures72° in 3° increments as well. The time required for a com-
observed for Au/Nil11) is not confined to that system but is plete scan was typically 40 min, resulting in a total dose of
more general, since it is present for both the A@INI) and  ~5x 10%ions/cn?.

Ag/Cu(11)) systems. The STM experiments were carried out in an ultrahigh

_ Furthermore, the surface structures of Cg/Ag.superIattiCQacuum chamber at Toyota Technological Instittftahe
films are also of fundamental and technological interest. Wgyase pressure was maintained belowk I 8Pa. The
have investigated the surface structures of Cu/A¢ICL Cu(11) single crystal used was 2 ma¥ mmx 1 mm thick-

systems with IhC ISfS : hCu atom dsﬁwere dep(()jsited fonhsamp}q,?ess and was clean@tsitu by repeated cycles of 1-keV Ar

exhibiting each of the two different modes of t e_Ag Pombardment followed by annealing at 780 °C until clean
Cu(11]) systems at RT. One was a preferreq orientation %L urfaces were confirmed by STM observations at room tem-
type+, and the other was a preferred orientation of type- perature. Ag of 99.999% purity was evaporated at a rate of

In addition, the experimental values of the incident ion 5 .
scattering critical angle, defined as the angle where the in@bOUt 2.X10"“ML/min onto the Cy{111) crystal to a cov-

tensity curve attains the 70% maximtfhas been used to erage of 3 ML at about 300 K. The STM observations were

investigate the out-of-plane displacement of Ag adatoms dperformed at room temperature for various coverages by us-
low coverage. A Thomas-Fermi-Motie (TFM) potential "9 electrochemically sharpened tungsten tips. I_:or both
was used with the screening length proposed by Fitsd%. ICISS and STM measurements, the Ag evaporation rates
The factor used for the Firsov length were taken as 0.85 fowere verified by Rutherford backscattering spectroscopy
Ag atoms and 0.75 for Cu atoms in the computer simulationéRBS) measurements using 2-Me¥ie™ ions produced by a
analysis®® 4 MV Dynamitoron accelerator facility at State University of
New York at Albany. A silicon surface barrier detector
(SSBD with a 31.1 m sr. solid angle was located at 164°
from the incident beam for these measurements. A coverage
of 1 ML corresponds to the QuLll) surface density of

Two different experimental procedures, TOF-ICISS andl.77x 10" atoms/cr.
STM, were used. The experimental technique for TOF-ICISS In a separate series of measurements, Cu atoms were de-
has been described in detail in previous publicatfoi{s®>  posited on two different kinds of Ag/Qi11) surfaces at RT.
An outline is given in this report. The experimental proce-One Ag111) structure had a preferred orientation of type-
dures described here were performed in an ultrahigh vacuumnd the other type: The typer structure was produced by
chamber with LEED Auger electron spectroscoES), depositing 3 ML of Ag atoms on the Cll1) substrate at
and TOF-ICISS facilities. The base pressure was maintaine803 K. The typen structure was produced with the same Ag
below 5x10 °Pa. A Cuy11ll) (¢=15mmx1mm thick- coverage on the Glill) substrate at 563 K. As will be
nes$ single crystal was mounted on a standayd manipu-  shown, these conditions correspond to maxima of typad
lator and cleane¢h situ by repeated cycles of 500-eV Ar type-n orientations, respectively. The evaporation rate of Cu
bombardment followed by annealing at 770 °C to remove theatoms was 1.510 >ML/min in the system of Cu/Ag/
surface damage until no contamination could be detected b@u(111).

Il. EXPERIMENTAL PROCEDURES
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FIG. 1. ICISS peak intensities as a function of Ag evaporation
time at specific polar angles 6f68° and 0°. The ICISS intensities
were taken by 2-keV'Ne' ions backscattered from the sample

along a[112] azimuth.

