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We have investigated the effect of laser irradiation on the terrace morphology of Br-covered GaAs
(110). Layer-by-layer etching of GaA&L10) is demonstrated through laser-induced etching and
atomic desorption. Nanosecond pulsed-laser irradigtion=2.3 eV, pulse power-35 mJ cni?)

of Br—GaAs (110 initially produces a high density of small, single-layer etch pits as Br is
consumed. Continued laser irradiation causes Ga and As desorption from pit edges so that pits grow
and thereby remove the remnant of the top GaAs layer. When there is Br on the surface, pit growth
reflects the Br chemisorption structutelongated along001]) but subsequent atom desorption
favors growth along110]. © 1998 American Vacuum Socief$a0734-210(98)01502-4

[. INTRODUCTION ing microscopy(STM) makes it possible to monitor the sur-
face morphology at all stages.
Semiconductor surface etching with halogens can be acti-
vated by photon or particle irradiation. Several studies of
laser-enhanced etching have shown the importance of ele§ EXPERIMENT

tronic excitations of the reactant/surface ensemble, in which ] ] .
photocarriers participate directly in the reactfon.In addi- The experiments described here were performed in an

tion, relaxation and recombination of these photocarrierdllrahigh vacuum chamber with a base pressure of

_11 .
lead to a surface temperature rise and possibly thermally a2 10— Torr. Clean GaAg110) surfaces were obtained by

: 8 —3.
tivated etching:? The relative importance of these two com- C/€aVingp-type crystals(Zn-doped at X 10" cm™*; MCP

ponents, photocarrier-induced etching and laser heating, dé(yafer Technology, Ltd., UKwhich had initial dimensions

pends on the intensity and wavelength of the laser as well f ?boutt 3 mnx3 mm>:|1(_) ”t‘rr? fThe dfensn)(l Of. |rtnfj|a:( di"'
the optoelectronic and thermal properties of the system und a? dcafocr):s e\zzgets’ irggﬁ yll?< 1 0?2 Z:nnl 0 imn?olgglﬂar Eeeaf:ms or
investigation. In the context of laser—solid interaction stud- ' ypicallys s o
: . o . . of Br, from a solid-state electrochemical cell operating in
ies, several investigations have explored atomic desorption - .
. ; =2 “Ultrahigh vacuur? was used to dose the sample. The typical
from defect sites on semiconductor surfaces during irradia-

. ) . .2 . operating current in the source was/8,; in our experimen-
tion below the ablation threshofd. This phenomena is simi- b 9 W P

lar to d tion induced by electronic t ition i Isoli al configuration, 100 s Brexposure at room temperature
ar to desorption induced by €electronic transition In 9as/soliq, ,qyyced a GaA$110 surface with Br coverage of about

system§. o ~ 0.25 ML [1 ML=8.84x10"*cm ?, the planar density of

A suitable combination of laser-enhanced halogen etCh'n%aAs(llo)]. The sample could be heated by a tungsten fila-
and laser-induced atomic desorption offers the possibility OFnent, using a thermocouple to monitor the temperature. A
achieving layer-by-layer removal of a semiconductor SUrfrequency-doubled Nd-YAG laser emitting 2.3 €532 nm
face, a desirable process in optimizing the quality of theyhotons with a pulse duration ef6 ns and a repetition rate
surface and in modifying the surface for nanoscale applicags 10 Hz was used to irradiate the sample at normal inci-
tions. Several previous studies have explored halogen etChfance. The laser beam had an approximate 5 merspot
ing of semiconductors that are enhanced by ultraviolet lasegiameter and an energy fluence o35 mJ cn12 per pulse
irradiation”® or low-energy Ar ions>!! In most of these incident on the sample, as measured by a pyrolytic power
studies, however, microscopic structural characterization ofneter and a photodiode. No additionahBras supplied after
the sample was not performed. Using a mechanical stylus tghe initial dosing. After each reaction step, the sample was
measure the overall etching depth over several tens of etcliransferred to the STM stage and constant-current, occupied-
ing cycles, Aoyagit al.™ reported a self-limiting etching of ~ state image$As-sublatticé were recorded at room tempera-
GaAs (100 by alternative etchant (@)l feeding and low- ture. Imaging during irradiation or heating was not possible,
energy ion bombardment. They attributed this behavior taand it was not possible to return to exactly the same portion
two-dimensional-like etching. In this article, we report on theof the surface during sequential processing. The images pre-
realization of layer-by-layer etching for GaA410 using sented here havgl10] running from lower right to upper
chemical etching and laser-induced desorption of Ga and Aft. They are representative images that reflect surface Br
from the etch-patterned surface. This procedure alternativelgoncentration, etch pit density, and area in various etching
roughens the surface by monolayer pittimgth Br) and then  stages. The vacuum during Bexposure, photon irradiation,
smooths it by pit growth and coalescence. Scanning tunneand STM measurement was better thaBx 101! Torr.
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and these features reflect Br bonded to As. Associated with
them are Br—Ga features, but they are obscured by the
brightness of Br—As. The Br coveragg,, was determined

by direct counting. Irradiation with 200 laser shots while the
sample was held at 400 K produced small, single-layer deep
etch pits, as shown in Fig.(h). The typical pit size was less
than ten surface unit cells, and the pit density was as high as
1.5x 10" cm™2. About 13% of the top layer in Fig.(h) had
been removed by 200 shots, &g was reduced to 0.1 ML,
reflecting desorption of bromides in laser-enhanced etching.
Most of the residual Br adatoms appeared as scattered fea-
tures around the etch pits, together with a few short chains
and Br islands. The decoration of pit boundaries by Br re-
flects the fact that such sites have lower coordination num-
bers and are favorable adsorption site¥' Comparison with
thermal etching®*indicates that pulsed-laser-induced etch-
ing produced a much higher density of smaller and less regu-
lar etch pits.

