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Toggling the local surface work function by pinning individual promoter atoms
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Atom by atom control over the local work function of a surface has been performed by using the tip of a
scanning tunneling microscope to move and pin individual promoter atoms at predetermined atomic sites on
the surface. Both positive and negative local work-function changes could be achieved, depending on the exact
binding configuration of the pinned promoter atoms. This manipulation of individual promoter atoms has been
exploited for testing the fabrication of atomic-scale chemical “seeds.”
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[. INTRODUCTION resulting from the adsorption of two separate hydrogen at-
oms that correlate with the increased surface work function.
Since the pioneering work of Taylor and Langmbimd- ~ Quite interestingly, the two hydrogen atoms constituting the
sorbed atoms have been known to modify the electron worRip site can be separated by more than 100 A. Furthermore, it
function of a surface. This property relates to the change ofvill be demonstrated that one can selectively switch indi-
electronic and/or atomic structure of a surface upon adsorptidual hydrogen atoms from one kind of adsorption site to
tion. It has important applications in many fields such asanother by using the tip of the STM as an atomic manipula-
catalysis, ion propulsion, negative-electron affinity cathodestor- This ability to switch the adsorption site and to displace
thermoelectronic, photoelectric, and spin-polarized electrofndividual hydrogen atoms in a controlled manner has al-
emitters, and ion sources for the neutral atom beams used |Awed us to elucidate the exact atomic and electronic nature
magnetic fusion devicésNormally, the concept of work ©f each kind of adsorption site. It also provides us with a
function is defined only at the macroscopic and mesoscopitNique method to selectively toggle the change in the local
scale® In this paper we wish to explore the significance of surface work function from negative to positive values. As a
using this concept when limited to a single promoter atomfurther illustration of this new expertise, it will be shown that
Atomic-scale inhomogeneities of the local work function the manipulation of individual hydrogen atoms can be used
have been already evidenced, albeit indirectly, in metastabld® Promote an oxidation reaction at any desired place of the
quenching spectroscopgnd the photoemission of adsorbed G&(111) surface.
xenon® Here we investigate directly at the atomic scale with
the scanning tunneling microscog€TM) the very subtle Il. EXPERIMENTAL
interplay between the various adsorption sites of individual
promoter atoms and the positive- or negative-surface work- Room-temperature scanning tunneling microsc(peV)
function changes. Furthermore, we demonstrate by using thexperiments are performed in an ultrahigh-vacuum chamber
manipulation capabilities of the STM that individual pro- (P<3X 10~ *Torr) where regular G&11) surfaces are pre-
moter atoms can be moved to predetermined surface siteared using the conventional method@o prepare the clean
offering the prospect of toggling at will the surface work surface, the heating of the sample is achieved by direct re-
function at the atomic scale. In effect we now have controlsistive heating. Over a period of 1h the sample is slowly
atom by atom, over a macroscopic property. This opens thbeated up to a temperature of 640 °C. The hot surface is then
possibility of fabricating devices the size of a single or just abombarded with 500-eV Ar iongpressure %10 °Torr)
few atoms that will have properties specific to electron emit-and an ion current of kA maintained for 30 min. The ion
ters, sensors, or chemical promotors. flux is at about 45° to the surface normal. After annealing at
A major difficulty in handling promoter atoms on semi- the same temperature for 1 h, the sample is then cooled down
conductors is their strong chemical bonding with the surfaceslowly over a further hour. Using samples that have an ori-
A hydrogen atom adsorbed on a germaniun1dé) surface  entation less than 0.5° away from tfiElL1) crystallographic
was found to be the ideal model system since it can experidirection, very large terrace®n average 3000 Aare ob-
ence both positive and negative work-function changes dutained by this preparation method. This implies that step at-
to the negligible polarity of the Ge-H borfdindeed it has oms constitute less than 1% of the surface.
been observed that the work function decreases upon low
hydrogen coverage whereas it increases at higher hydrogen
coverage. We have revealed the origin of this very puzzling
behavior by a STM atomic scale examination of the surface When exposed to atomic hydrogen using the procedure in
at various stages of the hydrogenation. At extremely lowRef. 6, this surface exhibits features as shown in Fig. 1. At
hydrogen coverage, individual adsorption sifeg shall call  very low hydrogen coverad®.009 and 0.016 ML, Figs.(&)
them “triangle” and “square” sitey account for the de- and 1b)], the majority of adsorption sites appear as triangles
creased work function. At higher hydrogen coverage, wdsee Fig. 2a)] or squaregsee Fig. 20)] made of bright ada-
have found new collective adsorption sites called “zip” sitestoms. We have verified using STM manipulations that these