Ag intensity(arb. units)

Ill. RESULTS AND DISCUSSION

TR T S T N T T T N A S B

A. Growth mode dependence on substrate temperature during
deposition for Ag/Cu(111)

It is well known that heteroepitaxial growth mode of thin
films on solid surfaces can be classified into three different
types: Volmer-WebefVM) mode (island growth, Frank—
van der Merwe(FM) mode (layer-by-layer growth and
Stranski-KrastanoySK) mode (layet-island growth). Mul-
tiple scattering effects of low energy ion beams are particu-
larly pronounced in TOF-ICISS, giving rise to focusing ef-
fects in which the flux density of primary beams impinging
on an atom is strongly enhanced at several specific angles of
the incident ion beams. Flux enhancement due to focusing Polar angle(deg.)
effects can be applied for atomic structure analysis of the
topmost surface layers. When the direction of the incident FIG. 2. A series of TOF-ICISS polar scans for 2-ké¥e" ions
ion beam is fixed at a focusing angle for the epitaxial over-backscattered from Ag atoms at coverage of 3 ML alord £2]
layers, the rate of change of the scattered signal intensitgzimuth following Ag deposition at different substrate tempera-
changes at the completion of each two-dimensioi2) tures. The polar angle was measured from the surface of the speci-
layer coverage. Focusing effects are strongest when the ovePen- As discussed in the text, (@ a normal growth modétypen)
layer has the same crystallographic orientation as the suli dominant and irib) a reverse growth mode is dominaiyper).
strate. Conversely, such effects are small or absent for disoF—he two growth modes are equally populatedan
dered or amorphous overlayers. Figure 1 shows ICISS peak
intensity as a function of Ag evaporation time for the specificcovered by 1.0 ML of Ag atoms. The features shown in Fig.
polar angles of-68° and 0°. The break points of Ag inten- 1 were found to be reproducible over many experiments.
sities at 0° appears at about every 10 mi=(L), which Figure 2 sﬂows a typical series of ICISS polar angle scans
corresponds to the time necessary to deposit one ML. Thialong the[ 112] azimuths for 2-keV2°Ne" scattered from 3
clearly shows that the growth occurs in a FM mode fashiorML of Ag atoms deposited at different substrate tempera-
up to at least five layers. Meanwhile, the slope of the Cuures onto C(L11). In Fig. 2a) the Ag intensity at around
intensity also changes at the same covergge deposition —25° is strong, and the Ag intensity at25° is weak,
time of 10 min. This is shown for polar angles of 0° and whereas Fig. @) shows the opposite behavior. In Figcp
—68°, respectively. The ICISS intensities at a polar angle othe Ag intensity is symmetric around the polar angle of 0°.
—68° come from the outermost layer of Ag and Cu atomsThese results clearly show that the spectra of the polar angle
due to focusing effects. The polar angle of 0° corresponds tgcans change remarkably depending on the substrate tem-
primary beams which perpendicularly strike the sample surperature during Ag deposition. In each case the ICISS mea-
face as shown in the insert of Fig. 1. The Cu ICISS signakurements were made at RT. This result is very similar to
going to zero at this angle at the deposition time of 10 minthat found previously for the Au/N111) systenf As dis-
shows that the topmost layer of Cu atoms were completelgussed in detail for the Au/li11) system, peaks in the polar
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FIG. 4. Open circles show the TOF-ICISS polar scans for 2-keV
20Ne' ions backscattered from Ag atoms at coverage of 3 ML along
- - - a[112] azimuth. The Ag deposition onto CLL1) sample was car-

(B) Reverse: Ag(111)[112)//Cu(111)[112] ried out at 320 K. Computer simulations of the backscattered inten-
] ) o sity are shown as solid and dashed curves. The ratio of hype-

