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Laser interaction with Br-GaAs„110…: Etching and atomic desorption
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Scanning tunneling microscopy was used to investigate changes in the surface morphology of GaAs~110!
induced by 2.3 eV photons from a Nd:YAG~yttrium aluminum garnet! laser. For clean surfaces, irradiation
caused minimal changes. For surfaces decorated by islands of Br, however, irradiation created monolayer pits
whose shapes reflected the chemisorption structures. The desorption yield followed a square law for low laser
intensities (F<13.5 mJ cm22) due to photochemical conversion of GaBr to volatile GaBr3. 70–80% of the
etch pits were composed of pair vacancies due to removal of gallium as GaBr3 and arsenic as molecular As.
These photochemical processes are enhanced by photothermal effects, even in the low intensity regime. Pit
growth after Br depletion occurs via laser-induced desorption of Ga and As from pit edges. Growth along@11̄0#
is favored, reflecting the contrast in surface bonding strengths. Atomic desorption is initiated by electronic
excitations, probably involving multiple electronic excitations. The yield varies asF (3 – 3.5). As with photoetch-
ing, it increases with base temperature. Both photoetching and laser-induced desorption result in stoichiometric
removal, and the top layer can be removed by extended irradiation.@S0163-1829~98!10139-X#
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I. INTRODUCTION

Laser-enhanced dry etching of semiconductors has
tracted considerable interest due to its potential
microfabrication.1 Important work has focused on photo
chemical and thermal effects underlying the etch
processes.2–7 In photochemically enhanced etching, fre
charge carriers generated by light absorption directly par
pate in surface reactions. In photothermal etching, car
relaxation and recombination processes convert the abso
photon energy to lattice heating that activates etching. H
we examine the interplay between photochemical and ph
thermal etching for Br-decorated GaAs~110! as a function
of laser intensity,F, and substrate base temperature. T
etching is photochemical for laser pulse intensit
F<13.5 mJ cm22 under our experimental conditions but d
rect photothermal effects contribute at higher intensities.
creasing the base temperature enhances photochemical
tions. Photoetching of ideal terraces produces irregu
single-layer-deep defects that reflect the Br chemisorp
structures. We also identify a predominant pairwise remo
of Ga and As from surface lattice sites, similar to therm
etching under low halogen flux and/or coverage conditio

Laser-solid interactions can result in atom desorpt
from defect sites for irradiation intensities below the ablat
threshold, even for clean surfaces.8–10 The observation of
distinguishable components in the emission yield indica
emission from different defect types~adatoms, steps, vacan
cies!. Here, we show that irradiation after pitting causes
and As desorption from pit edges. The pits grow prefer
tially along @11̄0# due to bonding strengths at different st
sites and long stripes of exposed second layers are produ
The yield reflects the density of atoms at pit boundaries
their step types and it follows power law dependence on la
intensity. Analysis based on the yield and the laser inten
suggests an active role by multiple electronic excitations

II. EXPERIMENTAL

Scanning tunneling microscopy was used to characte
the GaAs~110! surface morphology during material remova
PRB 580163-1829/98/58~16!/10981~9!/$15.00
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All experiments were done at pressures under
310210 Torr. Starting surfaces were obtained by cleavi
p-type GaAs crystals~Zn-doped at 131018 cm23; MCP Wa-
fer Technology, Ltd., U.K.; initial dimensions;333
310 mm3!. Typical surfaces had terraces with widths
3000–5000 Å, separated by kinked@11̄0# or @11̄n# steps, and
defect densities below 131012 cm22, mostly in the form of
point defects or adatoms.

Freshly cleaved surfaces were exposed at 300
to molecular Br2 from a solid-state electrochemical cell11

to give an initial coverage of 0.04–0.25 ML@1 ML
58.8431014 cm22, the planar density of GaAs~110!#. Sub-
sequent laser irradiation reduced the Br surface concentra
and produced pits. The base temperature of the sample c
be adjusted in the range 300–800 K by tungsten filam
heating, using a thermal couple to monitor the temperat
After each reaction/irradiation step, the sample was tra
ferred to the scanning tunneling microscope~STM! stage and
images were recorded at room temperature~tip voltage 1.8–
3.2 V, current 0.1–0.2 nA!. All STM images displayed here
reflect the As-sublattice~occupied-state images!. The Br cov-
erages, the etch pit densities, and the total pit areas w
determined by direct counting from such images.12,13

