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Correlation between height selection and electronic structure
of the uniform height Pb/Si(111) islands
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Uniform-height islands, with preferred heights differing by bilayeright increments, can be grown on
Pb/S{111) at low temperatures most likely as a result of quantum size effects. With scanning-tunneling-
microscope spectroscopy we have determined how the electronic structure of individual islands is related to
their stability. Differences between preferred vs nonpreferred island heights are seen at the position of the
Fermi level with respect to the highest occupied band and lowest unoccupied band. This difference is supported
from oscillations of the measured apparent bartiéin I)/Az with island height.
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Epitaxial growth has been a highly successful techniquestructure as a function of island height and to show that
to grow new materials. Recent experiments have identifiedslands of preferred heights have different electronic struc-
the factors controlling the type of growth mode in a film, ture than islands of nonpreferred heights. In addition, to
whether it is three-dimensioné8D) or layer by layer, soitis demonstrate that the electronic structure of the preferred-
possible to predica priori whether a uniform film can be height islands confirms that they are the stable ones. This
prepared in a given Syste:h*Uniform films have On|y one information can be Use_d to attain better_ control of the gl’OWr_\-
dimension reduced. However a far more challenging probiSland geometry and size. Usually the island-stability condi-
lem, with great technological importance, is the growth oftion is expressed in terms of a simplistic “standing-wave”
regular nanostructures of uniform geometry and shape. [felationnd=sig/2, with A¢ the Fermi wavelengtmd the
such structures can be fabricated, they will be far more usd2réferred height, andan integer, but clearly the mechanism

- s ; riving the height selection is more complicated.
fSLiJIZem nanotechnology applications because of their smaIIeFj The growth of the Pb islands have been studied on two Si

Self-organization of the island height and shape has beéﬁ‘ﬁir%ci%tgi;i¢orﬂ]§ seeithaer:daf[hﬁ)v\ll:’ ?;/gvégéieghatiz

observed in recent low-temperature experiments o - 1 ;
Pb/S{111).22 The formation of flat-top, steep islands of pre- %g\cl)gr%lé: (()tﬁgdgwgilf ggﬁsg ;\fl‘t/gex A M;‘r])a%:aatvcil,{%hgr

ferred heights has been obsgrved with spot-profile an_alysis D2 M) Althouah the preferred island height is the same
low-energy electron diffractiofSPA-LEED from oscilla- onsboth)phases, t%e IaterF;;lI size of the growngislands is larger
tions of the diffracted |nten5|ty. Wlth the electron Wavelength.fOr growth on thea-v3 X v3 phase-* For spectroscopy mea-
The growth has also been verified directly with the scanningsrements, it is essential to have on the surface, islands of
tunneling microscopgSTM).* Depending on temperature ide variation in height(both stable and unstablso the
range(120-250 K and coverage, preferred heights differing dependence of the electronic structure on height can be ex-
by bilayer-height increment2d whered=0.286 nm is the amined with the same tip, to eliminate effects related to the
single-step height for Rb11)] grow. The formation of the electronic structure of the tip. Since islands grow larger lat-
islands was attributed to quantum size effe€@®SB), i.e., erally on the a-v3XVv3 phase and can expose unstable
how the energy of the electrons confined within the islandsieights we present growth results on this phése.
depends on island height® Figure 1 shows Pb growth on thev3 Xv3 phase forf

Initial evidence of QSE has been observed in earlier ex=3.3 ML andT=195 K. Most of the islands shown in Fig.
periments. Bilayer specular intensity oscillations with Pbl(a) are of preferred height, which is marked on top of the
coverage have been observed in PHAQW) with He islands. Some islands of unstable heights are seen: four-step
scattering'® Changes in the interlayer spacing of Pb{(x) (uncovered region of the five-step island at the bottom yight
with Pb coverage, observed from variations of the full widthand six-steglower right corney islands. Some of the islands
at half maximum(FWHM) in elastic He-scattering experi- show a modulation on top that originates from the corruga-
ments have been also attributed to Q4Evidence for QSE tion of the metal/semiconductor interface. This corrugation is
was seen in spectroscopic STM measurements on a Rivojected to the top surface by the confined electrons in the
“wedge” grown over stepped §i11) with different heights island. The necessary conditions for the projection to be ob-
exposed at the top of the “wedgé?However the different servable and the dependence of the spatial resolution, on
height columns were part of a single “wedgé&ind not the island height and electron energy, has been worked out in
individual uniform height islands of smaller size grown Ref. 15 for metal systems. Detailed discussion of these ef-
recently . More importantly, recent work has shown that fects for Pb/Si111), which also demonstrates the importance
specific heights are preferred, implying strong variation inof QSE, will be presented elsewhéfeThe region between
the island energy with its thickness. Also work on QSE haghe islands is in thex-v3Xv3 phase with the domain walls
been carried out with photoemission in metallic filtis. arranged in stripeis.e., SIC(striped incommensuratphasé

The purpose of this paper is to determine the electroniceparated by 3.2 nm.
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FIG. 1. (a) 100X 200 nnf STM images showing different-height () V (V)
islands(stable and unstable(b) The same area 40 min later show-
ing the evolution to more stable heights. FIG. 2. (& A Inl/AInV vsV spectra for the odd island heights.

