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Mg ordering, reaction, and crystallite formation on GaAs(110):
Scanning tunneling microscopy and photoemission studies
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The coverage-dependent growth structures formed by Mg deposition on GaAs(110) have been studied

using scanning tunneling microscopy (STM) and synchrotron-radiation photoemission. In the low-

coverage regime at 300 K, Mg adatoms bond on a bridge site between one Cra and two As surface atoms

to form two-dimensional domains with local 2X1 structure. Dual-bias STM imaging shows a higher

density of unoccupied states than occupied states for these Mg atoms, indicating charge transfer from

Mg to the substrate. This 2X 1 overlayer is replaced by three-dimensional clusters when the local atom

density increases and chemical intermixing is initiated. With increased Mg deposition, the heterogene-

ous surface region becomes more uniformly reacted and the clusters coalesce. By —10-monolayer depo-

sition, the resulting polycrystalline film is locally smooth, although atomic height steps are evident and

there are a large number of dislocations.

INTRODUCTION

Scanning tunneling microscopy (STM) has been used to
investigate the formation of metal-semiconductor inter-
faces, allowing direct observation of long- and short-
range overlayer order in real space. ' In principle,
overlayer growth structures are determined by adatom-
adatom and adatom-substrate interactions, with con-
straints related to kinetics. The adatom-adatom interac-
tions can be estimated by the bulk cohesive energy but
adatom-substrate interactions reAect the number of ada-
toms present locally and cannot be characterized by a
macroscopic parameter.

This study focuses on one of the parameters that
inft. uences the growth mode: the cohesive energy of the
overlayer. We have studied the interaction of Mg with
GaAs(110) because Mg has a very low cohesive energy.
We speculated that the Mg growth mode could be pre-
dicted by reviewing the growth modes of Cs (group I) and
Al (group III) on GaAs(110). It has been shown that Cs
atoms deposited at 300 K form zigzag chains along the
substrate [110] direction. Such two-dimensional (2D)
growth is related to the optimal configuration of stable
nuclei. In contrast, Al atoms form three-dimensional
(3D) clusters' because Al-Al bonding is favored over
Al-CxaAs bonding. From the intermediate cohesive ener-
gy of Mg, we expected 2D growth for Mg on GaAs(110).
[The cohesive energy of Cs is very low (0.8 eV/atom),
that of Mg is higher (1.51 eV/atom), and that of Al is
comparatively high (3.39 eV/atom). ] At the same time,
the prospect of interfacial reaction could be inferred from
results for Ca/GaAs(110). " Hence, we were interested in
the interplay between overlayer ordering and reactive in-
termixing for increasing amounts of Mg on the surface.

Three distinct growth regimes were observed for
Mg/GaAs(110). Two-dimensional growth dominated at
very low coverage where an ordered 2X1 structure was
observed and at very high coverage where oriented Mg

crystallites were observed with well-defined steps and
dislocations. Equally interesting was the intermediate re-
gime between —0.25 and —10 ML (where ML denotes
monolayer) because clusters were observed with STM and
intermixing of Mg, Ga, and As due to interfacial chemi-
cal reactions was demonstrated with photoemission.

EXPERIMENT

The STM experiments were conducted using a com-
mercial instrument' in an ultrahigh-vacuum system of
base pressure -6X10 "Torr. GaAs(110) surfaces were
prepared by in situ cleaving of p-type single-crystal posts
doped with Zn at 2X10' cm . Mg was sublimed from
a resistively heated tantalum boat. The typical deposi-
tion rate was —1 A/min at low coverage and -4 A/min
at high coverage. Overlayer growth was done at room
temperature, and the pressure in the chamber remained
below 5X 10 ' Torr. Metal coverages were measured
with a quartz crystal thickness monitor. The coverage of
1 ML was defined to be one adatom per substrate Ga or
As atom. This yields a surface monolayer density of
8.86X 10' atoms cm, leading to a conversion factor of
2.0 A/ML for Mg. STM tips were prepared by electro-
chemical etching of tungsten wires of 0.5 mm diameter.
The tips were annealed by electron bombardment before
every experiment. Tip bias voltages were +(2.4—3.0) V
and the tunneling current was typically 0.1—1.0 nA. Sin-
gle lines were scanned with a typical frequency of 2—4 Hz.
The atomic structure of the substrate was determined by
dual-bias imaging of Ga and As surface atoms. '