A frequency doubled Nd:YAG~yttrium aluminum garnet!
laser emitting 2.3 eV photons~532 nm! was coupled to the
measurement chamber through a quartz window. The la
was Q-switched with a pulse duration of;6 ns and pulse
energy up to 200 mJ. It was usually operated in a single s
mode or with a repetition frequency of 10 Hz. The beam w
incident upon the sample at normal incidence with the el
tric field vectorE more than 90% polarized parallel to@001#
unless otherwise specified. To ensure beam uniformity,
used a 1-mm aperture in the laser cavity to transmit only
TEM00 mode. A dispersive lens was used to spread the be
to obtain a sufficiently large area on the sample that w
homogeneously irradiated. A photodiode with;1/4 mm ap-
erture was placed at the sample position to determine
beam profile after attenuation using appropriate neutral d
sity filters. Under our experimental configuration, the be
10 981 © 1998 The American Physical Society
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profile was approximately Gaussian~full width at half
maximum'5 mm! plus a ‘‘hot cap’’ of;1.5 mm diam at the
beam center. The intensity in this ‘‘hot cap’’ was uniform
within ;5% and it was this part of the sample that w
selected for STM imaging. The pulse energy was measu
by a laser power meter~SCIENTECH Astral AC2501! and
shot-to-shot variation was;4% after a 20 min warm-up pe
riod. The pulse energy intensity~laser intensity! was main-
tained atF0545 mJ cm22. Beam intensities were reduced b
inserting neutral density filters. To check reproducibility, t
irradiation/imaging sequence for each intensity setting w
performed at least twice. For each, 2–3 positions on
sample surface,;0.5 mm apart, were chosen for imaging
verify uniformity of irradiation.

III. RESULTS AND DISCUSSION

A. Etch pit creation in photoetching

This section focuses on etch pit creation on terraces w
a low concentration of Br distributed in chemisorption
lands. As a check, we first irradiated a clean surface with4

pulses at 35 mJ cm22. The resulting surface had essentia
the same defect density as the starting surface,<1
31012 cm22, although the total pit area increased sligh
due to growth of existing pits~see Sec. III C!. We conclude
that laser-induced terrace pit initiation is minimal under o
conditions.

Figure 1~a! was obtained after exposure at 300 K to pr
duce 0.04 ML Br. Most Br adatoms are bonded to Ga
island structures, though there are some brighter feat
within the islands that reflect Br-As bonding. Island I cross
12 rows~68 Å! along@001# but has an average width of onl
3–4 unit cells~12–16 Å! along@11̄0#. Island II has an aspec
ratio of about 1 and is derived from about 25 adatoms. T
tendency to form islands reflects an attractive adato
adatom interaction12,14 which favors alignment along@001#.
Kinetic constraints associated with Br condensation at ro
temperature result in a range of sizes, including those
rived from only a few adatoms.

Terrace pitting occurred when the surface in Fig. 1~a! was
irradiated, as in Figs. 1~b! and 1~c! for 23103 pulses at 35
mJ cm22. At this stage, about 3% of the top-layer GaAs~110!
has been removed, and the Br concentration decreased to
than 0.005 ML. In occupied-state images, the end of a
cancy row appears brighter if it is As terminated and dimm
if Ga terminated.12 Conclusions regarding the bounding sp
cies of vacancy rows were verified by dual-bias imaging.P1
corresponds to a Ga-As vacancy pair since it is 8 Å long with
ends that have different appearances.P2 reflects a Ga-As-Ga
trivacancy, and both ends appear bright.P4 reveals two
missing Ga-As pairs. It is bounded by an As atom at
upper end and a Ga atom with a Br adatom atop at the lo
end.P5 highlights a pit formed by three Ga-As vacancy pa
on the left row and two pairs on the right row.

Extended pits are also produced by photoetching. PitP3
crosses six rows. This suggests that it formed from a st
ture like island I. Its irregularity may indicate that more th
one initiation site was involved. Counting from the lower le
of P3, the number of pairs removed in each row is 2, 2, 1
2, and 1. Pits elongated along@001# like this are not observed
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after thermal etching where the Br diffusion length is larg
Here, the Br diffusion length during the pulse is only a fe
lattice constants, although attachment and detachment a
land boundaries is possible.15 For this reason, etch pit pro
files tend to reflect the chemisorption footprint. PitP6 re-
flects removal of about 15 Ga-As pairs. It probab
developed from an island like II.

Analysis of dozens of images shows that 70–80 % of
pits were composed of pair vacancies. Moreover, the
boundaries are made of equal numbers of Ga and As, b
for low Br coverage, Fig. 1, and for more extensive etchi
with higher initial Br coverages. This indicates stoichi
metric removal under our experimental conditions. Su
pairwise removal of Ga and As has been observed in ther
etching when dosed surfaces are heated to 650 K.12 Since the
species that can desorb are GaBr, GaBr3, and molecular As
~as discussed below!, a plausible scenario for pairwise re
moval is that gallium-bromide desorption is accompanied
As ejection onto the terrace. This adsorbed As atom diffu
until it can form volatile As2 ~or As4! and desorb. The pres
ence of adsorbed As is supported by the observation of
tures such as that identified by the arrow in Fig. 1~b!. This
feature is 1.5–1.8 Å high~occupied state image! and is
bonded to a Ga atom. Such moieties have previously b
observed after thermal etching and were attributed to As12

