Structure of Cs on GaAs(110) as determined by scanning tunneling
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Submonolayer coverages of Cs adsorbed at room temperature on the GaAs(110) surface are
examined with scanning tunneling microscopy. Linear chains, formed by two adjoining rows of
Cs atoms, are observed along the | 110] direction for coverages as low as 0.03 monolayer. The one-
dimensional Cs chains are observed to be several hundred A long, and are seen in images of both
the occupied and unoccupied electronic states. At higher coverages, approaching 0.15 monolayer,
stable linear structures consisting of three neighboring Cs rows have been found.

I. INTRODUCTION

Adsorption of alkali atoms on semiconductor surfaces pre-
sents a model system for understanding the evolution of met-
al-semiconductor interfaces as well as providing an oppor-
tunity to probe the physics of low-dimensional systems.
Experimentally, the alkali/semiconductor systems are often
nonreactive and therefore well defined. Theoretically the al-
kalis offer simplicity in model calculations because of the
singly occupied valence level. The outermost s-electron in
alkalis is weakly bound, making them very electropositive
elements with low work functions in the solid state. A de-
scription of the interaction of alkalis with surfaces generally
includes a lowering and broadening of the s-electron energy
level accompanied by partial charge transfer from the alkali
to the surface,’ creating a system of repulsive dipoles for low
adatom densities. A partially occupied s level has been ob-
served in alkali adsorption on metal surfaces, even for very
small coverages.” Dipole repulsion is often the dominant lat-
eral interaction for low coverages and generally gives rise to
a disordered or very open structure.> With increasing cover-
age, the depolarization caused by adjacent dipoles leads to a
lowering of the surface potential and s level, causing a de-
creased charge transfer per atom.

Recently, the question of metallic behavior in alkali/semi-
conductor systems has received considerable attention.*'*
Based on low-energy electron diffraction (LEED) and elec-
tron energy loss measurements for K/Si(100), it was con-
cluded that near one-half monolayer (ML) K forms weakly
interacting one-dimensional chains on this surface that un-
dergo an insulator-metal transition, due to a decrease in
charge transfer, as described above.®’ Dispersion of the en-
ergy loss feature was ascribed to one-dimensional plasmon
excitations in metallic K chains, a claim which has recently
been challenged by theoretical calculations indicating the K
overlayer to be ionic up to full coverage.'**

In this paper we report on the subnanometer scale struc-
tural and electronic properties of Cs/GaAs(110) observed
with scanning tunneling microscopy (STM). Interestingly,
it is observed that Cs forms quasi one-dimensional chains on
the GaAs(110) surface, even for coverages of as low as 0.03
ML. This is in contrast to the K/Si(100) system, where the
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K chains occur as part of a two-dimensional ordered over-
layer at } monolayer coverage. The one-dimensional charac-
ter of the atomic Cs chains may provide a model system for
testing theories concerning transport and electronic proper-
ties of nanometer sized “wires.” Here we show the develop-
ment of the Cs structures as a function of coverage. At low
coverages, a two element Cs zig-zag chain is observed. With
increased coverage the Cs adsorbates form three element
chains which pack together to tile the surface. Voltage de-
pendent imaging shows an increase of state density over the
Cs linear structures for both filled and empty energy levels.
The sources of this structure and the question of overlayer
metallicity are discussed.

il. EXPERIMENTAL

The experiments were performed on two separate sys-
tems. The initial data, shown in Fig. 1, are from an experi-
mental system at IBM. '’ The rest of the data are from addi-
tional measurements at the National Institute of Standards
and Technology (NIST).'® GaAs samples were cleaved in
situ under ultrahigh vacuum conditions, base pressure
4% 107" Torr, in order to expose a clean (110) face. The
images shown here have the [ 110] crystallographic axis ori-
ented at 45° with respect to the + x direction. The orienta-
tion of each GaAs wafer ([001] vs [001]) was determined
using an anisotropic etch after the STM measurements. The
wafer orientations were then cross checked with voltage de-
pendent imaging of both the Ga and As atoms,'” so that the
relative positions of the Ga and As atoms could be deter-
mined on each sample. After cleaving, Cs was deposited at
room temperature using a Cs getter source, with ~30-100s
deposition times for the images shown here. After depo-
sition, the sample was mounted on the STM for measure-
ment. The NIST STM is similar to an IBM Zurich type mi-
croscope employing a glass frame and double spring
vibration isolation.'® A constant tunneling current of 100 pA
was used. Both p-type and n-type samples have been investi-
gated, with similar results for the structures reported here.
Coverages quoted were obtained by counting atoms in sever-
alimages and using the convention that 1 ML corresponds to
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F1G. 1. 155X 155 A image of ~0.06 ML Cs on GaAs(110) (ptype, 1 X 10"
cm™?), obtained at — 2.7 V sample bias. Cs induced features are observed
as the bright linear structures.