The synchrotron-radiation photoemission experiments
were conducted in a spectrometer at the Wisconsin Syn-
chrotron Radiation Center. Photoelectrons were collect-
ed with an angle integrated double-pass cylindrical mir-
ror analyzer, as described elsewhere. ' The overall ener-
gy resolution, controlled by selecting monochromator
slits and analyzer bandwidth, was 0.25 eV for Cxa 3d, As
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3d, and Mg 2p core-level energy distribution curves
(EDC's). These EDC's were analyzed with an IBM RT
computer using a nonlinear-least-squares-minimization
curve-fitting routine.

STM STUDY (3F GRQ%'TH STRUCTURES

Mg adsorption structures

Figures 1(a) and 1(b) show images of the occupied and
unoccupied states for 0.12 ML Mg deposited at 300 K
onto GaAs(110). These 140X 140 A STM images were
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FIG. 1. STM images probing (a) occupied states and (b)
unoccupied states of the same 140X 140 A for 0.12-ML deposi-
tion of Mg on GaAs(110). The images were acquired with the
tip biased by +2.4 V and a constant tunneling current at 0.7 nA.
Most Mg adatoms appear as individual bright features occupy-
ing the surface sites indicated in the schematic model of (c).
The nearest-neighbor distances between Mg atoms are 8 and
5.65 A along [110]and [001] directions, respectively. The dom-
inant structures reAect a local 2 X 1 array but linear chains along
the substrate [110] direction are also evident. The different
brightnesses for Mg atoms in (a) and (b) reAect a higher density
for unoccupied states than occupied states. Features marked X
signal closer packing of Mg atoms in the [110]direction while
those marked Y signal nucleation of clusters.

acquired with tip bias voltages of 2.4 and —2.4 V and
tunneling currents of 0.7 nA from the same surface area.
The regular lattice in the background is the atomically
resolved GaAs(110) surface, imaging As atoms as in Fig.
1(a) and Ga atoms in Fig. 1(b). The bright features that
appear as small two-dimensional arrays represent Mg
adatom. Comparison of Figs. 1(a) and 1(b) shows a
significant difference in the brightness of the Mg features,
indicating an apparent adatom height difference between
occupied and unoccupied state images. In particular, a
Mg adatom measured &0.5 A high in Fig. 1(a) but -2 A
in Fig. 1(b). This difference in apparent heights between
occupied and unoccupied state images was observed
throughout the bias voltage range (-2—3.5 V) within
which imaging could be achieved in these experiments.
Such bias-dependent sizes have been discussed by Lang'
and Hamers. ' Since the height of a feature in an STM
topograph relates to the surface density of states, ' the
difference indicates that the density of unoccupied states
for Mg adatoms is greater than for occupied states at
these biases. This suggests charge transfer from Mg to
the substrate. Such charge transfer is also evident in the
core-level photoemission data, which will be discussed
later in this paper.

Analysis of the STM images shows that individual Mg
atoms adsorb on a bridge site between one Ga and two
As surface atoms, as depicted in Fig. 1(c), with the sur-
face [110]and [001] directions as indicated. We arrived
at this adsorption structure based on the assumption that
the protruding features in the STM images truly
represent the location of the Mg atom cores. The Mg
atoms form two-dimensional arrays with a 2X 1 structure
with respect to the GaAs(110) substrate, starting at much
lower coverages than shown in Fig. 1. Such ordering
reAects the high atomic surface mobility of Mg. Linear
chains comprised of as many as five Mg atoms were also
observed to form along [110]at lower coverage, as shown
at the right of Fig. 1(c). This can be caused by a higher
accommodation at the end of the linear chain or a lower
diffusion barrier along the [110] direction, as predicted
for Al diffusion on GaAs(110). The domains of the
2X1 structure were as large as 20X20 A . When adja-
cent domains meet there is a 50% chance that an anti-
phase domain boundary will form. In this case, the
atomic arrangement has a zigzag structure, as sketched
in Fig. 1(c). The zigzag structure resembles the growth
pattern for Cs, Sm, and Yb on GaAs(110), ' ' but no
isolated zigzag chains or large domains of the zigzag
structure were observed because the structure is a conse-
quence of the abutting of 2X 1 domains.