FIG. 1. STM images showing terrace pits produced by laser
thermal etching of Br-GaAs~110!. ~a! A surface with 0.04 ML Br
accumulated at 300 K showing chemisorption islands. Islands I
II represent dozens of adatoms. Images~b! and ~c! show single-
layer deep pits likeP1 andP2 that are confined to 1–2 rows. Pit
4 and 5 reveal two and three vacancy pairs. PitsP3 and P6 are
substantially larger and would have been produced by struct
like islands I and II, respectively. Image~d! was obtained after
heating a surface like 1~a! to 650 K for 20 min. Thermal etching
produced larger elongated pits with straight edges. The amoun
etching in~d! is greater because Br is consumed via GaBr deso
tion rather than GaBr3 desorption.@~a! and ~d! 2003200 Å2, ~b!
and ~c! 1403140 Å2#
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Comparison of photochemical and direct thermal etch
can be made through Figs. 1~b!–1~d!. To obtain Fig. 1~d!, we
accumulated 0.04 ML Br and then heated to 650 K for
min. In this kind of thermal regime, pits are created by Ga3
desorption and then pits grow preferentially along the z
zag row direction by GaBr desorption. Pit growth along t
row direction involves nominally twofold-coordinated su
strate atoms whereas growth across rows involves remov
threefold-coordinated atoms. When the initial concentrat
of Br is low, as for Fig. 1~d!, etching should favor@11̄0#
growth via GaBr desorption since GaBr3 precursors would
be formed less frequently. Analysis shows that the etch
evident in Fig. 1~d! resulted in;0.08 ML removal, more
than twice as high as in photoetching. This reflects a diff
ent partitioning between the desorbing GaBr3 and GaBr spe-
cies ~discussed in Sec. III B!.

B. Laser-etching of Br-GaAs„110…:
Photochemical versus photothermal

This section focuses on the dependence of photoetc
on laser intensity and substrate temperature. Previously
showed that etch pits were generated on Br-GaAs~110! after
extensive irradiation with low-intensity~3 mJ cm22! laser
pulses.15 Since the peak temperature achieved under th
conditions was only;20 K above ambient, and therefor
well below that needed for thermal etching,;500 K,13 it was
argued that pitting was caused by substrate-mediated ch
transfer. For the chemisorbed initial state, we can infer p
ticipation by Br-Ga antibonding levels derived in part fro
the Br 4p. This level is above the conduction-band minimu
while the Br-As level is;0.28 eV above the valence-ban
edge.16 The Br-Ga and Br-As bonding levels are 3.2 and 4
eV below the valence-band edge and are inaccessible fo
eV photons. A series of intermediate configurations mus
accessed as the adsorbate Ga complex evolves from Ga~a!
to GaBr3~a!, which can desorb with a small barrier. Here, w
investigate the interplay of such~nearly pure! photochemical
etching with photothermal processes that contribute
nuclear motion.

Figure 2~a! shows a STM micrograph of a typical startin
surface with 0.25 ML Br. Exposure at 300 K was followe
by heating to 400 K for 20 min to enhance ordering. T
bright features reflect Br bonded to As sites.12,13They appear
as chains elongated along@001# or groups of chains with
mixed 231/c(232) symmetry. Within the islands, the G
sites and half of the As sites are Br terminated, as depicte
the bottom of Fig. 2.

Figures 2~b! and 2~c! were obtained after irradiation with
100 and 200 pulses at a base temperature of 350 K with
mJ cm22. The number of adatom features has decrease
single-layer-deep etch pits have been formed. In Fig. 2~b!,
the pits accounted for 0.07 ML~density;1.431013 cm22!
and typical pits extend over only a few unit cells. Betwe
Figs. 2~a! and 2~b!, the Br concentration was reduced fro
0.25 to 0.16 ML. After 200 pulses, the Br concentration w
reduced to 0.06 ML while the pit area was 0.15 ML~density
131013 cm22!. The expansion and overlap of adjacent p
accounts for the larger area and smaller density. Increa
the number of pulses to 600 increased the pit area to 0.2
~density 631012 cm22! as the Br concentration became ne
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ligible. Subsequent pit growth depended entirely on las
induced atomic desorption, and this was a lower yield p
cess.

In experiments like those represented by Fig. 2, we se
rately varied the laser intensity, the number of pulses,
the substrate base temperatureT0 to obtain images until the
Br coverage was reduced from the initial coverage of 0
ML to 0.06 ML.17 This allowed us to determine the numb
of substrate atoms removed per cm2 per pulse, thedesorption
yield. This procedure is justified because essentially the sa
morphology can be achieved for different laser intensit
simply by varying the number of laser pulses. Figures 2~c!
and 2~d! demonstrate this morphology for samples irradia
at 350 K with 200 pulses atF0 and 48 000 pulses at 0.1F0
whereF0545 mJ cm22. Both have pit areas;15%, densi-
ties ;131013 cm22, and residual Br;0.06 ML. We note
that the morphology is not determined solely by dose,
energy intensity of each pulse multiplied by the number
pulses. Instead, it depends sensitively on the pulse inten
as discussed in more detail below.