FIG. 3. Side view of Agl11) planes for heteroepitaxial growth typer was chosen to be 23% and 77% for the simulations. The

on Cu1ll substrates(A) and (B) show typen and typer d?‘ solid line shown by the symbol of “sum” is the total calculated

mains, iespectiveﬂ/. The symp_ols “a” "b,” C “d,” “sp; intensities from first through third layers of Ag atoms. The symbol
“a,” “c,” and “d"” show positions where focusing effects are “1aln,r” shows the calculated intensities coming from first-layer
expected to appear for the two different domain types. Ag atoms. The symbols “1a2n” and “1a2r” show the calculated

intensities coming from second-layer Ag atoms of typend

scan are associated with scattering from atoms at specifigper, respectively. The symbols “1a3n” and “1a3r” show the
depths for beams incident in different directions as indicate@alculated intensities coming from third-layer Ag atoms of type-
schematically in Fig. 3 for two different growth modes. and typer, respectively.
When the two modes are present in equal amounts the polar
scan is symmetric around the polar angle of 0° as shown ig@ngles. For example, the arrow labeled “b” indicates that
Fig. 2(c). the incident beam hits the atoms perpendicular to the sample

The ICISS polar scan spectra result from both interactiorpurface. It corresponds to the polar angle of 0° in Figs. 2 and
of an atom with the enhanced flux at the edge of a shado#. We divide the observed peaks shown in Figs. 2 and 4 into
cone of another atom and from the enhanced flux at the edd®© groups: one group labeled a, b, ¢, d, and sp, and another
of a blocking cone. Therefore, if the flux at the edge of eachs, b, ¢ d, and sp as shown in Fig. 3. The first group is called
shadow and blocking cone in a particular model of surfacghe normal growth modéype) and the second is called the
structure is calculated, the ICISS polar scan spectra can breverse growth modéype+) with respect to the substrate
constructed by assuming the flux distribution from each atonCu atoms. Simulations were performed depending on the ra-
pair that contribute to the particular model of surface structio between the normal and reverse modes as shown in Fig.
ture. From simulation calculations we can explain all of the4. Circles, solid lines, and dotted lines show the experimental
observed peaks in scattering of 2-ké¥Ne* beams for the results and simulation results, respectively. Simulation re-
Ag atoms in several specific incident directions. The simulasults for the spectrum shown in Fig. 4 show that for this case,
tions are based on the three-dimensional cross section fohe typen versus typa-mode abundances are 23% and 77%,
ions that scatter sequentially and classically from two atomstespectively, at 320 K. We call attention to the Ag signals at

Figure 3 shows side views of two different types of =25°. Because the Ag signals at25° mainly come from
Ag(111) epitaxial growth mode on G@1l) substrates, e.g., scattering from the second layer of Ag atoms, either type-
Ag[llf]llCL[llE] (normal: typen) and Ag[llZ]llCL[llE] or typet, e.g., plus scattering from the first layer of Ag at-
(reverse: type). That is to say, the typa{film has a parallel  ©MmS. However, the signal intensity from the first layer of Ag
orientation with respect to the Cu substrate, but the type-atoms is flat for all samples and merely provides a flat back-
film has an antiparallel orientatiofa lattice orientation ro- ground in the spectra. Other peak signals labeletid¢and
tated 1807 with respect to the Cu substrate. In these figures;'c +d” come from the sum of the second and third layers of
arrows show the directions of incident beams at particulang atoms. In particular, for these peaks, focusing effects

035402-4



Ag/Cu(111) SURFACE STRUCTURE AND META . .. PHYSICAL REVIEW B 63 035402

1 ————rr———— LI N SN R B B B I I S B B B B R —

g %\ ) T (a) Ag 2keV —> Ag/Cu(111l) T=320K T

| 't I | :

—~ 08[ . | : 2l / K 3.0ML : ]

s ' H T \ ' ]

! £ - 4

£ 1 4 5[ ]

< 0.6 i Reverse ] E: i ‘ ]

