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Bombardment of CxaAs(110) at 300~ T~ 775 K with Ar+ ions at normal incidence creates surface-

layer defects that generally span one or two unit cells, as shown by scanning tunneling microscopy. Va-

cancies produced in this way diffuse via thermal activation to form single-layer vacancy islands. The
diffusion of divacancies favors [110]and accommodation at islands produces roughly isotropic islands.

Modeling of growth showed an overall Arrhenius behavior for diffusion with an activation energy of
1.3+0.2 eV. Investigations of the surface morphology during multilayer erosion revealed deviation from

layer-by-layer removal with scaling exponents between 0.4 and 0.5 for 626 ~ T & 775 K.

INTRODUCTION EXPERIMENT

Ions play an important role in processes involved with
overlayer growth and material removal. For example,
ion-assisted growth can lead to smoother films by creat-
ing defects that act as nucleation sites and by transferring
energy to enhance diffusion. Material removal via
reactive-ion or ion-assisted etching relies on energy pro-
vided to create chemically volatile species. Ions can also
have adverse effects by creating disorder near the surface,
as in vacancies in semiconductor materials. In such com-
plex systems there are competing processes, and it is im-
portant to understand each so that processing conditions
can be optimized.

In this paper, we focus on defects created on
GaAs(110) by noble gas bombardment and vacancy mi-
gration under the inIIIuence of temperature and sustained
ion impact. Vacancies can be created on a semiconductor
surface by sputtering with ions at energies of a few hun-
dred to a few thousand eV. When done at elevated tem-
perature, it is possible to promote near-surface healing,
and the defects can be characterized in terms of size and
structure using atomic resolution scanning tunneling mi-
croscopy (STM). Vacancy kinetics can be extracted by
relating surface morphology after erosion to vacancy mi-
gration and the formation of vacancy islands. In such
circumstances, the results can be explained using some of
the vocabulary of thin-film growth. Such parallels to
growth have been developed recently for sputter ero-
sion' and for spontaneous etching.

Here the activation energy for diffusion of vacancies
has been determined from the temperature-dependent
size and density distribution of single-layer-deep vacancy
islands. Denuded zone analysis indicates migration of di-
vacancies along [110]and offers insight into the mecha-
nism for vacancy motion. Extension of these investiga-
tions to high fluence resulted in multilayer erosion.
Analysis of height profiles as a function of Auence and
temperature shows that ideal layer-by-layer conditions
could not be achieved. We attribute this to insufhcient
interlayer mass transport and, ultimately, the instability
of GaAs against As desorption.

The experiments were conducted in an ultrahigh-
vacuum chamber equipped with a Park Scientific Instru-
ments STM. The base pressure was —1X10 ' Torr.
Clean (110) surfaces were prepared by cleaving GaAs
posts that were doped p type with Zn at -2 X 10' cm
and n type with Si at —1X10' cm . Sputtering was
done with a difFerentially pumped ion gun using high-

purity Ar introduced via a precision leak valve. The gun
was thoroughly degassed before every bombardment.
Vacancy island nucleation studies involved sputtering
with 300—500-eV Ar+ at cruxes of 3—6 X 10"
ions cm s ' at temperatures of 625 —775 K. Multilayer
erosion studies used 3000-eV Ar+ at a fiux of 1.9X10'
ionscm s ' at temperatures of 625 —775 K. The pres-
sure in the STM chamber did not exceed 6X10 Torr
during bombardment. Temperatures were measured with
a thermocouple near the sample base that was calibrated
using an optical pyrometer. Quoted values were accurate
to +20 K and reproducible to +10 K. This relatively
large uncertainty rejects the fact that the samples were
cleaved posts which had a range of shapes and overall
profiles. The sample was cooled rapidly to room temper-
ature after sputtering for STM experiments. Electro-
chemically etched tungsten tips were cleaned in situ by
electron irradiation. Micrographs shown here represent
occupied states images (As sublattice) acquired in a con-
stant current mode with biases of 1.5 —3.0 V. They were
not corrected for thermal drift, and some show slight dis-
tortions. I 110] runs from upper left to lower right in all
images. The piezoelectric scanner was calibrated by corn-

paring driftless atomic resolution images of GaAs(110) to
the known lattice spacings and by measuring monatomic
step heights on GaAs(110).

