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Floating Stacking Fault during Homoepitaxial Growth of Ag(111)
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We have investigated the influence of Sb on the formation of stacking faults during Ag(111) growth
using x-ray scattering. In equilibrium, a predeposition%amonolayer Sb results in a/B X v/3)R 30°
reconstruction in which the top layer is wrongly stacked. Upon continued Ag growth0aC, the Sb
segregates and the Ag atoms return to the correct stacking, while the new Ag atoms in the top layer
again have the wrong stacking. This thus effectively leads to a floating stacking fault. Because of
kinetic limitations, the same effect occurs for lower Sb coverages. [S0031-9007(98)06618-6]

PACS numbers: 61.72.Nn, 61.10.—i, 68.55.—a

The growth of smooth and defect-free metallic lay-sible concomitant formation of twin crystallites is ob-
ers is important in many technological areas, liketained by observing diffracted intensities at appropriate
metal-semiconductor contacts and magnetic multilayergositions on so-called crystal truncation rods (CTRs) [15].
Usually, high substrate temperatures are required to growhese CTRs are tails of diffuse intensity originating from
smooth layers, but this may cause interdiffusion problemsthe interference between bulk and surface atomic struc-
It has been shown for a number of metals that homoepiture. These rods connect the bulk Bragg peaks in the di-
taxial growth of smooth layers can be stimulated by usingection perpendicular to the surface. Because of the weak
surfactants [1-4]. Surfactants have since also been uséuteraction of x rays with matter the kinematical approxi-
in the growth of metallic films on Si and sapphire [5—7]. mation is valid, which makes data analysis straightforward

The occurrence of stacking faults is an important facto{16]. The large penetration depth makes it possible to
for the quality of the layers, since it determines whetherstudy stacking fault and twin crystal formation at buried
the film is continuous, twinned, or otherwise imperfect.interfaces.

At present, the influence of surfactants on the formation The measurements were performed at the surface
of stacking faults is not well understood. Submonolayex-ray diffraction station 9.4 of the wiggler beam line at
coverages of Sb change the growth mode of Ag(111) fronthe Synchrotron Radiation Source, Daresbury Laboratory,
multilayer (3D) growth to layer-by-layer (2D) growth United Kingdom [17]. A wavelength of 0.9 A (13.8 keV)
[2], but this may sometimes enhance the formation ofwas selected using a channel-cut Si(111) monochromator.
stacking faults [8]. On the other hand, the effect of PbThe setup consists of an ultrahigh-vacuum chamber [18]
in the growth of CyYCo superlattices on Cu(111) [9,10] coupled to a diffractometer that was operated in six-circle
and the effect of In on the growth of Cu(111) [4] is mode [19]. The Ag(111) sample (miscut0.2°) was

to suppressthe formation of stacking faults. For clean cleaned by repeated cycles of sputtering (600 eV At
Ag(111) growth (without surfactant), Meinel, Klaua, and 300 °C for 20 min) and annealing6(0 °C for 10 min).
Bethge [11] observed Ag(111) growing with stacking Knudsen effusion cells were used for Ag and Sb depo-
faults at room temperature (RT) and that for 2D nucleatiorsition. The Sb deposition rate was0.002 monolayers
the probabilities for incorrect (hcp) and correct (fcc) (ML) per sec and the deposition rate of Ag0.01 ML
atomic stacking are almost equal. Spot-profile analysiper sec. The deposited amounts of Sb given below have
of low-energy electron diffraction experiments confirman error of 10%.

this conclusion [12,13]. First principle calculations, on For labeling the reflections we use a surface unit cell
the other hand, show that for adatoms the fcc site i®f which the primitive lattice vectorga;} can be ex-
energetically slightly favored over the hcp site [14]. pressed in the conventional bulk cubic fcc lattice vec-

In this Letter we describe a remarkable, new effect of Shors asa; = 3[10 Tlcusic, @2 = 3[110 Jeupic, and as =
during Ag(111) homoepitaxial growth. Sb causes the topi[1 1 1].,,;,.. The corresponding reciprocal lattice vec-
surface layer to be at stacking fault positions, but duringors {5,} are defined bya; - b; = 276;;. The momen-
growth the surfaceinfaultsso that the grown film is not  tym transfer vecto@, which is the difference between the
faulted and the stacking fault floats along with the Sb. aye vectors of the incident and scattered x rays, can be de-

