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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 @f1QaAs
induced by 2.3 eV photons from a Nd:YA@ttrium aluminum garnetlaser. 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 £=<13.5 mJ cm?) due to photochemical conversion of GaBr to volatile GaBi0—-80% of the
etch pits were composed of pair vacancies due to removal of gallium as; @a8rarsenic 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. Growtfla®@ng
is favored, reflecting the contrast in surface bonding strengths. Atomic desorption is initiated by electronic
excitations, probably involving multiple electronic excitations. The yield varies3s*9. 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 irradi§8®1.63-18208)10139-X

. INTRODUCTION All experiments were done at pressures under 1

) ) X 10710 Torr. Starting surfaces were obtained by cleaving
Laser-enhanced dry etching of semiconductors has af.type GaAs crystaléZn-doped at & 108 cm™3; MCP Wa-
tracted considerable interest due to its potential infer Technology, Ltd., U.K.: initial dimensions~3Xx 3

microfabrication’. Important work has focused on photo- ) mn?). Typical surfaces had terraces with widths of
chemical and thermal effects underlying the etching — —

processe&:’ In photochemically enhanced etching, free- 3000-5000 A separated by kinkgtll0] or [11n] steps, and
charge carriers generated by light absorption directly particidefect densities below>110'> cm™=2, mostly in the form of
pate in surface reactions. In photothermal etching, carriepoint defects or adatoms.
relaxation and recombination processes convert the absorbed Freshly cleaved surfaces were exposed at 300 K
photon energy to lattice heating that activates etching. Herdp molecular Bs from a solid-state electrochemical call
we examine the interplay between photochemical and photde give an initial coverage of 0.04-0.25 MI[1 ML
thermal etching for Br-decorated GaA%0 as a function =8.84x 10 cm™?, the planar density of GaAs10)]. Sub-
of laser intensity,F, and substrate base temperature. Thissequent laser irradiation reduced the Br surface concentration
etching is photochemical for laser pulse intensitiesand produced pits. The base temperature of the sample could
F=<13.5 mJ cm? under our experimental conditions but di- pe adjusted in the range 300—800 K by tungsten filament
rect photothermal effects contribute at hlgher intensities. |n'heating, using a thermal Coup|e to monitor the temperature'
creasing the base temperature enhances photochemical reagrer each reaction/irradiation step, the sample was trans-
tions. Photoetching of ideal terraces produces irregulafierred to the scanning tunneling microscdSd@M) stage and
single-layer-deep defects that reflect the Br chemi:~:orptiori1mages were recorded at room temperatiigevoltage 1.8—
structures. We also identify a predominant pairwise removal\;,)_2 V, current 0.1-0.2 nA All STM images displayed here
of Ga and As from surface lattice sites, similar to thermalreﬂec’t the As-sublatticeoccupied-state imagesThe Br cov-
etching under low halogen flux and/or coverage conditions.erages the etch pit densities, and the total pit areas were
Laser-solid interactions can result in atom desorptiondeterm’ined by direct counting 'from such imades
from defect sites for irradiation intensities below the ablation 5 frequency doubled Nd:YAGyttrium aluminum garet
threshold, even for clean surfades? The observation of | <o emitting 2.3 eV photon&32 nm was coupled to the
distinguishable components in the emission yield indicate§,a4surement chamber through a quartz window. The laser
emission from different defect typdadatoms, steps, vacan- was Q-switched with a pulse duration ef6 ns and pulse
cies. Here, we show that irradiation after pitting causes Gaenergy up to 200 mJ. It was usually operated in a single shot
and As desorption from pit edges. The pits grow prefereny, ,qe or with a repetition frequency of 10 Hz. The beam was
tially along [110] due to bonding strengths at different step ., iqent upon the sample at normal incidence with the elec-
sites and long stripes of exposed second layers are producefl. fie|d vectorE more than 90% polarized parallel 601]
The vyield reflects the density of atoms at pit boundaries an nless otherwise specified. To ensure beam uniformity, we
their step types and it follows power law dependence on 1asese i 4 1-mm aperture in the laser cavity to transmit only the
intensity. Analysis based on the yield and the laser intensityi-E,VI00 mode. A dispersive lens was used to spread the beam
suggests an active role by multiple electronic excitations. to obtain a sufficiently large area on the sample that was
homogeneously irradiated. A photodiode witli/4 mm ap-
erture was placed at the sample position to determine the
Scanning tunneling microscopy was used to characterizbeam profile after attenuation using appropriate neutral den-
the GaA$110) surface morphology during material removal. sity filters. Under our experimental configuration, the beam

Il. EXPERIMENTAL
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profile was approximately Gaussiafiull 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 to
within ~5% and it was this part of the sample that was
selected for STM imaging. The pulse energy was measured
by a laser power metefSCIENTECH Astral AC250) and
shot-to-shot variation was 4% after a 20 min warm-up pe-
riod. The pulse energy intensifyaser intensity was main-
tained afF ;=45 mJ cm 2. Beam intensities were reduced by
inserting neutral density filters. To check reproducibility, the
irradiation/imaging sequence for each intensity setting was
performed at least twice. For each, 2—3 positions on the
sample surface;-0.5 mm apart, were chosen for imaging to
verify uniformity of irradiation.