RESULTS AND DISCUSSION

Vacancy island nucleatipn and growth

Wang, Pechman, and Weaver recently showed that
Ar+ ions having energies of 300—5000 eV induce surface
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damage on GaAs(110) that generally spans 1 —5 unit cells
0

where a unit cell is taken to be 4.00X5.65 A . Room-
temperature sputtering indicated that some material
ejected from pits by ion impact remained on the surface
as adatoms. The adatoms produced by sputtering at
600& T&775 K were mobile, and thermal effects pro-
moted local healing so that surface defects were well
defined. For 300-eV ions, dual-bias imaging indicated
that most impacts removed 1 —4 atoms localized within a
single row along f110j. The yield of surface atoms re-
moved per ion was constant when sputtering was done at
normal incidence at 600& T&775 K. The surface heal-
ing and the formation of vacancy islands appeared in-
dependent of the trajectory relative to the surface, even
though effects due to trajectory and beam energy were
clearly evident on the yield. Damage done deep within
the sample was either healed or had no effect on the sur-
face diffusivity of vacancies or vacancy complexes. Ac-
cordingly, we used Ar+ at 300 eV and normal incidence
to create the vacancies and small vacancy complexes
whose behavior is quantified here. Figure 1 summarizes
the results of analysis of these defects and shows that
two-atom removal was the most likely under conditions
where the damage was frozen and defect size could be es-
timated; defects more than five atoms in size generally
spanned more than one row.

The cruxes corresponded to removal of 1 —5X 10
monolayers (ML) per second. This ensured that a vacan-
cy created within a di6'usion length of a vacancy island
would reach that island instead of encountering other va-
cancies to produce an island that was stable at the forma-
tion temperature. With increasing temperature, of
course, the sampled area increased and island coarsening
occurred. This is analogous to atom deposition on a sur-
face where nucleation competes with growth in a way
that depends on the proximity of the deposited atom to
an existing island. Exposures were limited to the removal
of &0.08 ML to ensure that the islands did not grow to-
gether.

Figure 2 shows images for surfaces sputtered with
300-eV Ar+ at fixed fluence for 625& T&775 K. The
upper limit of temperature was dictated by the fact that

~~
G$

CL
O

CL

CD
N

~~
C$

1 2 3 4 5 6 7 8

Defect Size (atoms)

FIG. 1. Size distribution of defects formed by individual
300-eV Ar+ impacts. Defects corresponding to two atoms are
the dominant structures. For defects greater than about Ave
atoms, the structures extend over two [110]chains.

FIG. 2. 250X250-A images of GaAs(110) sputtered with
300-eV Ar+ at 3X10" ionscm s ' to remove -0.05 ML. I
denotes single-layer-deep vacancy islands, and A labels features
associated with material ejected onto the surface.

As desorbs above 800 K, even without surface disorder
induced by sputtering. Sputtering below 600 K produced
surfaces that were dominated by structures comparable
in size to those created by single-ion impacts because
diffusion was insufhcient to allow island formation. Areal
analysis for each of the surfaces shown in Fig. 2 indicates
the removal of about 0.05 ML with a yield that was near-
ly constant. Inspection reveals that single-layer-deep va-
cancy islands, I, were the dominant structures. The la-
teral dimension of these islands increased with tempera-
ture and their density decreased. Annealing for 5 —15
min at the sputtering temperature did not alter the island
density. Thus their motion on the surface was su%ciently
sluggish to prevent them from joining with other islands.
In addition, annealing to 775 K after sputtering at 625
and 675 K resulted in the same island density and size
distribution as produced by sputtering at 775 K.

The STM images also revealed bright structures ( A)
that reAect material ejected onto the surface. Dual-bias
imaging typically showed these bright spots in both po-
larities and that they extend —5 A. For room-
temperature sputtering, the surface area covered by 3-
type features scaled with the pit area. These features
were stable against tip-induced displacement under the
imaging conditions used here. They were observed less
frequently at higher temperatures because they could
recombine with vacancy islands or, for As species, they
could desorb. Annealing after sputtering at lower tem-
peratures reduced the density of A-type features. We
found no evidence for regrowth features on the surface
layer of the sort seen for Si(100),' ' ' or for adatom
chains as reported for GaAs(110). '