The Fermi level is at a larger separation from the HQB)
AlInl/AInV vsV spectra for even island heights showing that the

However, as Fig. (b) shows, obtained 40 min later, the oo o1 i loser o the HOB for odd height islands.

initial island distribution evolves in time towards larger and
stable odd heights by bilayer increments. For example, the For the simplest model to describe the confinement of the
four-step unfilled area at the bottom island is completed anglectrons in the island we assume a 1D well of width equal to
the height changes to nine steps although the large two-st&pe island thickness and depth 13.7 é\., the sum of Pb
island to the top right remains unchanged probably becausgork function 4.25 eV and the separation of the Fermi level
of the small energy difference between two- and three-stefrom the bottom of the conduction band 9.45)e%uch a
islands. model ignores the complications related to the Pb band struc-
Figure 2 shows the spectroscopic measurementsire but it is adequate for testing some basic experimental
Alnl/AInV vs V for different heights. The normalized de- parameters. With STM spectroscopy the two levels just be-
rivative A Inl/AInV can be related to the density of stateslow (HOB, highest occupied bahdind just aboveLUB,
(DOY) if the transparency of the tunneling barrier is takenlowest unoccupied bandhe Fermi level can be measured.
into account. The measurements are divided into two groupS-he measured separation between the HOB and LUB 1 eV
Figure 2a) shows spectra for islands of odd heigBt5,7  (for the seven-step islahdigrees well with 0.92 eV, the re-
and Fig. 2Zb) shows spectra for the islands of even heightsult of the simple 1D model. For islands with larger height
(2,4,6. (i.e., for increasing well widththe level spacing decreases as
The discrete energy levels in the islands are clearly seeseen qualitatively in both Figs.(@ and Zb). Only for is-
in the spectra. Electrons occupying a level have a fixed noftands of sufficiently large height the separation should de-
mal componenk, with their parallel component extending crease as b/with h the height of the island, but for islands
from O to a maximum valu&ll .. They generate a 2D sub- of smaller height it will depend on the detailed form of the
band andkll .y is determined by the condition that the total 1D potential well.
energy of the electron@.e., the energy normal and parallel  The main conclusion from the results of Fig. 2 is the
to the surfacgis equal to the Fermi enerdy; . position of the Fermi level with respect to the HOB and
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LUB: for the odd heights the Fermi level is at larger separa- 18
tion from the HOB while for even heights the separation to ‘&%
the HOB is smaller. How is the position of the Fermi level &= =
related to the stability of the islands? [ &
We can answer this question by invoking an argument
used by Schulte to explain how periodic variations in the
island work function with thickness are caused by QSHe
number of energy levels increases and the level spacing d
creases as the island height increases. As the electronic leve's
are shifted downwards, a level initially above the Fermi level
will be pushed below and electrons will start populating the
subband corresponding to this level. The number of electrons FIG. 3. Current-imaging-tunneling spectroscopy for the same
occupying a subband increases with the separation of th@pPographic image in Fig.(&) obtained at+1.5 V (i.e., the sample
level from the Fermi level, sinckll,, will be larger. Elec- IS biased showing that the even-height islands of Figbj2(two-,
trons at the level pushed below the Fermi level are closer t&ur Six-step heightshave higher intensity.
the vacuum than electrons at the lower levels and their wave
function extends further outside the well. Charge spills out of I =|E_1|p(E_y)exd —2z{(2m/h?)(p—|eV|/2
the well and because of charge neutrality a dipole layer +IE_,1Y %)
forms at the surface of the islafflAs the island height -1
increases, the energy levels are pushed even lower, the waygth E_; the energy of the HOB. For tunneling into the
vector normal to the surface is smaller, but although theinoccupied states the main contribution is from the level just
number of electrons occupying the level increases, the spillhelow E; + eV denoted byE*.
ing of the wave function outside the well decreases and cor- Equation(2) shows that for lowerE_;, | will be less.
respondingly the strength of the dipole layer formed at therhis explains why the tunneling current from odd-height is-
surface is reduced. This variation of the dipole strength retands is smaller than the tunneling current from even height
sults in oscillations of the work function. If we relate the islands. This is also seen in F|g 3, which shows a current-
energy of the confined electrons to the amount of charg@maging-tunneling spectroscop{CITS) map atV=—1.5.
spilled outside the island, with minimum energy expectedrhe even-height islandé.e., two-step, four-step, and six-
when the charge spilled is minimum, then periodic variationsstep) have the higher intensity.
in island Stablllty should be eXpeCted with island thickness. The conclusion that the difference in the Separation of the
Heights with larger separation of the HOB from the FermifFermi level from the LUB for stable vs unstable islands can
level are the stable heights, as observed experimentallpe further confirmed by measuring with a modulation tech-
Since the island height cannot increase continuously but onlijique the apparent barrier height(In1)/Az for different
at discrete multiples of the Pb step heightd (whered  height islandsA (In 1)/Az was measured for two values of the
=0.286 nm andn an intege), a height change by2is ap-  tunneling voltage/=0.75 and 1.5 \for | =1 nA). The cor-
proximately equal toj\; [with \{=0.366 nm the Pb bulk responding energy 0.75 eV is above the LUB level for the
value of the Fermi wavelength in th@11) direction'®]. It  stable island$§Fig. 2@)] and 1.5 eV is above the LUB level
will cause a new level to be pushed below the Fermi levekgr unstable island§Fig. 2(b)]. Sincel is an exponential