(

a) 0.04 ML Br, 300 K (b) 35 mJ cm2, 2x10° pulses

(d) 0.04 ML Br, 650 K, 20 min

Ill. RESULTS AND DISCUSSION

A. Etch pit creation in photoetching

This section focuses on etch pit creation on terraces with
a low concentration of Br distributed in chemisorption is-
lands. As a check, we first irradiated a clean surface with 10
pulses at 35 mJ cnf. The resulting surface had essentially ~ FIG. 1. STM images showing terrace pits produced by laser and
the same defect density as the starting surfasgl  thermal etching of Br-GaA410. (a) A surface with 0.04 ML Br
X 10' cm™2, although the total pit area increased slightly accumulated at 300 K showing chemisorption islands. Islands | and
due to growth of existing pitésee Sec. Ill & We conclude I represent dozens of adatoms. Imadbs and (c) show single-
that laser-induced terrace pit initiation is minimal under ourl@yer deep pits like?1 andP2 that are confined to 1-2 rows. Pits
conditions. 4 and 5 reveal two and three vacancy pairs. Pig&s andP6 are

Figure Xa) was obtained after exposure at 300 K to pro_s_ub.':,_tantially larger and woul_d have been produced_by structures
duce 0.04 ML Br. Most Br adatoms are bonded to Ga in!K€ islands | and I, respectively. Image) was obtained after
island structures, though there are some brighter featureﬂ;eat'ng a surface like(d) to 650 K for 20 min. Thermal etching

within the islands that reflect Br-As bonding. Island | crosses foduced larger elongated pits with straight edges. The amount of

. etching in(d) is greater because Br is consumed via GaBr desorp-
12 rOWS.(GS A) along[001] but has an average width of only tion rather than GaBrdesorption.[(a) and (d) 200x 200 A?, (b)
3—4 unit cells(12—-16 A along[110]. Island Il has an aspect and (c) 140x 140 A?]
ratio of about 1 and is derived from about 25 adatoms. This
tendency to form islands reflects an attractive adatom-
adatom interactidﬁ*l‘lwhich favors a”gnment a|ong)01]. after thermal etChing where the Br diffusion Iength is Iarger.
Kinetic constraints associated with Br condensation at rooniiere, the Br diffusion length during the pulse is only a few
temperature result in a range of sizes, including those ddattice constants, although attachment and detachment at is-
rived from only a few adatoms. land boundaries is possibte For this reason, etch pit pro-
Terrace pitting occurred when the surface in Fig) ivas  files tend to reflect the chemisorption footprint. IPi6 re-
irradiated, as in Figs.(b) and Xc) for 2x 10° pulses at 35 flects removal of about 15 Ga-As pairs. It probably
mJ cm 2. At this stage, about 3% of the top-layer G&RK)) developed from an island like II.
has been removed, and the Br concentration decreased to lessAnalysis of dozens of images shows that 70—80% of the
than 0.005 ML. In occupied-state images, the end of a vapits were composed of pair vacancies. Moreover, the pit
cancy row appears brighter if it is As terminated and dimmetboundaries are made of equal numbers of Ga and As, both
if Ga terminated? Conclusions regarding the bounding spe-for low Br coverage, Fig. 1, and for more extensive etching
cies of vacancy rows were verified by dual-bias imagiPy.  with higher initial Br coverages. This indicates stoichio-
corresponds to a Ga-As vacancy pair since B A long with  metric removal under our experimental conditions. Such
ends that have different appearande®.reflects a Ga-As-Ga pairwise removal of Ga and As has been observed in thermal
trivacancy, and both ends appear bright reveals two etching when dosed surfaces are heated to 6503ince the
missing Ga-As pairs. It is bounded by an As atom at thespecies that can desorb are GaBr, GaBnd molecular As
upper end and a Ga atom with a Br adatom atop at the lowdias discussed belgwa plausible scenario for pairwise re-
end.P5 highlights a pit formed by three Ga-As vacancy pairsmoval is that gallium-bromide desorption is accompanied by
on the left row and two pairs on the right row. As ejection onto the terrace. This adsorbed As atom diffuses
Extended pits are also produced by photoetchingPBit  until it can form volatile As (or As,) and desorb. The pres-
crosses six rows. This suggests that it formed from a strucence of adsorbed As is supported by the observation of fea-
ture like island 1. Its irregularity may indicate that more thantures such as that identified by the arrow in Fi¢p)1 This
one initiation site was involved. Counting from the lower left feature is 1.5-1.8 A highoccupied state imageand is
of P3, the number of pairs removed in each row is 2, 2, 1, 1ponded to a Ga atom. Such moieties have previously been
2, and 1. Pits elongated alofig01] like this are not observed observed after thermal etching and were attributed td?As.
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Comparison of photochemical and direct thermal etching
can be made through Figsiil—1(d). To obtain Fig. 1d), we
accumulated 0.04 ML Br and then heated to 650 K for 20
min. In this kind of thermal regime, pits are created by GaBr
desorption and then pits grow preferentially along the zig-
zag row direction by GaBr desorption. Pit growth along the
row direction involves nominally twofold-coordinated sub-
strate atoms whereas growth across rows involves removal of
threefold-coordinated atoms. When the initial concentration
of Br is low, as for Fig. 1d), etching should favof110]
growth via GaBr desorption since GaBprecursors would
be formed less frequently. Analysis shows that the etching
evident in Fig. 1d) resulted in~0.08 ML removal, more
than twice as high as in photoetching. This reflects a differ-
ent partitioning between the desorbing GaBnd GaBr spe-
cies(discussed in Sec. IlI B