Figure 3(a) shows an image obtained after sputtering of
a region having two monatomic steps running along
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[001]. The surface far from the steps was equivalent to
that of Fig. 2(b), but the areal density of vacancies was
much reduced close to the steps. Such denuded zones, la-
beled DZ, were absent along [110]steps, as shown in Fig.
3(b). This indicates that divacancy diffusion is preferred
along the zigzag chains of alternating Ga and As sites,
perpendicular to [001]. The kinks along [001] steps
represent sites where vacancies were accommodated. Di-
vacancies created sufficiently close to the [001] step on
the upper terrace were able to annihilate at the step.
Those that di6'used to the step from the lower terrace
were not able to annihilate because this would involve
atom dissociation from the step and transfer to the va-
cancy. These vacancies were rejected back onto the ter-
race under these low fluence conditions. Only at higher
Auence did we observe the formation of extended vacan-
cies along the step direction in the lower terrace, corre-
sponding to creation of a double-height step. The larger
kinks along the edge in Fig. 3(b) probably represent va-

cancy islands that coalesced with the step edge. The
linear density of these kinks is equal to the linear density
of vacancy islands along [110]far from [110]steps.

Figure 3(c) depicts the top layer of a GaAs(110) terrace
with a single As vacancy ( VA, ), two GaAs divacancies
( Vo,A, ), and a vacancy island. The island is bounded by
two GaAs [110] chains. The one on the right is ter-
minated by As atoms, while that on the left is terminated
by Ga atoms. The top and bottom edges are regular
[001] steps and the overall island is charge neutral.
Atoms within the exposed second layer of GaAs are also
shown. The images of Fig. 2 reveal such single-layer-
deep islands, but with borders that are less regular be-
cause of kink sites and segments of (112)-type steps.
Dual-bias imaging and inspection of the atomic sites of
the exposed second layer shows the Ga and As aspects of
the [110]and [001]edges.

Vacancy difFusion can be visualized from Fig. 3(c). For
a VG,A, unit like II or III, movement by one atomic site
along [110]will occur when a Ga or As atom jumps from
one end of the vacancy to an equivalent site at the other
end, as depicted by the dashed downward arrows, and
discussed for GaAs(110) by Gwo, Smith, and Shih" and
Lengel et a/. " Motion of Vo,~, (or larger complexes
contained within a zigzag row having an even number of
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FIG. 3. (a) 450X450-A image showing a denuded zone (DZ) near a [001] step, labeled S(00&). The island density is reduced near
down-steps (upper left) but unaffected near up-steps (lower right). A typical vacancy island is indicated by I. (b) 470X470-A image

of a surface sputtered to remove twice as much material as in (a). A monatomic [110]step is seen, and no denuded zone exists. (c)
Schematic representation of GaAs(110) with Ga atoms shown as filled circles and As atoms as open circles. Distinct vacancy sites are
shown: a single As vacancy ( VA, ), two GaAs divacancies ( VG,A, ), and a larger vacancy island. The zigzag row direction is indicated.
DifFusion of Vo,A, -type defects was found to be highly anisotropic along [110]. The arrows indicate that single atom hopping is the
mechanism for net displacement.
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missing atoms) can be accomplished by net hopping of As
and Ga atoms along [110]. The activation energy for
such diffusion is dominated by the breaking of one sur-
face bond and one backbond as the atom dissociates from
one end of the vacancy. The divacancies depicted in Fig.
3(c) could be accommodated at the island such that II
would cause elongation along [001] and III elongation
along [110]. The fact that the aspect ratio for the islands
in Fig. 2 is approximately unity indicates accommodation
at both types of island edges.

Cxwo, Smith, and Shih' have assessed diffusion anisot-
ropy of native vacancy complexes on purposely mis-
cleaved GaAs(110) at 300 K. Multiple scanning of the
same area revealed occasional vacancy-hopping events
along [110]and far fewer hops along [001] that led them
to deduce an anisotropy in diffusion of —10 in favor of
motion along the zigzag rows. Ebert, Lagally, and Ur-
ban' found tunneling conditions under which they were
able to move divacancies along the zigzag rows of
GaP(110) with a STM tip at 300 K. Lengel et al. " per-
formed a similar study concerning single As vacancy
hopping events on GaAs(110). They found that V~,
moved across zigzag rows, as depicted by the horizontal
arrow in Fig. 3(c), under the influence of the tip. Such an
event involves breaking of only one backbond and bond
rotation of the surface bonds as the atom swings out of
the surface plane and into the vacancy site. " The alter-
native pathway, diffusion of a single vacancy along [110],
is unlikely because an event that avoids an antisite defect
must break at least one surface bond and a backbond
somewhere along its path while overcoming a barrier to
motion that is complicated by the presence of the oppo-
site species [e.g., the Ga atoms on either end of the As va-
cancy in defect I in Fig. 3(c)]. Lengel et al. deduced ac-
tivation energy barriers of —1.5 and —3.5 eV for these
two channels. We have not observed tip-induced
diffusion at 300 K, and we deliberately imaged at low bias
to avoid tip effects. Tip-induced events are easily detect-
ed by discontinuities in successive line scans at the
affected site, and by differences in successive images of
the same area. We conclude that the tip did not play a
significant role in activating the large number of vacancy
hops needed to produce the observed vacancy islands.