We have usedh situ surface x-ray diffraction for this noted by the diffraction indicesi( €) in reciprocal space:
study. Sensitivity to the growth mode, surface rough-g — pp, + kb, + ¢b;. For CTRs, which are labeled by
ness, the formation of stacking faults, and/or the posy r), the indices: andk have integer values, where@ss
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unconstrained and refers to the componenQoperpen- formed at defects or impurities on the surface. After
dicular to the surface. The bulk Bragg peaks occur fordepositing the first layer these are covered and no new
integer values of. The integrated intensity at each point stacking faults are created. At = 100°C (2 ML Ag
¢ is determined by rotating the crystal about the surfaceleposited) no twin crystal formation is observed and
normal and measuring the number of diffracted photonsthe data correspond to the calculation for the ideal, bulk
From the measured integrated intensities structure factoterminated surface of Ag(111) [21]. We conclude that at
are derived in a standard fashion [20]. higher temperatures fewer twin crystals are formed. This
In order to investigate the formation of stacking faultsis caused by two effects. First, for higher temperatures,
during growth we have measured thék) = (10) an increasing fraction of the arriving atoms will attach at
CTR. The observed profiles for homoepitaxial growthstep sites where they will reside at the correct stacking.
of Ag(111) without the use of a surfactant are shownSecond, the higher mobility allows incorrectly nucleated
in Fig. 1 for three different temperatures. For eachislands to find the energetically favorable fcc site.
temperature, the structure factor amplitudes after growth Before examining the effect of Sb on the formation
are plotted as a function df (in reciprocal lattice units). of stacking faults, we first investigate Sb deposition on
Negative{ values are obtained by inverting the structureAg(111) close to equilibrium. In Fig. 2 the intensity
factor distribution along the positivéz k) = (10) rod  of the (hk€) = (100.3) reflection is shown during Sh
through the origin of reciprocal space (Friedel's rule).deposition aR50 °C. This reflection is very sensitive to
The expected structure factor distribution for the clearthe occurrence of stacking faults, because atoms which
flat Ag(111) bulk terminated surface is given by thegrow on hcp sites interfere mainlgonstructivelywith
dashed curve. The bulk Bragg peaks ar€ at —1 and  the bulk, whereas atoms on the correct fcc sites interfere
¢ =2. At RT (3 ML Ag deposited) and-50 °C (4 ML  largely destructively Note that this is different from
Ag deposited) twin crystallites are formed that are rotatedpecular reflectivity, where one is sensitive only to the
180° with respect to the bulk. The twin Bragg peaks thusout-of-plane position of the atoms, and not to their
lie exactly on the bulk CTR, but &t values that are the stacking [2]. Initially, the intensity remains constant,
bulk values mirrored in the origin (i.e., & equals—2 indicating that the surface remains smooth. Therefore,
and 1). The solid curves represent model calculationghe Sb atoms must dissolve in the top layer, as was
At —50°C we find that 17% of the surface is coveredalso found using scanning tunneling microscopy (STM)
by twins with a thickness of 4 ML. The RT data are [22]. After deposition of approximatel% ML of Sb a
best described by taking 8% of the surface to be coveregdudden rise in intensity is observed which is indicative of
by 3 ML thick twin crystals. These twin crystals grow the formation of stacking faults. The intensity increase
from a stacking fault formed at the annealed startingcoincides with the formation of avB X +/3)R 30° (+/3
surface and then proceed with the “normal” fcc stackingfor short) reconstruction, as was confirmed by measuring
(ABCbacbac ...). Presumably, the stacking faults are fractional order reflections. A detailed investigation of
the exact atomic structure will be presented elsewhere
[23], but in short we found that in equilibrium all top
layer atoms are on stacking fault positions and each
surface unit cell contains one substitutional Sb atom.
This substitutional hcp site has not been considered in
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FIG. 1. Structure factors along thé k) = (10) CTR after L i00f —1/3 ML 3
clean Ag growth (no predeposition of Sb) at0 °C, RT, and E= : ]
100°C. The dashed curve gives the calculation for the bulk ot . . ! L ]
terminated Ag(111) surface and the solid curves represent best 0 100 200 300 400 500

fits (see text). For the lower temperatures peaks start to appear Time (sec)

at/ = —2 and! = 1 indicating twin crystal formation. The _ ) ) N
vertical dashed line marks the position of ek ¢) = (100.3) ~ FIG. 2.  The(hk {) = (100.3) reflection during Sb deposition
reflection which is monitored during deposition in Figs. 2 at 250°C. After 3 ML a (+/3 X +/3)R 30° reconstruction is
and 3. formed.
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theoretical calculations [24] or recent experimental studiesand “floats” on the surface. Because the segregation of
[25,26] on this system so far. Sb is incomplete the total number of atoms at hcp sites