(a) 0.25 ML Br, 400 K, 20 min
T A A g Ty
b 7 /,,/ / 4;_ {!f_'f‘pg_/
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(b) 45 mJ cm2, 100 pulses
i o

B. Laser-etching of Br-GaAg110):
Photochemical versus photothermal

This section focuses on the dependence of photoetching

on laser intensity and substrate temperature. Previously, we ° Ga
showed that etch pits were generated on Br-GaAg after * As
extensive irradiation with low-intensity3 mJ cm?) laser O Br-Ga
pulsest® Since the peak temperature achieved under those O Br-As
conditions was only~20 K above ambient, and therefore -

well below that needed for thermal etching500 K 2 it was [110] [001]

argued that pitting was caused by substrate-mediated charge
transfer. For the chemisorbed initial state, we can infer par-
ticipation by Br-Ga antibonding levels derived in part from
thﬁllBrtﬂp. gh_f Ielvel lls.a’ti%vgghevcortljductlf)hn-bar;d m"]gnu;n that was heated to 400 K for 20 min to enhance ordering. The bright
w |616 € BrAs evel 1s—0.co eV above the valence-band (., res reflect Br bonded to As. All Ga sites and half of the As
edge: ' The Br-Ga and Br-As bonding Ieve!s are 3'2_ and 4'7sites are Br terminated within groups of chains, as depicted at the
eV below the valer_1ce-ba_nd edge_and are _maccgssmle for 2idttom. These chains are elongated alfe@(]. Images(b) and (c)
eV photons. A series of intermediate configurations must bgpqy pit formation. 90% of the Br is lost through GaBesorption.
accessed as the adsorbate Ga complex evolves from(@aBr |mage(d) shows a morphology equivalent o) after irradiation at
to GaB%(a), which can desorb with a small barrier. Hel’e, We |ower power but more pu|sesl Morphologies m@ and(d) can be
investigate the interplay of suchearly purg photochemical reached with intermediate power settings by varying the number of
etching with photothermal processes that contribute tguises[(a), (c), and(d) 400x 400 A%; (b) 250 250 A?]
nuclear motion.
B B e iy e SUbsequen it gouh dependa il on laser
by heating to 400 K for 20 min to enhance ordering. Themduced atomic desorption, and this was a lower yield pro-
bright features reflect Br bonded to As sité$3They appear  ¢€SS: , , ,
as chains elongated aloi§01] or groups of chains with In experiments like those represented by Fig. 2, we sepa-
mixed 2x 1/c(2X2) symmetry. Within the islands, the Ga rately varied the laser intensity, the nl_Jm_ber of puls_es, and
sites and half of the As sites are Br terminated, as depicted &#€ substrate base temperatiigeto obtain images until the
the bottom of Fig. 2. Br coverage was reduced from the initial coverage of 0.25
Figures 2b) and 2c) were obtained after irradiation with ML to 0.06 ML.Y This allowed us to determine the number
100 and 200 pulses at a base temperature of 350 K with 46f substrate atoms removed peraper pulse, thelesorption
mJ cni 2. The number of adatom features has decreased ageld. This procedure is justified because essentially the same
single-layer-deep etch pits have been formed. In Fi@),2 morphology can be achieved for different laser intensities
the pits accounted for 0.07 Mldensity ~1.4x 10" cm™?) simply by varying the number of laser pulses. Figurés 2
and typical pits extend over only a few unit cells. Betweenand 2d) demonstrate this morphology for samples irradiated
Figs. 2a) and 2b), the Br concentration was reduced from at 350 K with 200 pulses &, and 48 000 pulses at (5}
0.25 to 0.16 ML. After 200 pulses, the Br concentration waswhere F,=45 mJ cmi2. Both have pit areas-15%, densi-
reduced to 0.06 ML while the pit area was 0.15 Ntensity  ties ~1x 10 cm 2, and residual Br~0.06 ML. We note
1x 10 cm™2). The expansion and overlap of adjacent pitsthat the morphology is not determined solely by dose, the
accounts for the larger area and smaller density. Increasingnergy intensity of each pulse multiplied by the number of
the number of pulses to 600 increased the pit area to 0.2 Mpulses. Instead, it depends sensitively on the pulse intensity,
(density 6x 102 cm~?) as the Br concentration became neg-as discussed in more detail below.