Sputtering at low energy can create trivacancies in a
single row. Motion for trivacancies along [110] is com-
plicated by the barrier just noted for single-atom vacan-
cies. These immobile, odd-numbered vacancies can be
converted to even-number structures via capture of a
single-atom vacancy or capture of a surface adatom. Al-
ternatively, a trivacancy can dissociate into a divacancy
and a single-atom vacancy on an adjacent row, both of
which can diffuse along their low-energy directions. In
this case, the final thermodynamic state involves at net
loss of one surface bond.

The shape of a vacancy island will change as atoms at
the perimeter break away, diffuse on the island Aoor, and
are rebonded. Dissociation events like IV and V in Fig.
3(c) are governed by the same bond-breaking energies as
for V~,~, diffusion. Accommodation of an atom
diffusing on an island Hoor must be limited to chemically
favorable sites. The result of atom dissociation from

edges and reaccommodation at favorable sites is a reduc-
tion in kinks at vacancy island borders, leading to a
smooth appearance of edges.

The activation energy for diffusion, Ed, can be calcu-
lated from analysis of images like those of Fig. 2, where
island densities can be determined directly. The area as-
sociated with each island defines an average separation
between islands. The problem of determining Ed is
analogous to determining activation energies for diffusion
of adatoms and clusters during growth. Mo et al. ' have
proposed a model that takes an atomistic view, first
counting the number of sites visited by a diffusing species
after H hops of length a. When H is large and diffusion is
highly anisotropic, the number of distinct sites visited is
-H ' . The island density N is important when calcu-
lating the number of hops needed to find an existing is-
land. From this a nucleation rate dN/dt can be deduced
that depends on diffusivity D, deposition rate R, and total
coverage 0. Integration then gives X =7R OD a .
Since X is determined by counting the islands, D can be
calculated. This applies only to systems with highly an-
isotropic diffusion, low coverages where island radii are
much smaller than the average island separation, and for
low deposition rates where diffusing species interrogate
large areas before encountering other migrating species.
The low-Ar+ cruxes and fluences used for our pit nu-
cleation studies and the results of denuded zone analysis
ensured that these conditions were satisfied.

The calculation of an activation energy for diffusion re-
quires that there is a single dominant pathway, so that
competing rate processes can be neglected. In our case,
the rate processes can be categorized as vacancy creation,
annihilation, migration, and nucleation and growth. Va-
cancy creation is governed by Ar+ impact events, and re-
moval was found to be constant with temperature at the
cruxes used here. Vacancy annihilation occurs when ada-
toms fill vacancies. For 625~ T~775 K, the adatoms
could combine with vacancies and were not often ob-
served. Such events must have occurred locally as part of
the healing of disorder at impact sites, and their time
scale must have been much shorter than that for vacancy
migration. By limiting the amount of material removed,
the effects of growth rate were minimized, and it is
reasonable to expect that vacancy accommodation at is-
land edges was not sensitive to temperature in the range
of interest. Finally, the rate of island nucleation was cer-
tainly temperature dependent and tied to island density.
This was exploited to calculate the activation energy for
divacancy migration. Thus the conditions of low Aux en-
sured that vacancy diffusion was the rate process that was
important in these nucleation studies.

Figure 4 summarizes the results of calculating D from
the island density for surfaces sputtered at 625, 675, 725,
and 775 K. Each datum point represents D averaged
over vacancy island densities for Auences that resulted in
1 —8% vacancy coverage. Hundreds of vacancy islands
were counted for each experiment, with at least four ex-
periments done at different Auences for each of the four
temperatures stud. ied. Linearity of the fit indicates that
vacancy diffusion follows an Arrhenius behavior. The
slope gives AEd=1. 3+0.2 eV, ' where the uncertainty
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In multilayer erosion studies, we used 3000-eV ions and
higher fluxes to minimize exposure times and main
chamber pressure. The total amount of material removed
was determined by scaling the sputter yield with the total
ion exposure, again expressing the value in monolayer
equivalents of GaAs(110). These values were checked
against areal analysis of exposed layers for lower fluences
where the original surface could be identified.