FIG. 2. Image~a! was obtained for a surface with 0.25 ML of B
that was heated to 400 K for 20 min to enhance ordering. The br
features reflect Br bonded to As. All Ga sites and half of the
sites are Br terminated within groups of chains, as depicted at
bottom. These chains are elongated along@001#. Images~b! and~c!
show pit formation. 90% of the Br is lost through GaBr3 desorption.
Image~d! shows a morphology equivalent to~c! after irradiation at
lower power but more pulses. Morphologies like~c! and~d! can be
reached with intermediate power settings by varying the numbe
pulses.@~a!, ~c!, and~d! 4003400 Å2; ~b! 2503250 Å2#
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Figure 3 shows the desorption yield for laser intensities
0.1– 1.0F0 at base temperatures of 350 and 450 K. The yi
varies from 2.23109 atom-pulse21 cm22 for 0.1F0 and 350
K to 2.6531012 atom-pulse21 cm22 for F0 and 450 K. In
each case, the number of pulses was adjusted to reduc
Br coverage from 0.25 to 0.06 ML. This produced surfac
closely resembling Figs. 2~c! or 2~d!.

The desorbing species in thermal12,13 and laser5,6 etching
of GaAs surfaces are gallium mono- and trihalides and m
lecular arsenic for surfaces exposed to achieve submono
Cl or Br coverages. Halogen desorption is not observed
comparable laser intensities.5 Hence, the partitioning of Br
between GaBr3 and GaBr desorption channels can be deriv
from the etch yield.13 Since As desorbs without Br and th
surface remains stoichiometric, the number of substrate
oms removed per Br atom is 2/3 for the GaBr3 channel and 2
for the GaBr channel. The overall etch yield was 0.793 fr
Figs. 2~c! and 2~d! so that;90% of the Br was removed a
GaBr3. This emphasis on GaBr3 is in sharp contrast with tha
for thermal etching. Although the thermal spike due to la
heating reaches 650–700 K, GaBr3 desorption in therma
etching at these temperatures accounts for,10% of the Br
consumption for similar initial coverages.13 The difference
reflects the concentration of Br in islands to facilitate GaB3

FIG. 3. Desorption yield as a function of laser intensityF for
base temperatures of 350 and 450 K.F0 is 45 mJ cm22. The de-
sorption yield at 350 K increases asF2 due to a photochemica
conversion of GaBr~a! to GaBr3 ~a! which desorbs. Above 0.3F0 ,
the yield increases asF2.7 due to thermal contributions. The yield
at 450 K are 4–5 times larger than at 350 K at the same inten
The ~1! signs represent the maximum thermal etching contribut
as derived from the Arrhenius relation and normalized to the y
at F0 and 450 K. This greatly overestimates the direct thermal c
tributions but still shows that the thermal etching is small at l
power ~below ;13.5 mJ cm22!.
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formation and activation afforded by the distribution of e
ergetic carriers in photochemical effects.

To form a volatile GaBr3 precursor from a structure like
that depicted at the bottom of Fig. 2 requires that two
atoms be inserted into Ga-As bonds. Presumably, the r
limiting step consists of the formation of volatile GaBr3 from
a GaBr2 transient state and a Br from a nearby site. T
concentration of GaBr2, converted photochemically from th
original GaBr, should be proportional to the surface carr
density. And the probability of the final Br insertion, whic
can be expressed by an effective concentration of activa
Br, should also be proportional to the surface carrier dens
Since the surface carrier density is proportional to the la
intensity under our experimental conditions, we exp
second-order kinetics in photon intensity. Fitting the yie
data for 350 K to a power law forF<13.5 mJ cm22 indeed
gives anF2 dependence. At higher intensities, however, t
yield increases more rapidly,F2.760.1 as thermal spikes be
come increasingly important. Corresponding treatment of
data at 450 K indicates anF2.1 dependence at low intensit
andF2.8 dependence at higher intensities. For a given int
sity, the desorption yield increases by a factor of 4 to 5 fro
350 to 450 K.

Substrate-mediated charge-transfer is the dominant ph
chemical process for Br-GaAs~110! when the photon energy
is 2.3 eV. For the starting surface with Br bonded to Ga a
As, this energy is insufficient to excite the bonding orbita
or to induce direct bonding to antibonding transitions invo
ing the adsorbates.16 Photoabsorption in GaAs create
electron-hole pairs, and some of them can participate in e
ing if they are generated close enough to the surface.
nanosecond pulses with more than 1 mJ cm22 per pulse, the
density of photocarriers in the semiconductor depletion
gion exceeds the dopant concentration by orders of ma
tude and the surface electronic system is far fro
equilibrium.1,18 Most of these hot carriers lose energy
;10212 s by collisions with optical phonons. Recombinatio
involving cold carriers usually occurs in a much longer tim
scale, 1029– 1027 s. Simple estimates show that for a 4
mJ cm22 pulse, the number density of electron-hole pa
generated within 50 Å of the surface exceeds the subst
material removal by at least four orders of magnitude. Th
the role of these band-edge carriers seems to be minima
we focus on the desorption yield forF54.5 mJ cm22 and
T05350 K where thermal effects are minimal, ea
pulse delivers 1.231016 photons cm22 and 2.23109 atoms
cm22 are removed ~Fig. 3!. The yield of ;1.8
31027 atom-photon21 deduced here compares favorab
with a typical value of 1027– 1026 observed in laser-etching
(hn52.4 eV) of GaAs with gas-phase reactive Cl spec
~from a plasma discharge of HCl!.2