FIG. 2. Imagea) was obtained for a surface with 0.25 ML of Br
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T T T ' ! formation and activation afforded by the distribution of en-
25 - _ 2 - ergetic carriers in photochemical effects.
Fo =45 md cm To form a volatile GaBy precursor from a structure like
_20F T,=450K A that depicted at the bottom of Fig. 2 requires that two Br
NE 15L i atoms be inserted into Ga-As bonds. Presumably, the rate-
K limiting step consists of the formation of volatile GaBrom
g 10} , F2.8 . a GaBy transient state and a Br from a nearby site. The
e F2.1 \ concentration of GaBr converted photochemically from the
f’ 5r ' V. T original GaBr, should be proportional to the surface carrier
© | \ ’ i density. And the probability of the final Br insertion, which
T OG 1 ' ' ' can be expressed by an effective concentration of activated
ke] Br, should also be proportional to the surface carrier density.
-1; 5r T Since the surface carrier density is proportional to the laser
S 4l | intensity under our experimental conditions, we expect
= second-order kinetics in photon intensity. Fitting the yield
5 3f - data for 350 K to a power law fof <13.5 mJ cm? indeed
3 gives anF2 dependence. At higher intensities, however, the
o 2r . yield increases more rapidlf2 =% as thermal spikes be-
come increasingly important. Corresponding treatment of the
T \ i data at 450 K indicates aR’! dependence at low intensity
ok L. _ andF28 dependence at higher intensities. For a given inten-
0 02 04 06 08 1 sity, the desorption yield increases by a factor of 4 to 5 from
350 to 450 K.

Laser intensity (Fo) Substrate-mediated charge-transfer is the dominant photo-

FIG. 3. Desorption yield as a function of laser intendiyfor _Chemlcal process for Br—GaA'lﬂO) Wh.en the photon energy
base temperatures of 350 and 450, is 45 mJ cmiZ The de- 1S 2.3 gv. For the §tart|n_g_surface Wll'[h Br bondeq to Ga_ and
sorption yield at 350 K increases & due to a photochemical AS: this energy is insufficient to excite the bonding orbitals
conversion of GaBfa) to GaBr, (a) which desorbs. Above 03, or to induce direct bonding to antlbondmg transitions involv-
the yield increases @27 due to thermal contributions. The yields g the adsorbate¥. Photoabsorption in GaAs creates
at 450 K are 4-5 times larger than at 350 K at the same intensity€l€ctron-hole pairs, and some of them can participate in etch-
The (+) signs represent the maximum thermal etching contributioning if they are generated close enough to the surface. For
as derived from the Arrhenius relation and normalized to the yieldnanosecond pulses with more than 1 mJ €per pulse, the
atF, and 450 K. This greatly overestimates the direct thermal condensity of photocarriers in the semiconductor depletion re-
tributions but still shows that the thermal etching is small at lowgion exceeds the dopant concentration by orders of magni-
power (below ~13.5 mJ cm’?). tude and the surface electronic system is far from

equilibrium®*® Most of these hot carriers lose energy in

_12 . . . . . .
Figure 3 shows the desorption yield for laser intensities of 10 ~~ S by collisions with optical phonons. Recombination

0.1-1.0¢~, at base temperatures of 350 and 450 K. The yieldnVOIVing ‘;0'0' (ia}rriers.usually oceurs in a much longer time
varies from 2.% 10° atom-pulse* cm™2 for 0.1F, and 350 scale,_120 —10"" s. Simple estimates show that for a 4.5
K to 2.65x 102 atom-pulse® cm 2 for Fo and 450 K. In mJ cm puls_e,_ the number density of electron-hole pairs
0 ° enerated within 50 A of the surface exceeds the substrate
each case, the number of pulses was .adjusted to reduce t terial removal by at least four orders of magnitude. Thus,
Br coverage from 0.25 to 0.06 ML. This produced surfacespe role of these band-edge carriers seems to be minimal. If

closely resembling Figs.(2) or 2(d). 5 . , we focus on the desorption yield féf=4.5 mJ cm? and
The desorbing species in therrtfai® and laset® etching T,=350 K where thermal effects are minimal, each

of GaAs surff'ices are gallium mono- and t_rihalides and MOpulse delivers 1.2 1016 photons cm? and 2.2 10° atoms
lecular arsenic for surfaces exposed to achieve submonolaygp=2 are  removed (Fig. 3. The vyield of ~1.8