The distance between Mg adatoms in the 2 X 1 struc-
ture is 5.65 A along [001] and 8.0 A along [110], as
shown in Fig. 1(c). The nearest-neighbor distance, 5.65
A, is too large for direct Mg-Mg bonding, and interaction
between Mg adatoms must be mediated by the substrate.
This is analogous to what has been proposed for Cs on
the (110) surfaces of GaAs and InSb.

Cluster nucleation and growth

The STM images show that most Mg adatoms deposit-
ed at 300 K form domains with a 2X 1 structure at 0.12
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ML coverage but also that a small number of other
features are formed. One corresponds to a chain along
[110]with an interatomic spacing of 4.0 A, as indicated
by X's in Figs. 1(a) and 1(b). These appear differently
from the 2X1 structures because the nearest-neighbor
distance is reduced by a factor of 2. The apparent height
for the X features was the same as for 2X 1 structures,
based on occupied and unoccupied state images. Anoth-
er feature, labeled Y in Fig. 1, appears as a protrusion in
occupied state images. Some of the Y features are bright
protrusions that resemble individual adatoms ( Y& ) while
others are agglomerates of individual bright features

0

( Yz ). Both measure —2 A high in occupied state images
[Fig. 1(a)] but they do not show discernible elevation in
the unoccupied state images [Fig. 1 (b)]. These density-of-
states characteristics distinguish Y features from X.

Comparison of the 2 X 1 growth structure to the X and
Y features shows that the major change is the nearest-
neighbor distance. We postulate that weak Mg-Mg in-
teractions responsible for the 2 X 1 structures are
modified when additional Mg atoms are inserted to form
denser arrays, such as X. The Y aggregrates probably
represent Mg atom addition on X features as second layer
growth. The Y features seem most likely to promote nu-
cleation and the growth of larger 3D clusters because of
the high local Mg atomic density of Y features.

The X and Y features of Fig. 1 occur rarely with 0.12-
ML Mg deposition, but the density of Y features in-
creases rapidly with coverage and larger clusters form.
Figure 2 shows a 170X 170 A area after the deposition
of 0.25 ML with an occupied state image on the left and
an unoccupied state image on the right. Clearly evident
are bright features -20 A in diameter and 2—4 A high
that indicate cluster growth. No evident order can be
seen within the clusters. At this coverage, the clusters
appear as protrusions in both occupied and unoccupied
states' images, and this is different from the appearance
of the Y features that serve as nuclei of clusters. Y

features indicated by arrows in Fig. 2(a) are recognizable
because they are bright in the occupied state images but
not in the unoccupied state images. Areas away from the
clusters and the Y features exhibit unperturbed 2X1
structures identical to those of Fig. 1. Although STM
cannot determine what elements make up the clusters,
photoemission results allow an assessment of chemical in-
teractions between Mg and GaAs(110), as will be dis-
cussed below.