Figure 5 shows the surface morphology after removal
of 0.9 and 9.5 ML at 725 K. It is clear from the images
that erosion proceeds in a simultaneous multilayer
fashion with the probability of sputter removal from a
particular layer governed by the fractional area exposed.
In general, these surfaces are comprised of a main layer
M, remnant islands R, and vacancy islands I. The total
number of layers reflects the effectiveness of interlayer
transfer, a temperature-dependent quality. The remnant
structures appear in stacks as more material is removed

FIG. 4. Plot of vacancy diffusivity vs 1/T. The slope of the
straight line fit gives the activation energy for diffusion,

Ed = 1.3+0.2 eV. Vertical error bars account for Aux variations
during bombardment.

reflects variations in ion flux during bombardment. This
activation energy refIects divacancy motion along zigzag
chains. Single vacancies that were created contributed to
island growth, but the fact that they were rarely observed
after sputtering at elevated temperature indicates that
they were sufficiently mobile to be accommodated at va-
cancy islands. While incorporation into an existing is-
land would not affect the island density, it would alter the
diffusion characteristics of the island, as noted above.
For example, capture of a single vacancy by a divacancy
would immobilize the complex and prevent the divacancy
from sampling its full diffusion length. The net effect of
such processes would be an increase in island density.
The measured value for Ed would then be higher than it
should be for simple divacancy diffusion. We estimate
the slope of the Arrhenius plot would give a higher value
for Ed by -0. 1 eV if the presence of single vacancies led
to an increase in island density by 20%. This was de-
duced by rescaling the original island density data to
reAect a 20% reduction and then recalculating D.

Multilayer erosion

The above has focused on vacancy islands in the top
layer. With continued material removal, top layer islands
grow and coalesce and additional islands can be produced
in the exposed layer before original layers are completely
eroded. As the surface morphology evolves, vacancy ac-
commodation at upper and lower steps becomes increas-
ingly important in determining pit shapes and the proba-
bility for interlayer mass transport.

Wang, Pechman, and Weaver have shown that the
sputtering yield for normal-incidence bombardment of
GaAs(110) depends weakly on ion energy because the
probability for channeling increases with energy. Howev-
er, the vacancy size produced by individual ions averages
4—6 atoms at 3000 eV instead of 2 —4 atoms for 300 eV.
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FICx. 5. 800X 800-A images of GaAs(110) sputtered with
3000-eV Ar+ at 1.9X10' ionscm s ' at 725 K to remove (a)
0.9 ML and (b) 9.5 ML. Each surface is comprised of a main
layer (M), remnant layers (R), and vacancy islands (I). Three
layers are exposed in (a), whereas at least eight layers are ex-
posed in (b). (c) Surface profile during multilayer erosion de-

picting possible vacancy accommodation and annihilation
events.
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and the step height between layers is generally one layer.
The single-layer vacancy islands also appear in stacks as
more material is removed. Figure 5(c) represents a gen-
eral height profile after multilayer erosion. The horizon-
tal axis is the fast diffusion direction for divacancies and
possible vacancy accommodation mechanisms are indi.
cated by I—V. In I, a vacancy in the main layer diftuses
to a vacancy island and is accommodated. In II, a vacan-
cy island abuts a portion of a remnant island where an
atom dissociates from the upper terrace and is transport-
ed into the vacancy island. This interlayer vacancy
dift'usion via atom transfer reduces the root mean square
surface roughness. In III, a vacancy in a remnant island
diffuses to a single-height [001] step and reduces the size
of the remnant. In IV, a next-layer vacancy migrates to
an edge to form a double-height step. In V, an adatom li-
berated from a remnant island is accommodated at a
favorable site of a step edge. This interlayer atom
diffusion also reduces surface roughness. The shapes and
distributions of the structures on eroded surfaces overs
insight into the importance of these vacancy accommoda-
tion and interlayer mass transport phenomena.