Cl or Br coverages. Halogen desorption is not observed ak 10-7 atom-photon® deduced here compares favorably
comparable laser intensitiésdence, the partitioning of Br  with a typical value of 107—10° observed in laser-etching
between GaByrand GaBr desorption channels can be derivedhy=2.4 eV) of GaAs with gas-phase reactive Cl species
from the etch yield? Since As desorbs without Br and the (from a plasma discharge of HC

surface remains stoichiometric, the number of substrate at- Bromine insertion events on terraces should involve local-
oms removed per Br atom is 2/3 for the GgBhannel and 2 ization of a photogenerated hot hole between a Ga-As bond
for the GaBr channel. The overall etch yield was 0.793 fromwhere the Br concentration is like the schematic in Fig. 2.
Figs. 4c) and Zd) so that~90% of the Br was removed as They should also involve charge transfer to Ga-Br antibond-
GaBr. This emphasis on GaBis in sharp contrast with that ing states. This initiates Br transfer from an adjacent As site,
for thermal etching. Although the thermal spike due to lasefor example, to form GaB(a) with two modified backbonds.
heating reaches 650—700 K, GaBtesorption in thermal This process is not likely to be exothermic and may require
etching at these temperatures accounts<f@0% of the Br  energetic photocarriers for activation. The formation of the
consumption for similar initial coveragé$.The difference intermediate GaBfa) state alters the local atomic and elec-
reflects the concentration of Br in islands to facilitate GaBr tronic structure so that the second Br insertion follows a
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different (and unknown potential energy surface. This Br dispersive lens. This disrupted the surface such that no stable
must be acquired from a nearby site on the same row or atunneling condition could be obtained in STM. Moreover,
adjacent row, possibly with coordinated motion involving the irradiated part of the sample showed optical inhomoge-
As. The experimental dependence of the desorption yield oReity when examined with an optical microscope. Since it is
the square of the intensity is consistent with the scenario iknown that annealing GaAk10) to ~800 K leads to disrup-
which the formation/desorption of GaBis the rate-limiting  tion of the surface with preferential evaporation of As and
step. This intuitive picture should apply to GaBormation  cjystering of G& we inferred that our power-doubled beam
for both terrace pit creation and expansion, though the latteg;sed a rise of at least 500 K. Accordingly, the surface

will_have different initial bonding configurations and Br (emperature rise in our normal laser setting was at least 250
transfer trajectories. Molecular-dynamic simulations with ac- This value falls into the range 38060 K, as derived
curate potentials will be needed to evaluate the lifetime oﬁém the 1D heat transport model '

traq_ilgr;tziae&éag dsetg(t; irf":htge ilenlzegﬂon :;;”g;t' GdBr We can estimate the thermal contribution to desorption by
P y 99 assuming that it scales as exi#,/kgT), whereE, is the

mation is the rate-limiting step. This requires that Br ada- ctivation enerav and is the peak temperature. We used
toms are able to move sufficiently so that the reaction is no 75 kI rlg)é ved f tp i P : dd
limited by the sampling rate of the necessary precursors;2 mol = derived from temperature-programmed de-

This is piausible since pit initiation and expansion occur inSOrPtion (TPD) experiments for Gagl desorptiorf* To
Br islands. Moreover, the population of Br is high at pit eliminate the pre-exponential factor, we normalized to the

edges since such sites are favorable adsorptionites. ~ datum point at 45 mJ cnf and 450 K. This greatly overes-
While the F2 dependence of desorption yield at low lasertimated the thermal contribution since it implied that etching
intensity points to a photochemical reaction mechanism, it igvas entirely due to heating, but it provided an upper limit for
also clear that thermal contributions increase itandT,. the thermal etching at lower intensities. From Fig. 3, direct
To estimate the contributions that would arise from purethermal etching estimated in this way is negligible fer
thermal processes, we need the peak temperature and tkel3.5 mJ cm? at 350 K. Similarly, it could account for less
overall barrier for the GaBrchannel. To calculate the maxi- than 30% of the total at 450 K in the same intensity regifhe.
mum temperature ris& T, and its durationr at each laser An alternate way of eliminating the pre-exponential factor
pulse, we adopted the simplified one-dimensional heat diffuwould be to assume that all reaction is photochemical at
sion modef.*?° This model is valid when the laser spot size 0.1F , and extrapolate thE? relation toF =F, and attribute
is much larger than the thermal diffusion lengthduring the  the difference to heating. This provides a lower bound for
pulse. The thickness heated by a pulse of duratians.iS  direct thermal desorption, indicating that direct thermal de-

then the larger of the optical-absorption lendty; or the  sorption accounts for more than 2/3 of the total yieldgt
thermal diffusion length r=~ (4D 7s9 /2 WhereD+ is the  and 450 K.

thermal diffusivity. Hence, The effect of photon polarization was examined by rotat-
ing the sample 90° around the incident beam so that we had
ATmac=F(1=-R)/(pcd), El[110] rather thanEL[110]. In the etching regime, the
and desorption yield and the etch pit profiles showed no polar-
ization dependence. Regardless of the polarization, pit initia-
Tr~Touset 02/ (4D1), tion occurred randomly in areas where there were Br islands.