The eight panels of Fig. 3 show the Mg morphology
when the amount of Mg is increased from 0.25 to 30 ML.
The images measure 290X290 A for 3(a) and 700X700
A for 3(b)—3(h). Figure 3(a) represents the unoccupied
state with 0.25 ML Mg, showing that the surface is
covered with 2 X 1 structures and the number of clusters
is small. (The 2X1 structures appear as lines running
from the lower left to the upper right in the image; the
spacing between adjacent lines is 8 A.) The coexistence
of 2X 1 regions and clusters indicates significant Mg ada-
tom mobility on the 2X1 structure until cluster growth
occurs, most likely at Y features. Increased deposition
yields more and larger clusters that cover the 2X 1 struc-
ture. The images of Figs. 3(b), 3(c), and 3(d) were typical
for the occupied states for 0=0.38, 1, and 3 ML, respec-
tively, where the clusters were 5—7 A in height. The clus-
ter heights did not increase at higher coverage but there
was lateral growth and cluster coalescence to seal the sur-
face, as in Figs. 2(e) and 2(f} for 8=5 and 7.5 ML. The
surface maintains the same roughness on a large scale at
9 ML but local smoothing is evident, as shown in Fig.
3(g). Atomic height steps also form, and this is an indica-
tion of the growth of ordered crystals. The crystalline
character was apparent at 30 ML, as shown in Fig. 3(h),
because large Bat regions were observed and they were
separated by atomic steps. A striking characteristic of
these surfaces was the large number of dislocations, in-
cluding the screw dislocations marked by arrows (next
section).

Low-energy electron diffraction (LEED) investigations
were also done in parallel with the STM studies. A clear
1 X 1 LEED pattern was observed for cleaved GaAs(110)
but Mg deposition rendered the LEED spots fuzzy. No
superstructure was observed and the substrate spots
disappeared into a diffuse background by -2-ML deposi-
tion. The absence of a detectable 2X1 LEED pattern at
low coverage reAects the fact that the ordered domains
were only 20X20 A in size. This is evident in Fig. 3(a)
where small, imperfect 2X 1 domains appear. Mg deposi-
tion above 30 ML produced a circular LEED pattern on
a diffuse background indicative of polycrystalline Mg.

FIG. 2. STM images showing cluster formation after the
deposition of the equivalent of 0.25 ML of Mg. The same
170X 170 A was scanned with the tip bias of +2.88 V for (a)
and (b), respectively, and a tunneling current of 0.15 nA. Clus-

0 0
ters measuring -20 A in diameter and 2—4 A in height with no
apparent internal structure (marked C) can be seen along with
unperturbed 2X1 areas and F features as in Fig. 1 (e.g. , F&

marked). The photoemission results indicate that the clusters
reAect intermixed regions containing Mg, Ga, and As.

Polycrystalline Mg film formation

Figure 3(h) shows that Mg coverages of -30 ML pro-
duce a surface with numerous steps that originate pri-
marily from dislocations, especially screw dislocations.
Images of the terraces do not show atomic resolution,
presumably because the electronic states of Mg are delo-
calized. For the steps, the measured height was 2.6 A, in
agreement with the height of a single step along the c axis
of hcp Mg. Results for Mg films of thickness 60 and 200
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ML showed that the terraces and steps were defined by
straight line segments. Straight step edges intersected at
angles of 120, consistent with growth of a hexagonal
close-packed structure. Apparently, surface free energies
favor the formation of straight edges on a close-packed
crystal orientation. When all straight step edges are con-
sidered, however, their directions are random, as expect-
ed for polycrystalline growth.

The polycrystalline growth of Mg on GaAs(110) stands
in contrast to what has been observed for other metals,
including Sn, Ag, and Al. ' For Mg, the flatness of ter-
races and the straightness of steps indicate high Mg sur-
face mobility. This is not surprising since the activation
energy is proportional to the bulk cohesive energy. This
also accounts for surface smoothing as the clusters grew
laterally. The transition from cluster to crystalline
growth probably introduces dislocations because the clus-
ters were disordered. Mobile Mg adatoms bond to dislo-
cations and steps, thus sustaining layer-by-layer growth.
Screw dislocations, which were observed for Mg films as
thick as 200 ML, most likely propagate from the buried
interface.

The STM images showed that the surface regions were
stable, but we did observe changes more than 30 min
after the films had been grown. Figure 4 shows two pairs
of images that demonstrate such dynamic changes. Fig-
ures 4(a) and 4(b) are 1400X 1400 A images for 15 ML

(e)

(b)

FIG. 3. STM images showing the evolution of the Mg/GaAs
interface for deposition of 0.25, 0.38, 1.0, 3.0, 5.0, 7.5, 9, and 30
ML for images (a)—(h). The imaged region measured 290X290
A for (a) and 700X700 A for (b)—(h) ~ Image (a) was acquired
with a negative tip bias, but the others were taken with a posi-
tive tip bias. 2X 1 structures observed at low coverages yielded
to reacted clusters that grew laterally and eventually sealed the
surface so that polycrystalline Mg film growth could occur. Ar-
rows (h) indicate screw dislocations in the Mg film.