: % i 1

.én 04 | Normal 1 _i _— __

s <t 1 4

: Mﬂ L _
o \

< 02} \ i i i

0 P T Tt 1 PR S SR T N T TR T S N S
100 200 300 400 500 600 700
Substrate temperature(K)

FIG. 5. Variation of growth ratio for type-and typer Ag
growth modes as a function of growth temperature during Ag depo-
sition.
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coming from the third layer of Ag atoms are especially
strong. In practice, the second layer of Ag atoms shows the
orientation as a function of the Cu substrate temperature dur-
ing Ag deposition. The experimental polar scans were fitted
with linear combination of simulated scans for the two
growth modes. The fits show that there are no other signifi- Polar angle(deg.)
cant overlayer structures present. , —

The ratio of each mode determined from these fits as a_.'C: 6 A series of TOF-ICISS polar scans along {1d2]
function of substrate temperature during the Ag deposition i&2Muth for various times of Ag deposition on a(Ci) sample at

A L S . 03 K (a) Ag intensity andb) Cu intensity are shown as a function
shown in Fig. 5. This figure shows strong oscillations in the - .
of the polar angle of incidence of 2-keV Néons.

growth mode, dependent on the substrate temperature. One
can see that Ad.11) planes grow as mixed domain of 50%
each of typea and typer at specific growth temperatures of the initial stage of Ag growth can be seen from signal peaks
500 and 580 K. The ICISS spectra of polar angle scans werdt about=32°, since they exhibit the feature signals coming
identical at these temperatures to that already shown in Fidrom two domains. As shown in Figs. 3 and 4, the peaks at
2(c). Between 380-500 K and-580 K, Ag111) planes +32° come from Ne scattered at the specific incident angles
grown on the substrate have a preferred orientation of type-of ¢ and d(type). The peaks at-32° in Fig. §a) come
domains. On the other hand, between 500-580 K, the lype-from Ne scattered at the incident angles @zl d As noted
domains are preferred as a growth mode. After 3 ML of Agpreviously, first-layer Ag atoms do not show either typer
atoms were grown with a preferred orientation at a certairtype+ difference. The intensity of Cu signals for each polar
substrate temperature, the ratio of growth mode was frozeangle scan becomes weaker with increasing amount of Ag
and independent of subsequent changes in substrate tempedaposition as shown in Fig.(). However, a peak arising
tures. This oscillation behavior is quite similar to that in thefrom scattering of Ne from Cu at about32° is observable

Au/Ni(111) systenf The mechanism underlying this dra- with Ag evaporation. No peak at32° along the 112] azi-
matic oscillation behavior is not understood. However, it ismuth was observed from a clean @u1) sample, as shown
sufficiently general to encompass AgiCLl) and Au/ i Fig. 7. Simulation analysis suggests that some of the first-
Ni(111) and may also apply to other systems as well. layer Cu atoms were moved and localized in part of the
surface where the stacking changed abruptly from ABC to
ABA (hcp sites: corresponding to 1.4 A displacemeiihe
peak signals at about32° for both 320 and 560 K show that
first-layer substrate Cu atoms shifted from fcc to hcp sites
Figure 6 shows a series of ICISS polar angle scans for Ngue to the Ag atom deposition allowing second-layer Cu
scattered from Ag and Cu atoms along [Aé2] azimuth for ~ atoms to contribute to the scattering at this specific polar
various deposition times of Ag on a (il1) sample up to 3 angle due to focusing effects. This peak-aB2° was not
ML at 320 K. The characteristics of two different domains in observed for a clean €il1) surface. However, one can

B. Adatom-induced reconstruction of the Cu substrate
for Ag/Cu(11)) at low coverage
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FIG. 7. Cu intensity taken at RT as a function of polar angle
along the[ 112] azimuth after depositing 1 ML of Ag at substrate
temperature of 175, 320, and 560 K. In addition, clear1CW)
signals were taken at RT. Hatched areas-a2° and—32° mainly
come from second-layer Cu atoms. In particular, peak signals at

l
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\/] Vs,

—32° are due to stacking changes from fcc to hcp sites in first-layer e
Cu atoms. Dashed lines show the Cu intensity expected from scat- 0 10 20 30 40
tering from first-layer Cu atoms. Scan distance (A)

hat th . it wh FIG. 8. STM image (1230 A 1230A) after deposition of 0.8
see that the Cu intensity when covered by 1 ML of Ag at 175 Ag at RT revealing a network of triangles. The line scans