The carriers participating in the photochemical reactions are
whereF is the pulse energy intensity cm ), R is the re-  three dimensional since the relevant transitions for 2.3 eV
flectivity, c is the specific heat) K1 g3), andp is the den- photons only involve those of bulk GaAs and these are in-
sity (g cm 3). This assumes that there are no optical inhomo-sensitive to polarization. Transitions that might be dependent
geneities, that the optical and thermal properties areén polarization would include intrinsic surface states and the
independent of temperature, and that there are no phasea-Br or As-Br levels. However, Br adsorption on the ter-
changes. The relevant parameters dRe=0.35, d=~5  races suppresses the intrinsic surface states and the bonding-
x107%cm, ¢=0.35JK g™}, p=5.32gcm?3 and D; antibonding separations for Ga-Br and As-Br are too large to
=0.24cm?s ! (Ref. 21. Hence,AT,,~300K and 7  be accessible.
~10 ns for our maximum laser intensify, (45 mJ cm?). From these measurements, it is clear that photochemical
This gives rise to a peak temperature that is sufficient tgrocesses account adequately for the low intensity results but
activate thermal desorption since the threshold for etching ithat the yield increases at a rate that is higher than expected
~500 K (Ref. 13. For 0.3, (13.5 mJ cm?) at 350 K, how- if only photochemical processes were playing a role. More-
ever, the peak temperature reaches opfld0 K and thermal over, thermal processes alone cannot account for the ob-
etching is negligible. When applied to pulsed-laser heating oferved fourfold to fivefold increase in the desorption yield
Si, the estimation from this simple one-dimensioidD)  from 350 to 450 K in the low intensity regime. We conclude
model agreed pretty well with more elaborated methodghat the two effects that have been usually assutmeglic-
based on numerically solving the heat transport equation ustly or explicitly) to function independently must be consid-
ing temperature-dependent thermal properti€8.We esti- ered to be complementary. Our results demonstrate three re-
mated that the uncertainty in our temperature estimation igimes: desorption at low laser intensity driven almost
+50 K for the maximum laser intensity. As a check, we entirely by photochemical processes, desorption at high laser
irradiated a cleaved GafklO sample with pulses with intensity driven largely by thermal desorption, and desorp-
doubled maximum intensit§~90 mJ cm?) by replacing the tion at intermediate intensities where photochemical and
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that cros§110] are about equal. The step energy is very high
for these photoetched surfaces, reflecting the highly nonequi-
librium conditions for pit formation. Increasing the base tem-
perature to 450 K during formation had little effect on the pit
profiles in this etching stage. Apparently, the Br adatoms
greatly hinder the diffusion of substrate atoms and vacancies
that could lead to lower energy configurations. Surface heal-
ing does occur during prolonged irradiation after Br has been
consumed.

Continued desorption evident from Fig(b4 causes pit
expansion that occurs preferentially alofil0]. This pro-
duces top layer stripes that have an average width of 53 A
i along[001] and are separated by 65 A gaps. Stripes represent
48% of the surface at this stage. The total step length was
1.3x 10° cm/cn?; unit cells defining the steps represent 0.10
ML. The incremental removal of 0.34 ML with 2.6510*
pulses gives a yield of 1610 atom photon®. This is
about two orders of magnitude lower than the photoetching
yield at the same laser powé&see Fig. 3. Expansion by pit
growth along[110] increases the number of atoms [dri0]
steps. It can also reduce those on steps adrbi¥ when
pits overlap. Comparing Figs.(# and 4a) indicates that

FIG. 4. Images that demonstrate laser-induced desorption of Gsignificant healing at pit boundaries has accompanied pit
and As from pit boundaries. The base temperature is 300aK. growth. Thus, the morphology in Fig(l# does not corre-
Surface morphology after irradiation of a surface equivalent to Figspond to simple expansion of the pits in Figaydsince this
2(a) showing distributed pits of highly irregular shapes. The Brwould give much thinner top layer strips. As depicted in Fig.

concentration is<2% at this stage(b) Long vacancy strips are 4(d), healing reduces pit irregularity by forminglin)
produced after_higher irradiation because atom desorption favors p'tllo' and(00D steps. Healing also accounts for diffusio,n of
growth along 110]. (c) The top layer shrinks further with increased { ) (0o bS. 9

irradiation but the yield decreases._ Analysis shows the ratio o ff;’lnvcelfssuf;g:g%%]s .haosvﬁrg:::;;gg dr?g%:cif, ?;cllgzggsg Zlgsn)?

atoms on[110] steps to those acro$&10] approaches-3.5:1. (d) desoroti f twofold- dinated at t

Schematic showing pit growth that favors extension alphtf]. =sorption 0 ofold-coordinated atoms on Steps across

The hatched area represents an irregular pit and the bold lines dl;.\llo]' . . .

pict its shape after laser-induced desorption. Healing tends to elimi- OCC{:\SlonaIIy, cleaving produces_steps that are oriented

nate kinks and leads to more regular steps. It also accounts for tfaPProximately along110]. Double-height steps can be pro-

observation of residual top layers which have lower defect densitie§Uced when etching into lower terraces occurs near such

than those produced by initial photoetchifigs0x 750 A2]. steps. These steps usually consis{ITf1} microfacets with
periodic reconstructions. They are analogous to those pro-

thermal processes are intimately linked. By inference, modduced by etching during continuous exposure to Br at 700—

els of photochemical processes should also consider the m@75 K or after sputtering with 300-500 eV Ar ions in the
tion of surface atoms. same temperature rangeThey have also been observed in

growth at 715-725 K® The consequences of their produc-
tion in etching is that they pin the step by their higher sta-
bility.

