Manipulation of growth modes in heteroepitaxy: Ni/Cu(111)
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Growth manipulation methods, which have been successfully used to improve the growth of
homoepitaxial films, are applied to molecular beam epitaxy of the heteroepitaxial system
Ni/Cu(111). The procedures applied are temperature reduction during nucleation and pulsed ion
bombardment during deposition. While the first does not lead to smoother films, the ion
beam assisted growth is successful in reducing the film roughnes4996 American Institute of
Physics[S0003-695096)03949-6

In this letter we report on experiments performed to tesments of Gradmarirshowed, that flat films can be grown at
whether recently developed methods to improve the growttelevated temperaturéaround 470 K. However, from elec-
of homoepitaxial system$ can be successfully applied to tron energy loss spectroscopy of CO adsorbed on NEC1)
heteroepitaxialsystems. These methods are based on th# was concluded that already during the early stages of
idea that layer-by-layer growth can be induced by creating agrowth, intermixing of Ni and Cu starts at the interface at
enhanced density of nuclei during the early stage of growtiiemperatures as low as 375'KTo avoid this intermixing,
of each monolayer. In this way the nucleation of islands inall experiments described here were performed below this
the second layer is suppressed until coalescence of the itemperature.
lands of the first layer takes place: the island density is in- The experiments were carried out in an ultra-high-
creased and thus the island dimensions before coalescene¢acuum chamber with base pressure below1® ' mbar.
are reduced so that atoms deposited on top of these islands67 meV supersonic He beam was used for He scattering
visit the island edge at an enhanced rate leading to an imlTEAS) measurements. The scattering apparatus was also
proved interlayer mass transport. Clearly, this recipe onlyequipped with an Auger electron spectromef@ES) and
works if the island density is enhanced in a way that does ndtas been described in detail elsewhgre’
reduce the atom mobility on top of islands. The general The Cu11l) sample was prepared by repeated cycles of
growth recipe can be realized by different techniques, two ofputtering and annealing until no contamination could be de-
which will be used in this letter. An enhanced island densitytected by means of AES and the mean terrace width on the
can be produced without affecting the atom mobility on topsurface was over 1000 ANi was evaporated onto the
of the islands during island growth by lowering the substratesample from a high purity, thoroughly outgassed Ni-disk
temperature during the nucleation stage of each monolaydieated by electron bombardment. During deposition the
but continuing deposition at a higher temperat(tempera-  pressure stayed belowx<110~*° mbar.
ture alternation techniqiieThe same effect can be achieved  The growth of the Ni film was monitored by recording
by gently bombarding the growing surface with low energythe specularly reflected He intensity during deposition. The
ions during nucleation but shutting off the ion beam while scattering condition was set to anti-phase=@2.5) with re-
the rest of the monolayer is depositgaiilsedion beam as-  spect to the Ni/Cu step height as detected by TEASnder
sisted deposition These procedures have been successfullyhis condition the specularly reflected intensity is determined
applied to the homoepitaxial systems AgiAg1),® by the height distribution of the deposited material. During
Cu/Cu111)* and PYP{111).° It is the aim of the work de- layer-by-layer growth2D-growth, the intensity shows os-
scribed in this letter to check whether these proceduresillations with a period corresponding to the deposition of
which ultimately rely on the control of growth kinetics are one monolayer while for three-dimensionanultilayen
also suited for heteroepitaxial systems. growth, a monotonically decaying intensity is observed.

As a heteroepitaxial test system we have chosen Ni/ Figure 1 shows the normalized He intensities recorded
Cu(111). It was reported that due to the small misfit of only for different substrate temperatures during deposition of Ni
2.5%, Ni grows pseudomorphically up to coverages of 7at arate oR=0.02 ML/s. At low temperatures the intensity
monolayers(ML).°® No stacking faults at the interface drops monotonically indicative of multilayer growth. For
could be observet!? Huang and coworkers repon’&h lack  growth temperatures above 250 K, a single, weak oscillation
of reflection high-energy electron diffracticGfRHEED) os-  is observed followed again by a monotonic decay. The first
cillations and a decay of the RHEED intensity during growthlayer obviously grows in an imperfect two-dimensional man-
indicating that growth does not proceed in a layer-by-layemer. However, successive layers grow three-dimensionally as
manner and the films roughen with thickness. Early experiindicated by the decay. With rising temperature, the oscilla-

tion becomes more pronounced and the following decay be-
apresent address: RAFAEIDep. 27, P.O. Box 2250, Haifa 31021, Israel, COMES slower indicating that growth is smoother at higher
bFaculty of Applied Physics and Centre for Materials Resed@hl0), ~ temperatures as expected. However, at none of the tempera-
University of Twente, P.O. Box 217, 7500 AE Enschede, the Netherlandstures layer-by-layer growth was observed.
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FIG. 1. Evolution of the normalized specular He intensity under anti-phaseFIG. 2. Evolution of the normalized anti-phase He intensities during depo-
conditions f=2.5) during deposition of Ni onto GUi11) at substrate tem-  sition of Ni at T=245 K onto Cui111) surfaces, which were treated by
peratures between 125 and 325iK steps of 25 K. Deposition was carried  pre-deposition of 0.1 ML Ni at 135 Ksolid line) and for comparison during
out at a rate oR=0.02 ML/s. The inset displays an Arrhenius plot of the unmanipulated growth &t= 250 K (dotted ling. Deposition was carried out
mean island density as a function of temperature, obtained from the broact a rate 0fR=0.02 ML/s. The inset displays the in-phase: 2 intensity
ening of anti-phase peak profiles as a result of conventional nucleatioduring annealing of 0.3 ML Ni, deposited onto @a1) at 125 K, as a
(circles and nucleation after ion bombardmestjuare. function of substrate temperature.