a GaAs(110) surface atom density of 8.85x10™
atoms cm 2. The images presented here have not been ad-
justed to account for thermal drift. Images with monatomic
steps have their height contrast increased by subtracting a
low pass filtered version from the original image.

lll. RESULTS

Figure 1 shows the initial measurements of Cs/
GaAs(110), obtained with the IBM microscope, in a
155x155 A image at — 2.7 V sample bias. Scanning at this
voltage, which corresponds to tunneling out of the filled
electronic states of GaAs, selectively images the As substrate
atoms. Distinct linear chain structures are observed which
are continuous over the image, except for some defect re-
gions. The fine rows, between the brighter linear structures,
are due to the As sublattice of the substrate. An asymmetry
is observed in line profiles perpendicular to the Cs chain
structures, with the nearest As row most affected. In Fig. 1,
no adsorbate long range order is observed perpendicular to
the chain structures. As shown below in higher resolution

FIiG. 2. 16090 A image of 0.03 ML Cs on GaAs(110) (# type, 2.5 10"
cm™?), obtained at — 2.4 V sample bias. Primary and secondary Cs maxi-
ma are indicated by P and S, respectively. The black diamonds denote the
positions of the As atoms, obtained from the As corrugation, for clarity.
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images, long range order does exist along the Cs chains.

The higher resolution image in Fig. 2, obtained on the
NIST microscope, shows the structure of segments of the Cs
chains. In the 160X 90 A image of Fig. 2, the Cs chains are
seen to consist of a zig-zag structure having two elements,
labeled P and S to indicate the primary and secondary Cs
maxima. The two Cs maxima are each found to be approxi-
mately centered within four surface As atoms, but are dis-
tinct from one another due to the anisotropy of the
GaAs(110) lattice, which has a two atom basis in the surface
unit cell (see Fig. 4). Anisotropy of the GaAs(110) surface
manifests itself in the increased STM contour height of the
As row immediately to the left of the secondary Cs row, as
shown in Fig. 3(a). Note that the corresponding As row, to
the right of the primary Cs row, remains largely unaffected.
The highlighted As row was found to be reproducible, in
particular its relative orientation with respect to the GaAs
lattice, for all samples, using different tips and tunneling mi-
croscopes.

A geometric model, based on the STM images, is shown in
Fig. 4. The relative orientation of the Ga sublattice was de-
termined with anisotropic etching of the samples, as de-
scribed above. The fact that only the left-most As row is
affected arises from the difference between [001] and [001]
directions in the GaAs lattice. The two atom basis of the
GaAs(110) surface also results in an inequivalence between
the primary and secondary Cs atoms, which is discussed
further in the next section.

Figure 5 shows an image of Cs/GaAs(110) obtained at
positive sample bias, which probes the unoccupied levels.
The resolution (and magnification) in this image is substan-
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F1G. 3. (a) Profile through the primary Cs maximum along the line A~A’ in
Fig. 2. The primary maximum and the highlighted As row are labeled P and
As, respectively. (b) Profile through the secondary Cs maximum, labeled S,
along the line B-B’ in Fig. 2. (c¢) Profile through the primary and tertiary
maxima, labeled P and T, along the line A-A' in Fig. 7. The projected As
positions in the (110) plane are indicated by the triangles at the bottom of
the figure.
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F1G. 4. Schematic diagram showing positions of the Cs induced maxima
visible in images of the occupied states (see Figs. 2, 6,and 7). Gaand As are
represented by small filled and open circles, respectively, while large circles
locate the Cs features, with the enclosed letter identifying primary (P),
secondary (S), and tertiary (T) maxima. The structure on the left repre-
sents the zig-zag chain of P and S atoms seen in Figs. 2 and 6. The leftmost
As row is indicated by an arrow. On the right-hand side is shown the triple
chain structure observed in Fig. 7.

tially lower than that of Fig. 2. Difficulties in tunneling to the
unoccupied levels are of unknown origin, but may be due to
Cs contamination of the tip or perhaps related to a lower
barrier height for the cesiated surfaces. This difficulty is not
found in other systems such as Fe/GaAs.'® Figure 5 shows
no evidence of the GaAs or Cs corrugations, however we still
find distinct row structure due to the Cs. Notice also that
these linear structures are not continuous over the monato-
mic step that appears in the image, but on the lower terrace
they are unbroken for ~ 500 A.. It may be possible that struc-
tures on the order 1 um in length could be formed, since
cleaved GaAs often yields such step-free terraces.