IIl. RESULTS AND DISCUSSION
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FIG. 1. STM topographs (650545A?) of a Ge(111)e(2
X 8) surface after various exposures to atomic hydrogen. For eact
hydrogen coveragg(a) 0.009 ML, (b) 0.016 ML, and(c) 0.062
ML], the left STM topograph shows the unoccupied states (

=1nA, Vs=1V) and the right STM topograph shows the occupied in !:liﬁ' (2)' :Iri/la:lo?:ga:ig(htg c;f 2 iZEellsli:tX: ;8; shur;?geesnhc;\;\gm
states (=1 nA, V,=—1V) representing the same area. 9 g q ydrog

adsorbed on a Ge rest atom surrounded by three and four adatoms,
. . . respectively, and iric) a zip site produced by two hydrogen atoms.
sites result from the ad_sorptlon of H atoms as has prew_ouslyhe left-hand STM topographs show the unoccupied states (
been suggested. Possible contamination from the W fila- —1 na, v,=1V) and the corresponding right-hand STM topo-
ment used to dissociate the molecular hydrogen could bgraphs show the occupied statés-@ nA, V= —1 V) of the same
eliminated as blank experiments showed no new sitegreas. To the right, the schematics of each site are shown where the
present. When increasing the hydrogen covef@g@2 ML,  Ge adatoms and rest atoms are represented as large and small light
Fig. 1(c)] the majority of sites appear as dislocations of acircles, respectively. Adsorbed H atoms are shown as dark circles
finite length along the adatom roWEig. 2(c)]. These sites, and the effective charges are also indicated.
called “zip” sites, are associated with the movement of a
row of adatoms into metastable, sites? Even though their was used to displace a hydrogen atom from a “triangle” site
exact structure and formation mechanism cannot be easilip a “square” site[Fig. 4@]. The sequence of events to
anticipated from the STM topographs alone, we will showperform such a manipulation is the following. The tip is po-
that it can be deduced. An excellent correlation was foungitioned over a triangle site. The feedback loop is swiched
between the variation of the work function with the hydrogenoff, a positive voltageVs is applied to the surface and the
coverage(Fig. 1) and the relative numbers of each type of tip-surface distance is adjusted to obtain an initial current at
site (Fig. 3). That is to say, the electron work functigg)  time t=0 equal to any given value in the range 0.1-10 nA.
decreases as long as the hydrogen adsorption sites are maiflige current is monitored as a function of time in order to
triangle and square sites wheraasncreases when zip sites provide the timer at which the current suddenly changes due
dominate. This strongly suggests that the former sites arto the jump of the hydrogen atom from the surface to the
associated with a local lowering of the work function and theSTM tip. The feedback loop is switched on and the tip is
latter one with a local increase @ It is remarkable that the moved with the H atom to the desired place on the surface.
adsorption of a hydrogen can give rise either to a local low-Then a procedure similar to the extraction is performed,
ering or increasing ofp, depending only on the adsorption however, with a negative voltagé. , to deposit the H atom
site. on the surface. The triangle or square site nature of the new
To clarify this important observation, we used the tip of hydrogen adsorption site can be perfectly well controlled by
the STM as an atomic manipulator to selectively modify thepositioning the STM tip over a rest atom surrounded by three
hydrogen adsorption site. In the first experiment the STM tipor four adatoms, respectively. Detailed measurements of the
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2 " manipulation procedure to transform a triangle or a square
0.04 o site into a zip site, i.e., to locally modify the work-function
/ 2 T change from a negative to a positive value. This is shown in
- A l‘l' = 1 Fig. 4b). By applying a pulsed voltagé,= 3 V with the tip
- 200 _J' B s = during 50 ms to the H atom in the bottom square Figét
= L{ = 100! topograph in Fig. &)], we produced the zip site as observed
ﬁ -E B in the right part of Fig. 4). This could be achieved only for
‘ § A V=<4 V. This transformation of a triangle or square site into
S04 "l j z l l a zip site was found to be much more probable than the
i " oﬂ hydrogen extraction whenever the initial triangle or square
}LC 0 - site was close to a similar hydrogen site located in the same
0.0 0.2 0o Eod gng  rest atom rowfas in Fig. 4b)]. The zip site was found to
Caverage (ML) Coverage (ML) consist of a displaced row of Ge adatoms which always