Also the island density as a function of temperature wathe complete opposite to the case of Cufli) and
estimated and found to behave as expected. In the experkg/Ag(111).* Indeed, instead of increasing, which would
ments 0.3 ML Ni were deposited with a rate of 0.02 ML/s atreflect the expected annealing, it decreases indicating a
temperatures between 135 and 260 K followed by cooling ofoughening of the surface, which prevents smooth growth in
the crystal to~120 K to suppress further diffusion. The the second stage. To circumvent these problems we per-
resulting island densities were estimated from a fit to thdformed experiments where we chose the growth temperature
broadened anti-phase peak profiles taken at that temperatutiglow the onset of the first roughening at 200 K and the
according to the method described in Ref. 15. The inset ohucleation temperature as low as possi@le K). However,

Fig. 1 displays an Arrhenius plot of the island number den-no major improvement of growth could be observed. This is
sity. With rising temperature a decrease in the island numbemost likely due to the rather small enhancement of the island
density is observed, as expected from classical nucleatiodensity and the low probability of Ni atoms to thermally
theory® overcome the step edge barrier at the island edges.

On the basis of this result, an attempt was made to in- For pulsed ion beam assisted growth, freshly prepared
fluence the growth of Ni on Qa11) by variation of the surfaces were bombarded with a fluen€@=4x10"
substrate temperature during growth. In a first step justons/nt of 1.2 keV Né -ions immediately before Ni deposi-
enough material was brought onto the surface to accomplistion at a rate oR=0.02 ML/s. This ion fluence leads to an
the stage of nucleatiof®.1 ML) at low temperatures ranging enhanced island density during deposition of Ni on(X11)
from 70 to 220 K. The deposition was continued at higher(see inset of Fig. 1 The normalized anti-phase He intensi-
temperatures between 200 and 300 K. Provided that the nuies recorded during manipulated and unmanipulated growth
clei survive the heating up to the second temperature, that 250 and 300 K are shown in FiggaB-3(c). It can clearly
artificially raised island number density on the surfacebe seen thation bombardment in the case of growth at 250 K
should result in an improved interlayer mass transport. Howleads to one clear oscillation, i.e., a two-dimensional charac-
ever, none of the various deposition curves displayed cleaer of growth[Fig. 3@]. At 300 K growth manipulation
oscillations as have been seen with the same procedure fstrongly enhances the amplitude of the oscillafibiy. 3(b)].
Ag/Ag(112)® or Cu/Cy111).* On the contrary, as illustrated In both cases a higher reflectivity around 1 ML coverage is
in Fig. 2, the normalized anti-phase He intensity reflectebtained compared to the unmanipulated growth, indicating
from the surface after the second stage of growth may ba higher filling of the first layer and less material in the
even lower than during unmanipulated growth, indicatinghigher layers. Therefore, the pulsed ion beam assisted depo-
even rougher films. This discrepancy cannot be due to som&tion does produce much smoother films than conventional
anomaly in nucleation, because, as shown above, the nucleiolecular beam epitaxy. However, in the light of possible
ation of Ni on Cy111) behaves as normal as that of Cu on applications of the pulsed ion beam assisted deposition, it
Cu(111) or Ag on Ag111). The reason for the discrepancy is should be discussed whether the smoother surface has to be
found in an unusual annealing behavior of the Ni islandgraded for a slightly roughened film-substrate interface. The
nucleated at low temperatures. During heating of 0.3 ML Ninuclei created by sputtering consist of Cu and not of Ni and
on Culll), deposited at 125 K, we recorded the reflectedalso some vacancies in the substrate Cu layer are created.
in-phase intensity, which relates to the defect density. As caGrowth on this surface might cause a rougher interface be-
be seen in the inset of Fig. 2, the intensity decays at 200 antiveen the substrate and the film. This roughness, however, is
320 K due to some additional diffuse scattering from defectsather small since the dose used corresponds to sputtering of
on the surface evolving during the heating. This behavior isnly 0.08 ML* and is presumably lower than the intermixing
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higher for all three layers. The unmanipulated film grows in
a three dimensional mode which leads to many open layers
even in thin films, whereas the manipulated film shows os-
cillations of the reflected He intensity indicative of nucle-
ation, growth and coalescence of islands, i.e., two dimen-
sional growth. This results in less open layers and a much
higher reflected anti-phase intensity.

In conclusion it was found that growth manipulation

1.0}.. T=250K (a)]..T=300K (b

=]
S methods, which are based on a kinetic growth model and
§H 1o, T=300K l ©) work well for homoepitaxy, can successfully be usedat-
08 : eroepitaxyalthough additional effects may limit the applica-
1% bility of some technigues to enhance the island humber den-
sity.
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