Bromine insertion events on terraces should involve loc
ization of a photogenerated hot hole between a Ga-As b
where the Br concentration is like the schematic in Fig.
They should also involve charge transfer to Ga-Br antibo
ing states. This initiates Br transfer from an adjacent As s
for example, to form GaBr2~a! with two modified backbonds
This process is not likely to be exothermic and may requ
energetic photocarriers for activation. The formation of t
intermediate GaBr2~a! state alters the local atomic and ele
tronic structure so that the second Br insertion follows
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n
d
-



r
r a
g
o

o

tt
r
c
o

a
no
or
in
it

e
it

r
d
i-

ffu
ze

o
ar
ha

t
g

o

d
u

n
e

able
r,
ge-
t is

nd
m
ce
250

by

d
e-

the
-
ng
or
ct

s
.

tor
l at

for
e-

at-
had

lar-
itia-
ds.
are
eV
in-
ent
the
r-
ding-
to

ical
but

cted
re-
ob-
ld
e

d-
e re-
st
ser

rp-
nd

PRB 58 10 985LASER INTERACTION WITH Br-GaAs~110!: . . .
different ~and unknown! potential energy surface. This B
must be acquired from a nearby site on the same row o
adjacent row, possibly with coordinated motion involvin
As. The experimental dependence of the desorption yield
the square of the intensity is consistent with the scenari
which the formation/desorption of GaBr3 is the rate-limiting
step. This intuitive picture should apply to GaBr3 formation
for both terrace pit creation and expansion, though the la
will have different initial bonding configurations and B
transfer trajectories. Molecular-dynamic simulations with a
curate potentials will be needed to evaluate the lifetime
transient GaBr2~a! state and the insertion barriers.

The F2 dependence of the yield suggests that GaBr3 for-
mation is the rate-limiting step. This requires that Br ad
toms are able to move sufficiently so that the reaction is
limited by the sampling rate of the necessary precurs
This is plausible since pit initiation and expansion occur
Br islands. Moreover, the population of Br is high at p
edges since such sites are favorable adsorption sites.12

While theF2 dependence of desorption yield at low las
intensity points to a photochemical reaction mechanism,
also clear that thermal contributions increase withF andT0 .
To estimate the contributions that would arise from pu
thermal processes, we need the peak temperature an
overall barrier for the GaBr3 channel. To calculate the max
mum temperature riseDTmax and its durationt at each laser
pulse, we adopted the simplified one-dimensional heat di
sion model.19,20 This model is valid when the laser spot si
is much larger than the thermal diffusion lengthl T during the
pulse. The thicknessd heated by a pulse of durationtpulse is
then the larger of the optical-absorption lengthl opt or the
thermal diffusion lengthl T'(4DTtpulse)

1/2 whereDT is the
thermal diffusivity. Hence,

DTmax'F~12R!/~rcd!,

and

tT'tpulse1d2/~4DT!,

whereF is the pulse energy intensity~J cm22!, R is the re-
flectivity, c is the specific heat~J K21 g23!, andr is the den-
sity ~g cm23!. This assumes that there are no optical inhom
geneities, that the optical and thermal properties
independent of temperature, and that there are no p
changes. The relevant parameters areR50.35, d'5
31025 cm, c50.35 J K21 g21, r55.32 g cm23, and DT
50.24 cm22 s21 ~Ref. 21!. Hence, DTmax'300 K and tT
'10 ns for our maximum laser intensityF0 ~45 mJ cm22!.
This gives rise to a peak temperature that is sufficient
activate thermal desorption since the threshold for etchin
;500 K ~Ref. 13!. For 0.3F0 ~13.5 mJ cm22! at 350 K, how-
ever, the peak temperature reaches only;440 K and thermal
etching is negligible. When applied to pulsed-laser heating
Si, the estimation from this simple one-dimensional~1D!
model agreed pretty well with more elaborated metho
based on numerically solving the heat transport equation
ing temperature-dependent thermal properties.19,20 We esti-
mated that the uncertainty in our temperature estimatio
650 K for the maximum laser intensity. As a check, w
irradiated a cleaved GaAs~110! sample with pulses with
doubled maximum intensity~;90 mJ cm22! by replacing the
n
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dispersive lens. This disrupted the surface such that no st
tunneling condition could be obtained in STM. Moreove
the irradiated part of the sample showed optical inhomo
neity when examined with an optical microscope. Since i
known that annealing GaAs~110! to ;800 K leads to disrup-
tion of the surface with preferential evaporation of As a
clustering of Ga12 we inferred that our power-doubled bea
caused a rise of at least 500 K. Accordingly, the surfa
temperature rise in our normal laser setting was at least
K. This value falls into the range 300650 K, as derived
from the 1D heat transport model.