FIG. 5. 600X 480 A image of ~0.03 ML Cs on GaAs(110) (n type,
2.5% 10" em™?), obtained at + 1.5 V sample bias. The upper left region is
shown in Fig. 6, imaged at negative sample bias. Note the monatomic step in
the center of the image.
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FIG. 6. 300X 270 A image, obtained at — 2.4 V sample bias, of a portion of
the region shown in Fig. 5. The indicated defect is a common reference point
in Figs. 5 and 6.

Figure 6 shows a complementary image of a partial area of
Fig. 5, obtained at negative bias. In Figs. 5and 6 onecan seea
one to one correspondence between the linear Cs structures
in both images. Thus we observe that the Cs chains contrib-
ute an increased density of states for both filled and empty
electronic levels. At negative bias, higher resolution was ob-
tained and the Cs structures are observed to consist of the zig
zag chains, as depicted in Fig. 4. The appearance of the
greater number of defects in Fig. 6, compared to Fig. 5, re-
sulted from successive scanning over the same area at both
positive and negative bias.

At higher coverages the formation of three element chains
is found, as shown in Fig. 7 for ® ~0.13 ML. The triplet
chains are composed of the primary (P) and secondary (S)
rows that formed the zig zag structure, together with a terti-
ary (T) row, as indicated in Fig. 7. The line profile in Fig.
3(c) shows the tertiary row to be shifted ~] of a lattice
spacing toward the primary row, so these Cs maxima are not
centered within the four As atoms, as depicted in Fig. 4. This
geometry contributes to significant differences in appear-
ance of the three types of rows, as seen in Fig. 7. The primary
row appears essentially the same as in previous figures, the
secondary maxima are markedly smaller, and the tertiary
chain looks much like the primary, except for an apparent
delocalization of charge density along the row. In the broken
chain segment with line A-A' in Fig. 7, one observes that the
primary chain of the first segment smoothly becomes the
tertiary chain of the next segment. Close examination of the
shorter segment shows a progressive shift of the tertiary
chain as it departs from being the primary chain of the pre-
vious segment.

Packing of the triple chains is already observed at the Cs
coverage of Fig. 7, but the presence of neighboring triplets
does not affect the topographic details just described. This
suggests weak interaction between triplets, so that the elec-
tronic properties of the overlayer may retain quasi one-di-
mensional characteristics, even near 0.25 ML coverage
where an ordered (6X2) phase is observed in LEED.?%2!
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FiG. 7. 300X 273 A image of 0.13 ML Cs on GaAs(110) (p type, 5.6 10'®
cm™?), obtained at — 2.6 V sample bias. P, S, and T denote the primary,
secondary, and tertiary chain elements, depicted in Fig. 4.

Note that packing the triple chains with a phase shift be-
tween neighboring triplets yields a 6 X 2 structure, perhaps
accounting for the 6 X 2 pattern found in LEED.

IV. DISCUSSION

Since the STM probes electron level densities and not nu-
clear positions, it is difficult to assess with certainty the true
positions of Cs adatoms, however tempting it may be to
equate the observed maxima with those positions. Bias de-
pendent imaging demonstrates the hazards of such a naive
interpretation.”” Close examination of the images, however,
suggests that each maximum is induced by the presence of
one Cs adatom, as opposed to the secondary row being due to
Cs—Cs or Cs-GaAs interactions, for example. We base this
on the observation of discrete maxima in the images, and on
the termination of the triple chain structures shown in Fig. 7.
Note, for example, that some of the triple chains in Fig. 7 end
with a secondary chain maximum and some otherwise iden-
tical chains do not. If the secondary row were exclusively
due to interaction between the outer two rows or with the
substrate, one expects that similar chains should terminate
in the same manner. The different end configurations are
more easily explained by the presence or absence of one addi-
tional Cs atom. From the broken chain segment indicated by
the arrow in Fig. 7, one can also see the similarity in the
primary and tertiary chain segments, suggesting similar ori-
gins for both. This evidence leads us to conclude that each
observed maximum in the occupied states corresponds to the
presence of one Cs atom, if not to its actual position.