K at —32° has the same height as that of cleatl@@). This  jyicated by a white line show the details of the atomic corrugation
suggests that local stacking faults due to shifting of surfacey, 5 triangle.

layer Cu atoms do not take place on a coldTli) surface
(T=175 K). _

The number of Cu atoms shifted from face-centered-cubid@Yer- The squeezed-out Ni atoms from the top substrate al-
(fce) to hexagonal-close-packehicp sites at 320 and 560 K low some substrate Ni atqms to s_hn‘t from fcc to hcp sites,
can be estimated by comparison of the signal ateatched and Au atoms are then situated in the center of triangular
areas at about+32° and—32°. The Cu signal intensities at Structures. A single monolayer of Au on({iL) results in an
these specific polar angles have almost the same heights @fidered array of triangular misfit dislocation loops. Thus, it
both deposition temperatures. It is noticed that the Cu intencould be understood that the triangular structures are formed
sity shown by dashed lines mainly comes from first-layer Cudue to the misfit of the Ag overlayer and Cu substrate. We
atoms. We conclude that about 20% of first-layer Cu atomestimate that about 20% of first-layer Cu atoms shift from
shift to hcp sites when 1 ML of Ag atoms is deposited on thefcc to hep sites based on ICISS results could be explained by
substrate at 320 and 560 K. Moreover, the number of the Ca similar model. Meunier and co-workers have suggested
atoms shifted from fcc to hcp sites did not increase with Agthat creation of vacancies in the first Cu substrate layer can
coverage after 1 ML deposition. A STM topograph is shownbe explained from a thermodynamical point of vigirian-
in Fig. 8 after deposition of 0.8 ML Ag atom at RT. The gular misfit dislocation loops are due to the relaxation of the
STM topograph (1238 1230 A?) of Ag adsorbed onto Cu at interface stress between the Ag adlayer and first Cu layer.
RT reveals a periodic triangular structure. This STM pictureRemoved Cu atoms probably situated at some substrate step
was recorded at 0.22 V and 0.68 nA tunneling current. Theedges. A triangular structure indicated by the STM image is
array of triangular pits has the same angular orientation. lillustrated in Fig. 9. In this model, five Cu atoms are re-
this image a few atoms exist in the center. The line scamoved from a X9 Cu111) surface during the Ag deposi-
(white colop in the STM image illustrates the details of the tion. This allows 10 Cu atoms to shift from fcc to hcp sites.
atomic corrugation in a triangle and the corrugation is aboufrhat is to say, the fcc-to-hcp shift of the Cu atoms forms
0.5 A. The distance between the center of two neighborindocal stacking faults and offers more stable threefold hollow
triangles is about nine times the interatomic distance in theites for the overlayer Ag atoms. The ratio of Cu atoms oc-
Ag(111) plane. The STM image at a coverage of 0.8 ML Ag cupying hcp sites to fcc sites is 15% in this 2D domain. In
shown here is quite similar to those observed by the samfact, the number of Cu atoms removed from the first layer
technique for the Au on Ni11) systen? although our STM  depends on the size of the stacking faults. If six Cu vacancies
image has lower resolution than that obtained for Au/exist, 24% of Cu atoms shift from fcc to hcp sites.