(c)

FIG. 4. These images highlight areas of structural instability
and dislocation movement in the Mg thin films. Images (a} and
(b) were taken -2 min apart for the same 1400X 1400 A area
after 15-ML Mg deposition. Apparent structural changes oc-
curred in the upper right portion. Images (c) and (d) were ac-
quired from an 860X 860 A area after 60-ML deposition.
Features marked by arrows in (c) changed over a 2-min period.
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Mg/GaAs (110) T= 500 K

Ga 3d
he= 70eV

As 3d
hv=95eV

Mg for the same region taken -2 min apart. Changes
were evident within the upper right area but the rest of
the surface remained unchanged. Similar changes are
evident in Figs. 4(c) and 4(d) for an 86QX 86Q A area for
a 60-ML Mg film. For images taken -2 min apart, the
screw dislocation marked by an arrow in Fig. 4(c) has
been annihilated and steps developed in its place. These
changes were probably not induced by the tip because
only specific features changed and the resolution of the
tip remained the same during scanning. Instead, we asso-
ciated them with dislocation movement within the Mg
film. The as-grown Mg films probably have nonequilibri-
um structures that are kinetically limited. Dislocation
movement makes it possible to release internal strain.
Such dislocation movement has been observed on a
GaAs(11Q) surface using STM. During these processes,
atoms may leave or join a changing structure, causing

growth or dissolution of 2D island structures, as ob-
served.

INTERFACE CHEMISTRY

To understand the atomic bonding configurations asso-
ciated with the growth structures discussed above, we
must rely upon photoemission. Figure S shows Cia 3d
and As 3d core-level EDC's for the elean surface where
the familiar surface-shifted components appear at —0.39
eV for As and Q.28 eV for Ga. (The photon energies were
chosen to give approximately the same inelastic scatter-
ing lengths. ) With Mg deposition, new components ap-
peared at lower binding energy for As and Cxa, consistent
with transfer of electron density from Mg to substrate
atoms, in agreement with the STM results discussed
above. As the Mg coverage increased, these components
grew at the expense of the surface component. This is
evident from the inset of Fig. 6 where the intensity of the
Ga 3d surface component (normalized to that of the clean
surface) is plotted as a function of Mg deposition. As
shown, the surface component diminished steadily and
was no longer distinguishable by -O. S-ML deposition.
This correlates well with the growth of the 2X1 struc-
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FIG. 5. Ga 3d and As 3d core-level EDC's for GaAs(110)
with increasing Mg depositions at 300 K. The spectra are refer-
enced in energy to the bulk component to emphasize the rela-
tive binding energy shifts of the reacted components. The inten-
sity of each spectrum is background subtracted and normalized
to the highest feature.

I
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Mg Deposition (ML)

FIG. 6. Attenuation curves showing the intensity variations
for the various Cxa 3d (upper panel) and As 3d (bottom panel)
core-level features as a function of Mg deposition. The inset
shows the intensity of the Ga 3d surface-shifted component nor-
malized to the intensity of the clean surface as a function of Mg
coverage at low coverage as the Mg 2X1 structure grew. The
persistence of As and, especially, Ga emission to high coverage
demonstrates segregation to the surface region.
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ture. The disappearance of the surface component by
-0.5 ML for Mg deposition stands in contrast to results
for 2D overlayers such as Bi/GaAs(110) and
Sb/GaAs(110). In those cases, the surface structure
was 1 X 1 and the surface component vanished with the
completion of the first monolayer. This implies that the
loosely packed 2X 1 Mg structures change the electronic
environment of all surface Ga and As atoms through
bonding.