We can estimate the thermal contribution to desorption
assuming that it scales as exp(2Ea /kBT), where Ea is the
activation energy andT is the peak temperature. We use
Ea575 kJ mol21 derived from temperature-programmed d
sorption ~TPD! experiments for GaCl3 desorption.22 To
eliminate the pre-exponential factor, we normalized to
datum point at 45 mJ cm22 and 450 K. This greatly overes
timated the thermal contribution since it implied that etchi
was entirely due to heating, but it provided an upper limit f
the thermal etching at lower intensities. From Fig. 3, dire
thermal etching estimated in this way is negligible forF
<13.5 mJ cm22 at 350 K. Similarly, it could account for les
than 30% of the total at 450 K in the same intensity regime23

An alternate way of eliminating the pre-exponential fac
would be to assume that all reaction is photochemica
0.1F0 and extrapolate theF2 relation toF5F0 and attribute
the difference to heating. This provides a lower bound
direct thermal desorption, indicating that direct thermal d
sorption accounts for more than 2/3 of the total yield atF0
and 450 K.

The effect of photon polarization was examined by rot
ing the sample 90° around the incident beam so that we
Ei@11̄0# rather thanE'@11̄0#. In the etching regime, the
desorption yield and the etch pit profiles showed no po
ization dependence. Regardless of the polarization, pit in
tion occurred randomly in areas where there were Br islan
The carriers participating in the photochemical reactions
three dimensional since the relevant transitions for 2.3
photons only involve those of bulk GaAs and these are
sensitive to polarization. Transitions that might be depend
on polarization would include intrinsic surface states and
Ga-Br or As-Br levels. However, Br adsorption on the te
races suppresses the intrinsic surface states and the bon
antibonding separations for Ga-Br and As-Br are too large
be accessible.

From these measurements, it is clear that photochem
processes account adequately for the low intensity results
that the yield increases at a rate that is higher than expe
if only photochemical processes were playing a role. Mo
over, thermal processes alone cannot account for the
served fourfold to fivefold increase in the desorption yie
from 350 to 450 K in the low intensity regime. We conclud
that the two effects that have been usually assumed~implic-
itly or explicitly! to function independently must be consi
ered to be complementary. Our results demonstrate thre
gimes: desorption at low laser intensity driven almo
entirely by photochemical processes, desorption at high la
intensity driven largely by thermal desorption, and deso
tion at intermediate intensities where photochemical a
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thermal processes are intimately linked. By inference, m
els of photochemical processes should also consider the
tion of surface atoms.

C. Laser-induced atom desorption: Etch-pit growth
via electronic excitation

This section focuses on laser-induced desorption of
and As after terrace pitting has consumed the etchant.
important to note that equivalent irradiation of clean surfa
has minimal effect. This process is analogous to desorp
induced by electronic transition for gas-solid systems24

Here, we examine the dependence on crystallographic or
tation, laser intensity, and temperature.

Figure 4 shows the evolving top layer morphology for
sample held at 300 K. To obtain Fig. 4~a!, we irradiated a
surface equivalent to Fig. 2~a! having 0.25 ML Br using
1.53103 pulses atF535 mJ cm22. This reduced the Br con
centration to below 2% while creating etch pits that we
highly irregular in appearance and accounted for 18% of
top layer ~pit density 631012 cm22!. The total step length
was 33106 cm/cm2 and 0.17 ML of top-layer atoms wer
located in unit cells that bordered the pits. As depicted
Fig. 4~d!, the numbers of cells on@11̄0# steps and on step

FIG. 4. Images that demonstrate laser-induced desorption o
and As from pit boundaries. The base temperature is 300 K.~a!
Surface morphology after irradiation of a surface equivalent to F
2~a! showing distributed pits of highly irregular shapes. The
concentration is,2% at this stage.~b! Long vacancy strips are
produced after higher irradiation because atom desorption favor
growth along@11̄0#. ~c! The top layer shrinks further with increase
irradiation but the yield decreases. Analysis shows the ratio
atoms on@11̄0# steps to those across@11̄0# approaches;3.5:1. ~d!
Schematic showing pit growth that favors extension along@11̄0#.
The hatched area represents an irregular pit and the bold line
pict its shape after laser-induced desorption. Healing tends to e
nate kinks and leads to more regular steps. It also accounts fo
observation of residual top layers which have lower defect dens
than those produced by initial photoetching@7503750 Å2#.
-
o-

a
is
s
n

n-

e

n

that cross@11̄0# are about equal. The step energy is very hi
for these photoetched surfaces, reflecting the highly none
librium conditions for pit formation. Increasing the base te
perature to 450 K during formation had little effect on the
profiles in this etching stage. Apparently, the Br adato
greatly hinder the diffusion of substrate atoms and vacan
that could lead to lower energy configurations. Surface he
ing does occur during prolonged irradiation after Br has be
consumed.