Continued irradiation to produce Fig(c} reduces the top

This section focuses on laser-induced desorption of Géayer without inducing defects in the newly exposed layer.
and As after terrace pitting has consumed the etchant. It i§he desorption yield 0.23 ML by 5:410* additional pulses
important to note that equivalent irradiation of clean surfaceslecreased because of the smaller number of desorption sites
has minimal effect. This process is analogous to desorptioand a smaller proportion of boundary units acr¢$s0].
induced by electronic transition for gas-solid systéfhs. Top-layer strips average 42 A in width and are_separated by
Here, we examine the dependence on crystallographic orieri15 A. The ratio of unit cells along and acrdgsl0] steps
tation, laser intensity, and temperature. has increased only slightly to 3.5:1, despite a 50% reduction

Figure 4 shows the evolving top layer morphology for aof the total step length from Fig.(d). This suggests_that the
sample held at 300 K. To obtain Fig(a}, we irradiated a desorption probability from a site on steps acrfs#0] is
surface equivalent to Fig.(& having 0.25 ML Br using three to four times as high as kink creation|[dd0]. In this
1.5x 10° pulses aF =35 mJ cm2. This reduced the Br con- regime, the removal rates for the two types of steps are such
centration to below 2% while creating etch pits that werethat their ratio on the surface has little dependence on irra-
highly irregular in appearance and accounted for 18% of theliation time. Etch pits showed a_comparable aspect ratio,
top layer (pit density 6<x 102 cm 2). The total step length ~4.5, in favor of elongation alonpl10] in continuous ther-
was 3x 10° cm/cn? and 0.17 ML of top-layer atoms were mal etching at 725 K with low-flux Br*?
located in unit cells that bordered the pits. As depicted in Laser-induced desorption is stoichiometric under our ex-
Fig. 4(d), the numbers of cells ofL10] steps and on steps perimental conditions. While the terminating species on a

C. Laser-induced atom desorption: Etch-pit growth
via electronic excitation
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particular step segment usually are not equally distributed, /
there is an overall balance of Ga and As on a large scale
throughout all stages. In addition, higher resolution images
reveal that kink creation is as likely on Ga- and As-edged
[110]. The fact that kink creation occurs but terrace pitting
does not indicates a lower barrier for desorption from steps,
though both involve the removal of threefold-coordinated at-
oms. Steps and other defect sites on semiconductor surfaces
form sinks that can localize the excitation enefgy.

As expected, the yield per pulse depends sensitively on
the laser intensity. For example, it took X.20° pulses at 45 '
mJ cm 2 to remove 0.11 ML at 300 K whereas it took 6 \ \
X 10* pulses to achieve the same effect at 13.5 mJI%m !
starting from surfaces with an initial pit area of 0.34 ML. Irradiation time
This scaling as=(~3% is comparable to what has been ob-
served by measuring the &amission from GaAd10) for GaBr, As,
similar photon energies and pulse intensifid&e note that S S P %a or As
pitted surfaces like Figs.(d) and 4b) showed no atom de- \ ;\/ /? ‘
sorption when heated to 650 K for 20 min and that our maxi- ‘_il_‘j’__?_?__ﬁ_‘
mum power would increase the surface temperature 890
_K to or_1|y ~_600 K. I_-|ence, electronip excitations are the key Pitting with GaBr,
ingredient in laser-induced desorption of GEEK)).