ended either at another H adsorption $ie in Fig. 4b)] or

FIG. 3. (a) The measured work-function changes as a functionat @ defect. Therefore, on surfaces having few defects and H
of the hydrogen coverage as taken from Ref(.The number of ~ sites, very long zip sites of up to 16 displaced adatoms could
triangle plus square hydrogen sitetear circles and the number of be produced by this method. It should be noted that, from
zip sites(dark circle$ over a 400x 400 A? as a function of the total time to time, the produced zip site was found to spontane-
hydrogen coverage. The lette#s B, andC correspond to the cov- ously return to the initial structuréwo square or triangle
erages in Fig. 1. siteg. This indicates that the zip site corresponds to dis-

placed adatoms with one hydrogen atom at each end without

extraction and deposition yields as a functiongf, V. and  the removal or addition of any other atom. Zip sites produced
the initial current have been performed and will be discussegither spontaneously by adsorption of H atdisese Fig. 1 or
elsewheré? For V, higher than 4 V, the probability of ex- by manipulation with the tigsee Fig. 4o)] are thought to
traction is 100%. However, controlled deposition could behave the same structure since they appear identical in STM
achieved only at voltageg.< —4 V and with a probability topographies both in the occupied and unocuppied electronic
not exceeding 20%. Manipulations as shown in Fig. 4 clearlystates. Similar zip sites have been observed after adsorption
establish that triangle and square sites have the same oright Cso molecules on G@11)."* However, their exact struc-
and are due to the adsorption of an hydrogen atom on top dfre, especially at each end, could not be identified. Here, the
a rest atom surrounded by three and four adatoms, respel€lentification is made easier by the simplicity of the adsor-
tively. It also demonstrates our ability to pin a hydrogenbate(H) and by the manipulation sequeri¢ég. 4(b)]. From
atom at any predetermined rest atom site on the surface. @ close examination of STM topographs in Figs. 2 aftn),4

Even more interestingly, we found it possible to use thiswe could deduce that the zip site is produced by the follow-

ing tip-induced displacement of atoms. The hydrogen atom
DEPOSIT at the bottom of Fig. éb) (left), initially adsorbed on top of
e-“

a Ge rest atom, is moved up on top of another Ge atom of the
TRANSPORT ‘YRRERSRS

same second layer, which was initially bound to a Ge ada-

tom. This Ge adatom, being destabilized, moves to an adja-
cent metastabld, site. This forces the whole row of six
adatoms, up to the second hydrogen atom, to occupy meta-
stableT, sites. As a consequence, the row of second-layer
atoms(originally bound to adatomso the right of the modi-
fied row of adatoms become rest atoms and vice veysa
Fig. 2. The zip formation is energetically more favorable
than the hydrogen extraction since it requires no bond break-
ing but only a hydrogen atom displacement followed by the
displacement of adatoms along the row. This may explain
why it is favored over the H extraction whenever two H
atoms are adsorbed nearby along the same restatom row

In general, one defines the work function to be the work
done to remove an electron from the Fermi level to infinity.
At the macroscopic level, an analysis of the work function
changes upon H adsorption has shown that it is the sum of
three terms\ p=A g+ AV +Alg .8 The surface Ge-H di-
pole contribution A ¢, is expected to be negligible due to
the comparable electronegativity of H and Ge at8rithe

FIG. 4. STM manipulation of individual hydrogen atoms show- Alg part, related to the ionization energy change due to the
ing the transformation ofa) a triangle site into a square site afisi ~ reconstruction, is also considered to be either negligible or
two square sites into a zip site. that it can be included in thaV, term. Therefore, the mac-
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roscopic work-function change was estimated to depend on
the charge redistribution, resulting in a band-bending change
of AV,.® At the atomic scale, our concept of the work func-
tion and band bending needs to be carefully thought through.
For example, the accepted definition of the work functias
stated abovecorresponds to some average over all atomic
sites of the local barrier heighior local work function.
Therefore, this idea of a local work function can be applied
whatever the surface area under consideration, from the mac-
roscopic scale down to the atomic scale. The local work
function can be measured directly by microkelvin prdBes
with a micrometer resolution and by PEEMRefs. 3 with a
submicrometer resolution. Ideally, one could measure an ap-
parent local barrier height, atom by atom, by douhlgdZ
spectroscopy with the STM. However, first of all this quan-
tity is not strictly equal to the work functiott. Second, when
doing tunneling spectroscopy at different sites, any observed
change is conditional on many parameters, including
changes in the atomic and electronic structures of both the
surface and the tip, making it impossible to deduce any reli-
able value of the local barrier height. Moreover, In this case,
dl/dZ measurements are essentially impossible because
the hydrogen is desorbed well before the voltage has been
completed.