Continued desorption evident from Fig. 4~b! causes pit
expansion that occurs preferentially along@11̄0#. This pro-
duces top layer stripes that have an average width of 5
along@001# and are separated by 65 Å gaps. Stripes repre
48% of the surface at this stage. The total step length
1.33106 cm/cm2; unit cells defining the steps represent 0.
ML. The incremental removal of 0.34 ML with 2.053104

pulses gives a yield of 1.631027 atom photon21. This is
about two orders of magnitude lower than the photoetch
yield at the same laser power~see Fig. 3!. Expansion by pit
growth along@11̄0# increases the number of atoms on@11̄0#
steps. It can also reduce those on steps across@11̄0# when
pits overlap. Comparing Figs. 4~b! and 4~a! indicates that
significant healing at pit boundaries has accompanied
growth. Thus, the morphology in Fig. 4~b! does not corre-
spond to simple expansion of the pits in Fig. 4~a! since this
would give much thinner top layer strips. As depicted in F
4~d!, healing reduces pit irregularity by forminĝ11̄n&,
^11̄0&, and^001& steps. Healing also accounts for diffusion
vacancies to larger pits. Overall, the ratio of unit cells alo
@11̄0# versus across@11̄0# has increased to 3:1, reflecting ea
desorption of twofold-coordinated atoms on steps acr
@11̄0#.

Occasionally, cleaving produces steps that are orien
approximately along@11̄0#. Double-height steps can be pro
duced when etching into lower terraces occurs near s
steps. These steps usually consist of$111% microfacets with
periodic reconstructions. They are analogous to those
duced by etching during continuous exposure to Br at 70
775 K12 or after sputtering with 300–500 eV Ar ions in th
same temperature range.25 They have also been observed
growth at 715–725 K.26 The consequences of their produ
tion in etching is that they pin the step by their higher s
bility.

Continued irradiation to produce Fig. 4~c! reduces the top
layer without inducing defects in the newly exposed lay
The desorption yield 0.23 ML by 5.43104 additional pulses
decreased because of the smaller number of desorption
and a smaller proportion of boundary units across@11̄0#.
Top-layer strips average 42 Å in width and are separated
115 Å. The ratio of unit cells along and across@11̄0# steps
has increased only slightly to 3.5:1, despite a 50% reduc
of the total step length from Fig. 4~b!. This suggests that the
desorption probability from a site on steps across@11̄0# is
three to four times as high as kink creation on@11̄0#. In this
regime, the removal rates for the two types of steps are s
that their ratio on the surface has little dependence on i
diation time. Etch pits showed a comparable aspect ra
;4.5, in favor of elongation along@11̄0# in continuous ther-
mal etching at 725 K with low-flux Br2.

12

Laser-induced desorption is stoichiometric under our
perimental conditions. While the terminating species on
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particular step segment usually are not equally distribu
there is an overall balance of Ga and As on a large s
throughout all stages. In addition, higher resolution ima
reveal that kink creation is as likely on Ga- and As-edg
@11̄0#. The fact that kink creation occurs but terrace pitti
does not indicates a lower barrier for desorption from ste
though both involve the removal of threefold-coordinated
oms. Steps and other defect sites on semiconductor surf
form sinks that can localize the excitation energy.8

As expected, the yield per pulse depends sensitively
the laser intensity. For example, it took 1.23103 pulses at 45
mJ cm22 to remove 0.11 ML at 300 K whereas it took
3104 pulses to achieve the same effect at 13.5 mJ cm22,
starting from surfaces with an initial pit area of 0.34 M
This scaling asF (3 – 3.5) is comparable to what has been o
served by measuring the Ga0 emission from GaAs~110! for
similar photon energies and pulse intensities.8 We note that
pitted surfaces like Figs. 4~a! and 4~b! showed no atom de
sorption when heated to 650 K for 20 min and that our ma
mum power would increase the surface temperature by;300
K to only ;600 K. Hence, electronic excitations are the k
ingredient in laser-induced desorption of GaAs~110!.

Atom desorption initiated by electronic excitation can
described by the Menzel-Gomer-Redhead~MGR! model.27

The basic ideas of this model have been applied success
in many chemisorption systems.24 Desorption is initiated by
an ~externally driven! Franck-Condon transition that excite
the complex from the ground state onto an antibonding
tential energy surface where nuclear separation adjusts to
electronic state. Desorption can occur if the adsorba
surface separation reaches a critical distance in the abs
of a transition to either the ground state or a suitable m
stable state. In our case, adsorbates are replaced by de
represented by pit boundaries or cleavage steps. The ex
mental results demonstrate that these sites are vulnerabl
cause they form sinks for localized electronic excitation a
because of their weaker bonding. In this aspect, la
induced desorption shows remarkable site selectivity, su
rior to inert ion sputtering28 or keV electron bombardment.29