The markedly different rates of attenuation for the sub-
strate and Mg-induced components after -0.5 ML indi-
cates that intermixing of Ga, As, and Mg atoms had been
initiated. Figure 6 shows logarithmic plots of the intensi-
ties of the various components of Fig. 5 as a function of
Mg deposition. The attenuation of substrate peak inten-
sity, taken to be the sum of bulk and su.rface components,
deviates from a straight line because of the conversion of
the surface component into a chemisorbed component at
low coverage and intermixing and cluster formation
thereafter. The component associated with the inter-
mixed species attenuates faster for As than for Ga be-
cause of differences in chemical trapping and solubili-
ties.

Intermixing is also evident from the EDC's of Fig. 5
where the intensity of the intermixed component grew
relative to the substrate component, dominating by 1—2
ML and being the sole component evident by —8 ML.
The Ga line shape showed a sharpening with Mg deposi-
tion, and emission from Ga could be detected after 150-
ML deposition. Such Ga behavior has been observed re-
peatedly for metal overlayer growth on GaAs(110), and
it is associated with the release of cations into the over-
layer due to preferential reaction with the anion and sub-
sequent cation surface segregation.

The Mg 2p core-level EDC's summarized in Fig. 7 for
low coverage represent the chemisorbed atoms identified
in the structures of Fig. 1. Although little change was
observed between 0.05 and 0.5 ML, the line shape
broadened and the peak shifted to higher kinetic energy
(lower binding energy) by 2-ML deposition. The line
shape representatj. ve of metallic Mg was then evident by
—8 ML. We note that a Fermi level cutoff was first
detected at -2 ML, indicating that the mixture of Mg,
Ga, and As was metallic. After 30-ML deposition, the
probe region was essentially pure Mg with some residual
segregated Ga, and the Mg 2p EDC showed the asym-
metry typical of a metal. At this point, As has been
buried at the extended interface because no As 3d signal
can be detected.

SUMMARY OF OVERLAYER GROWTH

A picture of the evolution of the Mg/GaAs(110) inter-
face can be obtained by combining the results from STM
and photoemission. At low coverage, a 2X1 structure
forms, as shown in Fig. 1, and this structure induces sur-
face changes so that atoms of the (110) responsible for the
surface-shifted photoemission component adopt new
bonding configurations. For this stable 2X1 structure,
there is considerable charge transfer from Mg adatoms to
the GaAs substrate but there is no apparent disruption of

MglGaAs(llO) T=SOOK

Mg
ho=

e =
CA

JQ
Cf

C

O
~~

CA
CO

~~
0)
O
O

CL

O.
l l l I l

58 40 42
Kinetic Energy (eV)

FIG. 7. Mg 2p core-level EDC's for representative Mg cover-
ages. The spectra are plotted with kinetic energy as the hor-
izontal scale. The clear change in line shape and shift with in-
creased deposition shows the nucleation and growth of Mg in
the intermixed layer. The results for 0.05-ML deposition reflect
Mg bonds primarily in 2 X 1 structures depicted in Fig. 1.

the substrate. For the GaAs(110) surface, individual Mg
atoms are mobile but are trapped in 2D arrays by
cooperative bonding to the surface. Additional Mg
atoms deposited on the surface occupy sites within the
loosely packed 2X1 structure. The resulting structure
leads to an instability and Mg-Ga-As intermixing is ini-
tiated. This interface instability rejects the local number
density of Mg atoms. The onset of reaction is similar to
the cluster-induced reaction proposed by Zunger and
observed experimentally for Ce/Si(111) (Ref. 28) and
Sm/GaAs(110). ' ' Intermixing of Mg, Ga, and As
yields reacted clusters and this reaction spreads across
the surface. Once formed, the layer acts to kinetically
impede continued reaction. Continued deposition facili-
tates crystalline formation on the interfacial layer, despite
the presence of Ga atoms. The Mg film produced in this
fashion is polycrystalline because of the randomness asso-
ciated with cluster formation and coalescence. Disloca-
tions within the film probably reAect disorder of the
buried interface and strain associated with Mg film
growth.
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