Next, we determine the effect of Sb on the growthslowly decreases during growth and results in the over-
of Ag. Below RT predeposition of Sb has no signifi- all decrease in intensity. After 16 ML we find that 20%
cant effect on the formation of twin crystals, although theof the surface area has a stacking fault. The intensity is
growth mode changes from 3D to layer-by-layer as re-also reduced by the increasing surface roughness. During
ported previously [2]. Atl00 °C no stacking faults occur similar depositions the growth was interrupted at various
for the clean surface, but predeposition of 0.3 ML of Sbpoints to measure the full CTR, allowing a detailed evalu-
has a profound effect on the CTR intensity distribution.ation of the surface atomic structure and roughness. From
In Fig. 3(a) the peak intensity of théik €) = (100.3)  this we know that indeed only the top layer has the hcp
reflection is shown during deposition &0 °C. Differ-  stacking and that the buried layers have the normal fcc
ent stages of the growth are schematically depicted istacking. No twinning is observed. Note that without the
Fig. 3(b). First the intensity decreases because of an irfloating stacking fault, the oscillation amplitude would not
crease in surface roughness due to the deposition of Sise above the starting value.
(note the difference with the near equilibrium situation at  Surprisingly, a predeposition of less thérML of Sb
T = 250°C in Fig. 2). On starting the Ag deposition a has a similar effect, as illustrated in Fig. 4. A deposition
large increase in the yield is observed. Thereafter, the inat 100 °C of 0.2 ML Sb does not directly lead to a stacking
tensity oscillates with a 1 ML period and decays slowlyfault in the top layer, as we have already concluded
back to the starting level. The initial increase indicateSrom the data in Figs. 2 and 3. When, however, we
that all of the Ag (and Sb) atoms in the top layer oc-deposit on this surface 0.8 ML of Agll atoms in the top
cupy hcp sites. The increase of more than a factor of 5 igayer are wrongly stacked, while the absence of fractional
the same as that measured in the transition tovfBee-  order reflections indicates that no long range ordeyad
construction shown in Fig. 2. When the buried Sbh atomseconstruction exists. The solid curve in Fig. 4 shows the
segregate towards the surface during deposition, all Agxpected structure factor distribution for a top layer in
atoms in lower levels return to energetically favored fccwhich all the atoms are on hcp sites. For smaller amounts
sites. So the stacking fault is present only in the top layebf Sb the top layer has only partly hcp stacking. This

is illustrated for a deposition of 0.1 ML Sb followed by
5 ML of Ag. The stacking fault is still clearly visible in
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FIG. 3. (a) The(hk€) = (100.3) reflection during 0.3 ML FIG. 4. Structure factors along thé& k) = (10) CTR at

Sb deposition followed by 16 ML of Ag atl0o0°C. The  100°C. After 0.2 ML Sb plus 0.8 ML Ag deposition all top-
numbers assign the different states depicted in (b). (bJayer atoms are on hcp sites (triangles). The solid curve
Schematic side view of the surface during different stages ofepresents a calculation for this. The crosses represent the data
deposition. Open circles represent Ag atoms and filled circlefor a surface covered with 0.1 ML Sb and 5 ML Ag, which
represent Sb atoms. On the clean Ag(111) surface (1) 0.3 Miwas thereafter annealed (open circles). The dash-dotted curve
of Sb is deposited. The Sb is either on top or embedded ins a calculation for a state where 10% of the top layer has the
the top surface layer (2). After a total depositi@b + Ag) of hcp stacking and the rest has the normal fcc stacking. The
1 ML all atoms are on hcp sites (3). After 4 ML deposition (4) dashed curve is found for the bulk terminated clean Ag(111)
the surface atoms are partly correctly stacked (left) and partlydata not shown). The vertical dashed line marks the position
hcp stacked (right). The starting interface has returned to thef the (h k £) = (100.3) reflection which was monitored during
correct fcc stackingABCAbca . . .). the depositions of Figs. 2 and 3.
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this coverage are formed only due to kinetic limitations.during Ag growth. For growth abov&00 °C, all lower
After annealing of the layer, the CTR profile is identical lying Ag layers return to the correct stacking, and no twin
to that of the clean bulk terminated crystal (open circles)gcrystallites are formed.
meaning that all atoms occupy normal fcc sites. This work is part of the research program of the

Next we explain these observations. STM experiment§oundation for Fundamental Research on Matter (FOM)
at RT [22,27] have shown that after deposition of smalland was made possible by financial support from the
amounts of Sb on Ag(111), Sb is present in two states: (1Netherlands Organization for Scientific Research (NWO).
as single embedded atoms in the top surface layer, and (2)
incorporated in small islands with~&3 superstructure. It
was shown that subsequently deposited Ag atoms attach
to these/3 islands. From the data in Fig. 4 we conclude
that these Ag atoms follow the hcp stacking of @ *Present address: University of Amsterdam, Van der
islands, even when the Sb coverage is less t{lf‘IEML- Waals-Zeeman Institute, Valckenierstraat 65, 1018 XE
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