To understand at the atomic scale the redistribution of the -~ = coias of STM topographt< 1 nA, V=1 V) showing
local YVOI’k function, one net—;ds to consider the change in thg, . <ame area (16590 A2) of a Ge111) Sum’ices aftexa adsorp-
effective charge on the various surface atoms. The adSOrRy, of an hydrogen atom into a triangle sit) controlled dis-
tion of a hydrogen atom on a Ge rest atom, giving rise 10 &jacement of the hydrogen atom to another predetermined triangle

triangle or square site, is equivalent to a positive charge 10gjte, and(c) exposure to 20 langmuir of oxygen. The natural dislo-
Cated at the rest atom S&dndeed, the adsoerOn Of the cation in all three topographs serves as a marker.

hydrogen atom saturates the occupied dangling bond of the

rest atom. This effective positive charge is expected to inheen observed that sodium atoms adsorbed on tti&1Ge
duce a local screening by negative charges and consequentlMrface can promote the reactivity of oxygen with this
a local decrease of the work functibnwhich is what we  surfacé* which is normally completely inactive to oxygéh.
have found. The zip case is more difficult to analyze. TheBy combining the manipulation of individual promoter at-
hydrogen atom at the bottom end of the zip site of Fi@) 2 oms with their ability to locally trigger a chemical reaction,
inserts into a bond of an underlying Ge atom which, on theone can then expect to encode at the atomic scale the chemi-
clean surface, was already bonded to a Ge adatom. This pagal reactivity of a surface. This is illustrated in Fig. 5 where
ticular Ge adatom has been pushed up, releasing a new regtiriangle hydrogen sitfon the right side of Fig. @)] has
atom site equivalent to a negative chafgee Fig. 2)]. At been displaced towards a chosen rest-atom[sitethe left

the top end of the zip in Fig.(2), the hydrogen atom satu- side of Fig. %b)] by using the STM manipulation procedure
rates the bond of an underlying Ge atom which should, in thelescribed above. The surface has then been exposed to 20
absence of the hydrogen atom, be bonded to the sixth disangmuir of Q. Itis seen in Fig. &) that the only site on the
placed Ge adatom. This results in a negative charge locateglirface which has reacted to oxygen is one of the bright
on this last Ge adatom. Therefore, as indicated in Fig, 2 adatoms surrounding the pinned hydrogen atom. This strong
the zip site is equivalent to two negative charges located gbcalization of the reactivity confirms that the change of elec-
each end of the zip. In short, the main difference in comparitronic structure associated with the change of work function
son with triangle and square sites, where hydrogen saturat@$very localized around the promoter atom. This experiment
rest-atom dangling bonds, is that in the zip site hydrogenijustrates the use of pinning individual hydrogen promoter

atoms break adatom back bonds. The two equivalent negatoms to trigger the oxidation reaction at any desired place
tive charges of the zip site are expected to induce a locadn the surface.

screening by positive charges, resulting in an increased local
work _functi_qn, as was deduced from the data in Fig. 1.. IV. CONCLUSIONS

This ability to pin a hydrogen atom at a predetermined
site on the surface and to modify the local work function has From our STM studies of the adsorption of atomic hydro-
been used for testing the atomic-scale chemical encoding @fen on the Ge(111§{2 X 8) surface, we have observed two
the surface. It is indeed well known that the changes in théndividual adsorption siteg“triangle” and ‘“square”) at
work function upon adsorption of promoter atoms may en-very low hydrogen coverage. As the hydrogen coverage is
hance the surface chemical reactiVitffor example, it has increased, we found a new collective adsorption &izép” )
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resulting from the adsorption of two separate hydrogen atpossibilities of encoding, at the atomic scale, the electronic
oms. We have been able to correlate these adsorption sitpsoperties of a surface. In particular, atomic scale active de-
with the variation in the surface work function observed invices, like sensors or electron emitters, could be produced
previous experimenfsWe have shown that we can selec- and tested by this method.

tively switch individual hydrogen atoms from one type of
site to the other by manipulating them with the STM tip.
This allowed us to toggle the change in the local work func-
tion. Furthermore, the manipulation of individual hydrogen  We wish to thank the European TMR network “Manipu-
atoms has been used to promote an oxidation reaction at amgtion of individual atoms and molecules” and the European
desired place on the surface. The manipulation of such prdST-FET “Bottom-up-NanomachinestBUN) programs for
moter atoms with the STM opens up many other fascinatindinancial support.
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