Atom desorption initiated by electronic excitation can be  FiG. 5. Schematic of the yield per pulse. Initial irradiation cre-
described by the Menzel-Gomer-Redhe®iGR) model?’  ates and enlarges pits via Br etchifsgage ). The desorption yield
The basic ideas of this model have been applied successfully high but it drops with the depletion of Br. Subsequent irradiation
in many chemisorption systerﬁ‘éDesorption is initiated by causes atomic desorption from pit edgstage I). In this regime,
an (externally driven Franck-Condon transition that excites the yield scales with the density of pit boundary atoms. This in-
the complex from the ground state onto an antibonding poereases as individual pits grofi-a) but it eventually decreases
tential energy surface where nuclear separation adjusts to thiden pit overlap prevailgll-b). The hatched area in stage | shows
electronic state. Desorption can occur if the adsorbatethat atom desorption is possible once pits are formed, though the
surface separation reaches a critical distance in the absengéld is much smaller than for etching. The sketches suggest the
of a transition to either the ground state or a suitable metadominant desorption products.
stable state. In our case, adsorbates are replaced by defects
represented by pit boundaries or cleavage steps. The expesach pulse a =35 mJ cm 2. This compares with the quan-
mental results demonstrate that these sites are vulnerable kem yield of 1.6x 10~ atoms photon?, from Figs. 4a) and
cause they form sinks for localized electronic excitation and4(b), where the density of available reaction sites is 10-17%
because of their weaker bonding. In this aspect, laseref the total surface sites. The good accord between the esti-
induced desorption shows remarkable site selectivity, supanated value and the experimental one indicates that multiple
rior to inert ion sputterin®f or keV electron bombardmefit.  electronic excitations are important in the desorption.
This makes laser desorption a promising technique for layer- Since more than one surface bond must be broken for
by-layer removal, in conjunction with various vacancy seed-desorption to occur, the dependence of the yield-@hould
ing techniques?® be more than the second-order dependence characteristic of

The power-law dependence of the desorption yield on ladouble excitation pertinent to single bond breaking. Experi-
ser power could result from multiple electronic excitationsmentally, we find arF(3~3® dependence which results from
and multiple bond breaking eveni@Jultiphoton ionization  a combination of multiple electronic excitation and multiple
can be neglected since it requires peak laser intensities thebnd breaking events. Theoretical calculations confirm that
are orders of magnitude higher than used R8rddultiple  removal of less coordinated atoms costs less energy but do
electronic transitions are important if repetitive excitationsnot support a direct proportionality between the number of
occur within the relaxation time for the vibrations of surface bonds and the desorption energy bartfer.
atoms, 10*2 s.3! The probability for such excitations can be  Laser heating is expected to play a role in the desorption
calculated from the photon flux. The probability of finding yield, as in photochemical etching discussed above. Indeed,
incident photons in a given time interval {3,=[N" exp  the desorption yield increased by 50% when the base tem-
(—=N)J/n! if the average number iN [Ref. 32. At F  perature was increased from 300 to 450 K fér
=35mJcm? there are 9.4 10 photons cm? per pulse =13.5mJ cm?and it doubled from 9.2 10~° ML between
(1.6x 10" photons cm? in an interval of 10'2s). If the 300 and 450 K at 45 mJ cm. At the maximum intensity,
photoabsorption cross section is 20 cn? (Ref. 10 and the  the peak temperature was enough that pit boundaries should
reflectivity is 0.35, then on average each site is excitethe dynamié® and such atomic motion should facilitate de-
0.65x (1.6x10'%) x 10 ¥~107° times in an interval of sorption. On the other hand, direct thermal desorption at 45
10712 s. The probability for double excitation within 16# s~ mJ cm 2 should not be significant since it would result in
is thenp,~5x 10 1% This gives an accumulated probability nonstoichiometric changes on the surfag¢eating to~800
of ~3x 1077 for double excitation in the 6 ns duration of K causes As evaporation and produces Ga clustershe

Atomic

Etching desorption

l

I II-a II-b

Desorption yield per pulse

Pit growth with Ga or As



10988 B. Y. HAN AND J. H. WEAVER PRB 58

above temperature dependence for atom desorption is mudavors pit expansion ifil10] and stripe formation. Under our
less than for laser etching where it was four to five-fold conditions, stoichiometric removal occurs during both pho-
between 350 and 450 K. This difference should not be untoetching and laser-induced atom desorption. Continued irra-
expected since removal of Gafand G4 certainly involves  diation ultimately eliminates the residual top layer.
different precursors and energy surfaces and temperature This paper has shown the complementary nature of pho-
should have different effects on the relevant vibrationaltochemical and photothermal effects in etching. Moreover, it
states. has revealed the surface morphological consequences associ-
ated with these processes and laser-induced desorption. It has
IV. SUMMARY demonstrated that layer-by-layer removal is possible through
o . ] . laser-induced etching and atomic desorption. Multilayer pla-
~ The modification of Br-covered Gafkl0) is depicted i nar removal can be achieved by alternatively roughening the
Fig. 5. In stage |, pits are created and Br is consumed, prisyrface using etchingor bombardment by energetic elec-
marily through GaBy desorption. Gallium loss is accompa- trons or atomsand then smoothing by laser-induced atomic
nied by desorption of molecular arsenic. The pits grow lat-gesorption. The protocol presented here should have impli-
erally due to Br etching, but the importance of etchingcations for semiconductor materials in general. Tuning the
diminishes as the Br is depleted. The pitted surfaces argitia| pit seeding and the photon energy will provide another

highly irregular and their step density is very large. Thereafgimension to surface patterning and material removal.
ter, in stage I, pit growth occurs by atom desorption from pit

boundaries. This Iaser—indpced desorption has a yield Fhat is ACKNOWLEDGMENTS
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