In Fig. 5(a) there is no preferred alignment of the va-
cancy islands relative to the substrate crystallographic
directions, and the islands have aspect ratios that are
roughly 1:1. This indicates vacancy accommodation at
both local [001] and [110]steps. The remnant islands in
Fig. 5(a) do show elongation, but there is no preferential
alignment because the island shape refIects vacancy
coalescence. Remnant structures are formed when two
isotropic vacancy islands meet, grow, and engulf other
vacancy islands. Other growing vacancy islands are more
likely to meet this large elongated one along the extended
edge. If coalescence happens near an end point, the va-
cancy island will form a C shape that may meet itself at
the ends, forming an elongated remnant island. The va-
cancy and remnant islands are bordered by irregular
edges made up of segments of [110]and [001] steps. The
[110]segments tend to be atomically straight over a few
to several tens of A, while the [001] steps are more
kinked. This reAects the weaker interaction between ad-
jacent chains compared to atoms in the same chain, as
well as the higher probability for divacancy annihilation
at [001] steps. Occasionally, double-height steps are
formed at the junction of a vacancy island and remnant
island [center of Fig. 5(a)]. In all cases, the double-height
step segment roughly follows [110] or ( 112 ) . Double-
height steps along these directions form [111] mi-
crofacets. This is favorable since GaAs(111) reconstructs
with a two-times periodicity to reduce the number of
dangling bonds at a double-height edge. Such mi-
crofaceting was also observed following spontaneous
etching of GaAs(110) with Br& and C12. '

Figures 5(a) and 5(b) show that the average height devi-
ation from the main layer increased with material remo-
val at 725 K. Studies of multilayer sputtering at 625,
675, and 775 K showed the same trend. A measure of
roughening can be obtained by defining an interface
width (H) =[(h (x)) —(h(x)) ]', where h (x) is the
height at position x and ( ) denotes the average over the
measured area. Here interface widths were calculated as

a function of total material removed for the difterent tem-
peratures of sputtering. When measured along a particu-
lar dimension, (H ) showed no directional dependence,
so that the roughness was independent on the choice of
axis. This quantifies the observation above that there was
no preferred shape or orientation for pits and islands
formed during erosion.

Figure 6 plots the temperature dependence of the inter-
face width versus material removed for surfaces sputtered
at 625, 675, 725, and 775 K. Fewer data points were
available for surfaces sputtered at 625 and 675 K since
significant roughness for high Auences resulted in struc-
tures that were difficult to probe with a STM tip (deep
and narrow). The slope of the linear best fit for each data
set decreases from 0.5 at 625 K to 0.4 at 775 K. This is
consistent with a 'growth' law whereby the interface
width increases with time as (,H ) ~ t during deposition
at constant ffux, and the growth exponent I3 depends on
temperature. Thus Fig. 6 rejects the dependence of the
scaling exponent 13 on temperature for multilayer erosion.

Discussions of the growth exponent and its tempera-
ture dependence' ' show that P=0. 5 corresponds to a
situation where there is no net mass transport between
layers, and the morphology is statistically consistent with
an ideal hit and stick picture. With increasing tempera-
ture, I3 decreases and there is a transition temperature at
which it goes to 0, rejecting a steady state characterized
by layer-by-layer growth and an interface width that is
independent of time. P increases again above the
roughening temperature because the adatom sticking
probability decreases, the eA'ects of thermal desorption
cannot be ignored, and the growth front is
roughened. ' '

From Fig. 6, it is clear that the erosion studied here for
GaAs(110) occurs below the transition temperature since
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Fl&. 6. Log-log plot of the interface width, (H), vs total
amount of material removed for sputtering between 625 and 775
K. The errors involved are represented by the size of the sym-
bols. The slope of each line gives the scaling exponent P at the
corresponding temperature. P decreases slightly from O.S at 625
K to 0.4 at 775 K.
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/3 did not reach a value near 0 and ideal layer-by-layer
material removal was not observed. Erosion analogous to
the roughening transition of growth occurs at —800 K,
corresponding to thermal desorption of As as As . ' Ac-
cordingly, conditions where ideal layer-by-layer sputter-
ing occurs cannot be realized. It should be noted that the
behavior of P with time is asymptotic, and quantitation
may require the removal of many tens of monolayers to
obtain an accurate value. However, roughening observed
here occurred sufticiently fast to determine the trend of /3

with temperature. Additional information about
roughening during erosion can be obtained by tracking
step density with temperature and fluence. Such analyses
and the implication for quantitative understanding of
physical erosion of GaAs will be described in detail else-
where.