This makes laser desorption a promising technique for la
by-layer removal, in conjunction with various vacancy see
ing techniques.15

The power-law dependence of the desorption yield on
ser power could result from multiple electronic excitatio
and multiple bond breaking events.~Multiphoton ionization
can be neglected since it requires peak laser intensities
are orders of magnitude higher than used here.30! Multiple
electronic transitions are important if repetitive excitatio
occur within the relaxation time for the vibrations of surfa
atoms, 10212 s.31 The probability for such excitations can b
calculated from the photon flux. The probability of findingn
incident photons in a given time interval ispn5@Nn exp
(2N)#/n! if the average number isN @Ref. 32#. At F
535 mJ cm22, there are 9.431016 photons cm22 per pulse
~1.631013 photons cm22 in an interval of 10212 s!. If the
photoabsorption cross section is 10218 cm2 ~Ref. 10! and the
reflectivity is 0.35, then on average each site is exci
0.653(1.631013)310218'1025 times in an interval of
10212 s. The probability for double excitation within 10212 s
is thenp2'5310211. This gives an accumulated probabili
of ;331027 for double excitation in the 6 ns duration o
d,
le
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each pulse atF535 mJ cm22. This compares with the quan
tum yield of 1.631027 atoms photon21, from Figs. 4~a! and
4~b!, where the density of available reaction sites is 10–17
of the total surface sites. The good accord between the
mated value and the experimental one indicates that mult
electronic excitations are important in the desorption.

Since more than one surface bond must be broken
desorption to occur, the dependence of the yield onF should
be more than the second-order dependence characteris
double excitation pertinent to single bond breaking. Expe
mentally, we find anF (3 – 3.5) dependence which results from
a combination of multiple electronic excitation and multip
bond breaking events. Theoretical calculations confirm t
removal of less coordinated atoms costs less energy bu
not support a direct proportionality between the number
bonds and the desorption energy barrier.10

Laser heating is expected to play a role in the desorp
yield, as in photochemical etching discussed above. Inde
the desorption yield increased by 50% when the base t
perature was increased from 300 to 450 K forF
513.5 mJ cm22 and it doubled from 9.231025 ML between
300 and 450 K at 45 mJ cm22. At the maximum intensity,
the peak temperature was enough that pit boundaries sh
be dynamic13 and such atomic motion should facilitate d
sorption. On the other hand, direct thermal desorption at
mJ cm22 should not be significant since it would result
nonstoichiometric changes on the surface.~Heating to;800
K causes As evaporation and produces Ga clusters.25! The

FIG. 5. Schematic of the yield per pulse. Initial irradiation cr
ates and enlarges pits via Br etching~stage I!. The desorption yield
is high but it drops with the depletion of Br. Subsequent irradiat
causes atomic desorption from pit edges~stage II!. In this regime,
the yield scales with the density of pit boundary atoms. This
creases as individual pits grow~II-a! but it eventually decrease
when pit overlap prevails~II-b!. The hatched area in stage I show
that atom desorption is possible once pits are formed, though
yield is much smaller than for etching. The sketches suggest
dominant desorption products.
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above temperature dependence for atom desorption is m
less than for laser etching where it was four to five-fo
between 350 and 450 K. This difference should not be
expected since removal of GaBr3 and Ga0 certainly involves
different precursors and energy surfaces and tempera
should have different effects on the relevant vibratio
states.

IV. SUMMARY

The modification of Br-covered GaAs~110! is depicted in
Fig. 5. In stage I, pits are created and Br is consumed,
marily through GaBr3 desorption. Gallium loss is accompa
nied by desorption of molecular arsenic. The pits grow l
erally due to Br etching, but the importance of etchi
diminishes as the Br is depleted. The pitted surfaces
highly irregular and their step density is very large. There
ter, in stage II, pit growth occurs by atom desorption from
boundaries. This laser-induced desorption has a yield th
about two orders of magnitude smaller than photoetchin
the same laser intensity. The expanding pits first increase
number of sites that make up the steps but growth leads t
overlap that reduces the step density. Laser-induced Ga
As desorption shows a clear crystallographic anisotropy
.
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favors pit expansion in@11̄0# and stripe formation. Under ou
conditions, stoichiometric removal occurs during both ph
toetching and laser-induced atom desorption. Continued i
diation ultimately eliminates the residual top layer.15

This paper has shown the complementary nature of p
tochemical and photothermal effects in etching. Moreove
has revealed the surface morphological consequences as
ated with these processes and laser-induced desorption. I
demonstrated that layer-by-layer removal is possible thro
laser-induced etching and atomic desorption. Multilayer p
nar removal can be achieved by alternatively roughening
surface using etching~or bombardment by energetic ele
trons or atoms! and then smoothing by laser-induced atom
desorption. The protocol presented here should have im
cations for semiconductor materials in general. Tuning
initial pit seeding and the photon energy will provide anoth
dimension to surface patterning and material removal.
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