Ni(117). In the previous Au/Nil1l) study the authors sug- However, as discussed above and shown in Fig. 7, the
gested the following scenario: The triangular structures apratio of first-layer Cu atoms in hcp sitéSu signals at-32°)
pear close to the top positions relative to the underlying Nidoes not increase at 175 K. The Cu intensity at this angle has
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hep—Cu, —70° and—80° along 6[115] azimuth. The Ag coverage was from _
; 0.03 through 0.7 ML, and the substrate temperature during deposi-

® © ®© © & e O O o o _
® 6 06 06 0 0 0 0 0 shadow cone analysis, it was found that the Ag atoms dis-
’. .. .. .. ® .. .. .. ’. place first-layer Cu atoms and incorporate into first-layer Cu
_ atoms with an outward displacement of 0.4 A, as shown

—_— 5 [112] schematically in Fig. 1@). Surface alloying of the Ag-Cu

side view system in the outermost surface layers apparently exists for

Ag deposition below 0.15 ML, even though Ag is immiscible

FIG. 9. Top view shows a model of a triangular misfit disloca- in the bulk at RT. Furthermore, the critical angle for the Ag
tion. The side view shows the fcc to hcp sites in first layer Cu atomsatoms increases with increased Ag deposition. Eventually,
because of Ag deposition. Black circles show first-layer Cu atomghe critical angles show a constant value of 16° when the Ag

and gray circles show second-, third- and fourth-layer Cu atoms. coverage was over 1 ML. At a critical angle of 16°, the

_ Ag-Ag spacing thus obtained is 5.0 A along[ 412] azi-

the same height as that of clean (Ci1) along the[112] muth. This can be converted to a Ag nearest-neighbor dis-
azimuth, when covered by 1 ML of Ag atoms. Indicating thattance of 2.80 A, which is slightly less than the Ag-Ag dis-
local stacking faults due to shifting of surface-layer Cu at-
oms does not take place at a substrate temperature of 175 K. Ag evaporation time(sec.)

Information about the registration between the Ag atoms 200 400 600
and the Cu layer can be obtained from the position of the —T T
surface peaksp) in the polar angle scan. This peak appears

/> |~  Substrate temp.=603K o —
when the edge of the shadow cone from ions scattered from 5 | ]
one Ag atom intercepts the adjacent Ag atom. Figure 10 # °
shows the Ag intensity as a function of polar angles between -g i ° 1
—70° and —80° along a[112] azimuth. The Ag coverage < [ over layer |
was from 0.03 through 0.5 ML, and the substrate tempera- Surface alloy 7
ture during deposition was 603 K. The Ag-Ag spacing can be & - and over layer —
obtained by calculating the Ag shadow cone radius using an [ — 2 i
appropriate Thomas-FerrifF) atomic potential. The Ag in- Z _S“‘;a“’ ]
tensities at a polar angle ef74° as a function of Ag cover- *E e
age are summarized in Fig. 11. The three different regions ‘g ]
correspond to the formation of a surface alloy, a mixing zone < %l 0.15ML 7
(surface alloy and overlayerA plot of the Ag scattering T e S B i '

intensity as a function of Ag coverage has a change of slope 0
at a coverage of 0.15 ML. This shows the presence of surface
alloying below a coverage of 0.15 ML. For Ag deposition g 11. Ag intensities at a polar angle ©74° as a function of
less than 0.15 ML the Ag intensity shows a common criticalag coverage at a substrate temperature of 603 K. Three different
angle of 77.5°(corresponding to a glancing angle of 12.5° syryctural conditions exist: surface alloy for Ag deposition below
from the sample surfageindicating that the edge of the 0.15 ML; mixing zone of surface alloy and overlayer between 0.15
shadow cone for Cu atoms passes through the center @ahd 1 ML; and continuous overlayer for Ag coverage more than 1
neighboring Ag atoms at a critical angle of 12.5°. From theMmL.