Figure 7 shows STM images of surfaces sputtered to
remove 1.5 ML at 625 T ~ 775 K. At 625 K, six layers
are visible and the range of lateral continuity is small; at
775 K, four layers are visible and the terraces are large,
indicating increased intralayer and interlayer migration
at higher temperature. Inspection reveals structure with
relatively small lateral dimensions and little change from
625 to 675 K. More noticeable lateral smoothing oc-
curred at 725 and 775 K, although mathematical analysis
shows that the scaling exponent changed only from 0.5 to
0.4 (Fig. 6), which indicates that interlayer mass trans-
port is much more dificult than same-layer diffusion.
Indeed, the interface width increases with time in an un-
bounded fashion during erosion.

The lateral dimension of structures after erosion
rejects the details of lateral diffusion. Inspection of the
images indicates that a main layer vacancy created on the
surface in Fig. 7(d) would need to travel —10 times far-
ther to find a suitable accommodation site than for a
main layer vacancy on the surface in Fig. 7(a). From Fig.
4, divacancy diffusivity is —100 times larger at 775 K for
Fig. 7(d) than at 625 K for Fig. 7(a). The diffusion
lengths x =&D t then differ by a factor of 10 for the same
time. Thus the average lateral size correlates well with
the lateral diffusivity, and the ranges of motion for vacan-
cies governed by terrace sizes and by diffusion lengths
scale equally with temperature. However, this does not
account for the reduced roughness seen at the higher
temperatures.

To understand the role of interlayer mass transport in
reducing the surface roughness, we refer back to Fig. 5(c).
Events like II and V constitute interlayer diffusion of va-
cancies and liberated atoms and decrease the interface
width. Structure IV represents a vacancy created within
an island. The size of the vacancy island will scale with
temperature, as does the diffusion length. Moreover, the
vacancy will be rejected back into the island floor when
accommodation at the boundaries is not possible. Each
time the vacancy reaches an edge there is a chance for an
interlayer diffusion event like that depicted as II of Fig.
5(c). The fact that island boundary sampling rates are
roughly independent of temperature indicates that inter-
face smoothing is due to the activation barrier to inter-
layer diffusion events and not a reduction in the frequen-
cy factor (i.e., number of attempts) at lower temperatures.

FIG. 7. 800X 800-A STM images of GaAs(110) sputtered
with 3000-eV Ar+ at 1.9X10' ionscm s ' to remove —1.5
ML. The morphology appears much smoother for the surfaces
sputtered at higher temperatures, although the interface width
grows in an unbounded fashion due to ineffective mass transport
between layers.

In addition to the mechanism of interlayer vacancy
motion, events like V in Fig. 5(c) could occur to reduce
the interface width. Such events represent atom dissocia-
tion from a remnant structure. The atom may then inter-
rogate the surface to find a chemically favorable site at a
remnant island or at a vacancy island. An encounter
with a vacancy island would result in interlayer diffusion
if the mobile atom hopped down at the island boundary
and was accommodated. In principle, the diffusing ada-
tom could encounter another liberated adatom and nu-
cleate a separate island or, for the case of volatile As
moieties, desorb. Such processes appear unlikely, since
we have not observed small islands or detected a temper-
ature dependence in the sputtering yield that would sug-
gest significant desorption of As at higher temperature.
Moreover, we have annealed surfaces like those shown in
Fig. 7 to their respective sputtering temperatures for
5 —10 min and observed no noticeable change in the size
of remnant or vacancy islands or in surface roughness.
This indicates that dissociation events like process V in
Fig. 5(c) are not important for net interlayer mass trans-
port, and cannot exclusively account for the reduction of
interface width with temperature. We conclude that the
unbounded surface roughening correlates to the difhculty
of interlayer vacancy diffusion relative to the in-plane mi-
gration of these vacancies.

CONCLUSIONS

This paper has focused on the morphology of
GaAs(110) under low- and medium-energy Ar+ bom-
bardment. STM analysis of vacancy island nucleation
has shown an Arrhenius behavior for vacancy diffusion
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with an activation energy for divacancy diffusion of
1.3+0.2 eV. Multilayer erosion studies revealed that
sputtering leads to surface roughening below 775 K.
Coverage- and temperature-dependent measurements of
the interface width after bombardment showed ineffective
mass transport between layers. It will be interesting to
extend these studies to include ion enhanced growth and

etching to gain insight into more complicated materials
processing problems.
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