Bonding and electronic properties of the Cs chains are of
particular interest in light of the quasi one-dimensional (I-
D) geometry of the adsorbed layer. Work function?® and
photoemission”® measurements suggest that Cs donates
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much of its valence charge to the substrate upon initial ad-
sorption. If this is the case, one might expect a repulsive
interaction between adjacent Cs adatoms, which would
evenly disperse them over the surface, as inferred for K on
Ni(111), for example.> On the contrary, formation of the
extended chains shown in the figures clearly indicates an
attractive interaction between Cs atoms. This does not rule
out partial charge transfer to the substrate, but it seems un-
likely that the adatoms are fully ionized at any of the cover-
ages shown here. Associating the observed maxima with ac-
tual Cs positions gives a Cs—Cs nearest neighbor distance of
6.9 A in the zig zag structure, as compared to 5.2 A for bulk
Cs. Metallic Cs itself is believed to lie close to the Mott met-
al-insulator transition,?® so it is not yet clear whether the
electronic structure of these one-dimensional chains should
be that of an insulator or metal, a question that is complicat-
ed further by interaction with the substrate. Detailed investi-
gation of the surface electronic structure is being undertaken
using current versus voltage measurements. It is worth not-
ing, however, that recent photoemission work® has con-
cluded that the overlayer is nonmetallic for < 1 ML Cs cov-
erage.

The imaging characteristics of the Cs atoms are affected
by the electronic structure of the 1-D structures. It is, there-
fore, worth discussing some of the basic considerations that
affect the electronic structure and hence the images. From
Fig. 4 one can see that the Cs maxima of the zig-zag struc-
ture, labeled P and S, are inequivalent due to the underlying
symmetry of the substrate. The asymmetry of the
GaAs(110) surface shows up clearly in the Cs induced en-
hancement of the left-most As row neighboring the second-
ary Cs row of the zig-zag chains, as described above (see Fig.
3). Considering the geometry in Fig. 4, one sees that the
secondary Cs can affect the left As row by bonding to the Ga
atoms, which in turn are bonded to the mentioned As atoms.
The right-most As row can only be affected indirectly by the
primary Cs through back bonds. The inequivalence of the Cs
atoms yields a two atom basis in the unit cell of the quasi 1-D
chain, and could account for the appearance of two distinct
surface core level shifts in photoemission experiments.>>2°
The two atom basis will create a gap in the electronic energy
spectrum of the chain, which, in the absence of any interac-
tion with the substrate, will lie between the filled and empty
states, thus forming an insulator. Including charge transfer
to the substrate complicates the important question of
whether or not the zig-zag chain could be metallic, or per-
haps metallize the GaAs surface states, as suggested by re-
cent calculations for K/Si(100).'? Even if there is partial
charge transfer, however, the formation of bonding and anti-
bonding states generally leads to preferential imaging of one
basis atom over the other at different tunneling biases, as
observed on Si(111)2X 1 and the GaAs(110) surfaces.'”?’
Images showing different relative intensities of the primary
and secondary Cs maxima have been observed; however, de-
tailed voltage dependence of these structures are necessary
to reach definite conclusions.

The same considerations outlined above, when applied to
the triple chains (with an odd number of electrons in the unit
cell), lead to the conclusion that the chains should be metal-
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lic in the absence of substrate interaction or a Mott transi-
tion. Charge transfer will again profoundly affect this sim-
plistic argument. It is interesting to note the delocalization of
charge density along the tertiary row in Fig. 7, which may
indicate metallic behavior. A central question in these stud-
ies concerns the driving force for forming the linear struc-
tures. Preliminary calculations?® suggest that their stability
may result from anisotropic dispersion forces associated
with the large polarizabilities in the Cs chains. Therefore, it
may be that Cs—Cs bonding interactions are indeed the driv-
ing force for the formation of these atomic wires, although
the substrate clearly plays a crucial role. The final determin-
ation of whether these features result from metallic structure
must await more detailed measurements.

In conclusion, we have shown that Cs adsorbed on
GaAs(110) surfaces at room temperature forms extended
linear structures. At low coverages, the Cs atoms form a zig
zag chain, which has two inequivalent Cs atoms in the primi-
tive unit cell. At higher coverages a three element chain con-
figuration forms. Differences in appearance among the Cs
component elements are attributed to electronic structure
resulting from Cs—Cs interactions in the linear structures,
but important details of the electronic properties and bond-
ing have yet to be resolved.
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