0.5
Ag coverage(ML)
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a. Sul’face alloy TT [ TT 1T | T TTT | TTTT LI | LU | TTT71 | TTTT
I (a) Cu at 303K | (¢) . Cu at 303K :
| CwAg/Cu(111) Ag at 303K | i Ag at 563K
L 4 éi 4
—_ —+ i -
z i
g : 1 ]
had: = : 1 Before ]
shadow cone £ T Corevap. .
& 1 v ]
b. over layer and surface alloy(mixing domain) *E’ . 1/ ]
E Th -
3 | “li T \‘\'. A
i |
N i
s
ML y i 1.8ML i
shadow cone A
5 i Cu at 303K | () Cu at 303K |
— <12 i !ﬁ\Ag at 303K | Ag at 563K |
L 3ML —; 4 i
¢. over layer Y 4SML 1.8ML —
2 1sML— T f . 12ML 7]
2t 4 ‘ 4
— B r X T f —0.6ML ]
> <112 £1 | T : ]
= ;
Cu E | 1 i -
shadow cone gt 1 : 1
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FIG. 12. Schematic illustration showing the shadow cone con- 4 | T -
ditions: (a) surface alloy;(b) mixing zone(surface alloy and over- O % Before I —
layen; (c) overlayer. i Cu evap. T s R
i T ¢ Before 7
_ ) ) B T Cu evap. ]
tance(2.89 A) along a[110] azimuth in a bulk Ag crystal. T it L NTATE AT
Thi_s suggests that, at 1 ML coverage, thg Ag_layer is close to _50 0 50 —50 0 50
a simple overlayer structure, as shown in Fig(cl2How- Polar angle(deg.) Polar angle(deg.)

ever, the critical angle for Ag deposition at 170 K shows a

constant value of 16° from the beginning of the deposition, FIG. 13. A series of |C|SS£O|ar angle scans backscattered from
again showing that surface alloying of the Ag-Cu system inAg and Cu atoms along tHe&l12] azimuth. Cu atoms were depos-
the outermost surface layers does not take place at 170 K.ited onto two different type of Ag.11) planes at the substrate tem-
perature of 303 K: (a) and(b) Ag atoms deposited at the substrate
temperature of 303 K(c) and(d) Ag atoms deposited at the sub-
strate temperature of 563 K.

We have also obtained experimental results for the Cu/

Ag/Cu(111) system. Figure 13 shows a series of ICISS polarcreased Cu deposition. In Fig. (b3, the Cu intensities at
angle scans for ions backscattered from Ag and Cu atoms 32° pecome stronger with increasing Cu coverage. Mean-
along the[112] azimuth. Cu atoms were deposited on thewhile, the Cu intensities at32° have almost the same val-
Ag/Cu(111) at a substrate temperature of 303 K. However,ues independent of the Cu coverage. On the other hand, Fig.
two different types of A¢l11) planes were completed on the 13(d) shows that the Cu intensities &32° become stronger
Cu(111) substrate before the Cu deposition. One was a prewith increasing Cu coverage. This suggests that Cu films
ferred orientation of type-and the other was a preferred grow the same orientation with respect to the(&4l) phase.
orientation of typen. The typer Ag(111) planes were grown In Figs. 13a) and 13b), type+ domains are more dominant
at the substrate temperature of 303(lKixed domains of than typen domains. This is the reason why the Ag and Cu
25% typen and 75% types). Figures 18a) and 13b) corre-  intensities at—32° have some changes. In Figs.(d3and
spond to this condition. The type-Ag(111) planes were 13(d) this tendency is reversed. The Ag and Cu intensities at
grown at a substrate temperature of 563riixed domains +32° show changes, since typedomains are more domi-

of 80% typen and 20% typeay. Figures 18c) and 13d) nant than type- domains. However, in either casg/per
correspond to this condition. As shown in Figs.(d3and dominant or types dominanj, as shown in Figs. 18 and
13(c), the Ag intensities at-32° (typical signals coming 13(c), the Ag intensities at-32° decrease more than those at
from the typer domain decrease more than those-882°  +32° with increasing Cu deposition. This suggests that Cu
(typical signals coming from the type-domain with in-  atoms deposited on Agll) planes rapidly diffuse to type-