and generate periodic variations of the charge spilled outsidginction of z the apparent height barriér(In 1)/Az is simply
the island described above. Other contributions to the eleggjven by

tron energy(i.e., charge transf@ can explain further the
difference in the Fermi-level position. Alnl 2m
The difference between stable and unstable islands can Ty 2 F(¢—|9V|/2— E*)|. €)
also be seen from the level of the tunneling current in the
|-V spectra. In general, theV curves for stable islands lie  From Eq.(3) it is first seen that for higher tunneling voltage
lower than the -V curves for unstable islands, except in the the lower will be the value oA (In1)/Az since the tunneling
energy range 0.4-0.5 eV, which includes the LUB for stableparrier is lower. This explains why the values &fIn 1)/Az
islands. One can simply write for the tunneling current in Fig. 4 are lower for 1.5 V than for 0.75 V. Equati@8)
shows that the value o (In1)/Az is essentially determined
_ EiteVv 5 12 by the separation oE* from E;+eV. What is more inter-
|_2 Lf dEp;(E)ex —2m/h*(¢—[eVI/2—E)]™ esting in Fig. 4 is the oscillatory variation af(In 1)/Az with
(1) island height. For tunneling voltage 0.75 V, the odd island
heights are at the minima af(In 1)/Az while for 1.5 V the
where p;(E) is the 2D density of stated/ is the applied even island heights are at the minima. We will show next that
tunneling voltageg is the average work function of sample this is a direct result of the difference in the position of the
and tip,E; are the discrete levels normal to the island. It canFermi level with respect to the HOB and LUB discussed
be easily shown that for tunneling from the occupied stategarlier.
the largest contribution is from the HOB level and Ef) If there was no difference in the position of the Fermi
can be approximate@f we takeE;=0) as level with respect to HOB and LUB between stable and un-
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1.35 —T T T T heights than the corresponding separation for even height
: N . islands. The measured value &fIn1)/Az at 1.5 V for odd-
1.30 1 a . height islands will be at the minima since as seen in Fig) 2
] ] their LUB level is close toE;+eV, but at 0.75 V for the
1.5 ] even-height island€* coincides with the HOB, which is at
a large separation frork;+eV and these heights result in
maxima ofA(In1)/Az For odd-height islands the opposite is
true: the separation between the LUB is larger at 1[and
odd heights are at the maxima &flIn 1)/Az] while the sepa-
ration is smaller at 0.75 Yand odd heights are at the minima
of A(Inl)/Az].
110 1 . I In summary, we have performddV measurements on
. ] | the uniform-height Pb islands grown on(8il) at low tem-
peratures as a function of island height. It is possible to dis-
h tinguish stable from unstable islands by the position of the
Fermi level: it is at a larger separation from the HOB for
stable islands than unstable islands. This asymmetry explains
why stable islands have lower energy and results in oscilla-
tions of the apparent height barri&r(In1)/Az with island
thickness. The spectroscopic studies confirm the importance
of QSE and more importantly demonstrate strong correla-

stable islands, the LUB would move monotonically towardstions between the island’s electronic structure and stability.
the Fermi level(as the spacing between the levels is de-

creasegl E* would decrease and as Ed3) shows, Ames Laboratory is operated for the U.S. Department of
A(In1)/Az would correspondingly increase with island thick- Energy by lowa State University under Contract No.
ness. No oscillations ai (In1)/Az with island height are ex- W-7405-Eng-82. The work detailed in this paper was sup-
pected in this case. As mentioned before, when discussingorted by the Director for Energy Research, Office of Basic
Fig. 2, the separation betwe&n and LUB is smaller for odd Energy Sciences.
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FIG. 4. Apparent barrier heighit(In 1)/Az vs island height mea-
sured for two voltage¥ = +0.75 and+1.5 V. The oscillations can
be explained from the difference in the Fermi-level posit{oith
respect to the LUB and HOBas shown in Fig. 2.
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