C. Structural measurements for CUAg/Cu(111)
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Cu island process does not proceed layer-by-layer. If the Cu planes
(a) Cu diffusion grew layer-by-layer, the Cu intensities at 0° would be
/ : z z i i i §§ <@ @ strongly enhanced with increasing Cu deposition by the fo-
cusing effects of the ion beam. It is probable that the depos-
' ited Cu initially forms a 2D layer structure, and then surface
diffusion of additional Cu atoms occurs rapidly, leading to
coalescence into thick Cu islands. This is schematically
shown in Fig. 14. In Figs. 14 and 14b), Cu atoms were
deposited on the Ag/Quill) phase at a substrate tempera-
ture of 303 K. The Ag/C(L11) phase was completed at the
substrate temperatures of 303 and 563 K, respectively, before

Cu deposition. A¢l1l) planes grown on the Cu substrate
have a preferred orientation of typesr typen, respectively.

IV. CONCLUSIONS

We have investigated the growth of 3 ML of Ag on
Cu(111) at substrate temperatures from 170 through 640 K
by using TOF-ICISS. Also, STM topographs were taken af-
ter deposition of 0.8 ML Ag atoms at RT. We show that
above a 300 K substrate temperature during Ag deposition,
two different types of epitaxial growth exist:
Ag[112]IICy 112] (typen) and Ad 112]ICy 112] (type).

The growth modes of the Ag thin films on Qi1 surfaces
o _ ~ depend strongly on the substrate temperature during deposi-
FIG. 14. Schematic illustration of the Cu growth modes derivediign. For deposition of Ag at 603 K, a part of the first-layer
for twq Fﬂfferent deposition conditions of.Cu on Adl 1) pl.alnes:(a) Cu atoms(20% of the surfaceis displaced at low Ag cov-
dheposmon on:o thzté/pepr_eferred domain, an() deposition onto erage, where the stacking changes abruptly from fcc to hcp
the typen preferred domain. sites because of the Ag atom deposition. STM images of the
Ag coverage of 0.8 ML at RT showed a periodic array of
domains in both cases. We call attention to the Cu intensitiegiangular misfit dislocation loops. The triangular shape is a
at the polar angle of 0°. At this angle, the incidence directionlocalized region where the stackinfAg—Cu (A)—Cu
of the primary 2-keV?°Ne* beam is normal to the specimen (B)—Cu (C)} is replaced by{Ag—Cu (C)—Cu (B)—Cu
surface. This incidence angle clearly observes the Cu pland€)} in the first substrate plane. At 603 K, surface alloying of
on the Ag/Cu111) system. At 0° incidence, the third layer of the Ag-Cu system was confirmed for Ag coverage below
Cu atoms contribute strongly to the backscattering intensity.15 ML, and the outward displacement of the Ag atoms was
because of focusing effects. The Cu signals at 0° mainljound to be 0.4 A with respect to first-layer Cu atoms. The
come from the third layer of Cu atoms on @d 1) planes. In  amount of surface alloying decreased with increasing Ag
Fig. 13a), the Ag intensity at-72° (sp decreases to about coverage, becoming unobservable at 1 ML. The Ag layer is
half of that before the Cu evaporation. This signal come<lose to a simple overlayer structure at this coverage. Fur-
from the first layer of Ag atoms. This shows that about 50%thermore, Cu atoms deposited on the Ag/CLi) system
of Ag atoms are covered by Cu atoms. However, the Cdorm islands with the same orientation as (Agl) planes.
signals at 0° in Fig. 1®) clearly show scattering from the The Cu atoms diffuse in the direction of a typetlomain for
third layer Cu atoms. This means that about 1.5 ML of Cudeposition on both type-and typen Ag growth modes,
atoms were deposited on AdL1) planes and the Cu growth forming thick Cu islands.
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