Insights into the reaction pathways associated with laser
etching of Br—GaAs can be obtained by comparison with
results for Cl-GaAs. For submonolayer Cl coverages, the
etch products are GaCl, GaChnd Ag (x=2,4) with either
thermal activatiotr''® or nanosecond UV laser irradiation.

In thermal etching, similar reaction pathways were observed
for CI-GaAs and Br—GaA¥ Terrace pit creation is a costly
process in view of bond breaking and it involves formation/
desorption of GaByg while GaBr desorption is primarily in-
volved in pit enlargement at low local Br concentration. The
irradiation etch yield deduced from Figgaland(b) is 0.87.
Since the etch yields for trihalide and monohalide channels
would be 2/3 and 2, assuming spontaneoug desorption,

the observed yield of 0.87 implies that85% (~15%) of

the Br was consumed via the trihalid|@onohalide channel.
Based on a one-dimensional heat diffusion model, we can
estimate that the surface temperature rise w280 K for a
laser pulse fluence of 35 mJck (Ref. 5. The resultant
peak surface temperature 6f650 K was sufficient to acti-
vate both monohalide and trihalide channels; the former de-
sorbs at 600 K whereas the lattgnigh concentration chan-
nel) can occur at 500 K* Studies of etching at various pulse
powers and substrate temperatures suggest the presence of
Fic. 1. (8) Occupied-state image of GaA$10) after dosing with 0.25 ML photochemical contributions, as discussed elsewHevée

of Br at 400 K. The bright X 1/c(2X 2) islands and chains elongated along id n v rotion differen W i-
[001] reflect Br bonded to As sites. Within these structures, all Ga sites anéj d not observe a deso ptio difference bet Belype (S

8 ~—3 ;
half of the As sites are Br terminated (20@00 A?). (b) Surface morphol- doped, IX 10 cm ) andp-ty_pe sar_n_ples. This was because
ogy after 200 laser pulsdgulse fluence~35 mJ cni?) while the sample  for nanosecond pulses with intensities more than 1 m¥cm

was heated to 400 K. Irradiation produces a large number of small etch pitgper pulse, the density of photocarriers in the depletion region
Residl_Ja_lI Br decorates the pit edges. Some Br chains and small islands aceeds the dopant concentration by orders of magmr’tude.
also visible (25 250 A?). : L
The effects of subsequent laser irradiation were summa-

rized in Fig. 2, which demonstrates etch pit growth and in-
cremental removal of the top atomic layer. The base tem-
perature was 300 Kinstead of 400 K in Fig. Lto avoid

The micrograph of Fig. (B) represents the surface after pitting of the exposed second layer. Figufe)avas obtained
condensing~0.25 ML of Br at 400 K. The surface is deco- after 4x 10° shots of the surface in Fig(). The pit density
rated with bright features that form two-dimensional islandswas reduced to 10*2 cm 2, about 13% of that in Fig.
and chains elongated alof@01], i.e., perpendicular to the 1(b), as small pits expanded and overlapped. At this stage,
substrate atomic row directioh110]. As discussed pre- ~25% of the top layer had been removed.
viously,*** Br, chemisorbs dissociatively on GaA410 Pit growth due to irradiation for a surface that is partially

(2) 0.25 ML Br (400 K)

[ll. RESULTS AND DISCUSSION
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@) (b) 2.2x10*shots

4x10° shots

L
.

(c) 7.6x10*shots

Fic. 2. STM micrographs showing that laser irradiation of the surface of Fig.fitst produces irregular pits by enabling growth ald6g1], (a), until the
Br is depleted. Thereafter, i) and(c), atom desorption prevails and causes enhanced growth glaay In (d), >98% of the top layer has been removed.
The inset in(d) highlights a small island of the top-layer remn&B50x 550 A2 in (a), 800x 800 A? in (b), (c), and(d)].

Br covered occurs via Br etching and desorption of substrat€&aAs (110) with 1.2x 10* laser shots at the same pulse flu-
atoms that come from the boundaries of existing pits. Theence (35 mJ cif) and found no increase of terrace defect
etching reflects a combination of short-duration laser heatinglensity.

and substrate-mediated photocarrier-induced reaction. As far The effects of both Br etching and atom desorption from
as thermal desorption of atoms from the pit boundaries ipit boundaries are evident in Figga2and Zb). The former
concerned, heating at 650 K for 10 min caused no such atomccurs with minimal surface diffusion of Br, so it tends to
evaporation in the absence of BrSince the pulse fluence mimic the chemisorption structuféig. 1(a)] and enhances
here gives rise to a peak surface temperature of onlpit elongation alond001]. On the other hand,_laser-induced
~550 K, we conclude that atom desorption was enabled bysa or As desorption favors pit growth alofgjl0] because
electronic excitation. This is supported by laser-inducedf the weaker bonding of nominally twofold coordinated at-
atom desorption studies on GaA$10) where the depen- oms at pit ends. The result is that the overall pit shapes are
dence of G4emission on laser wavelengtat powers com-  highly irregular at first. With extended laser irradiation to
parable to oursrevealed a direct correlation between thé’ Ga produce Fig. &), progressing from @) where the Br con-
desorption and the density of photo-generated two<entration was<0.02 ML, the morphology reflects atom
dimensional electron—hole paifsSurface defects such as emission with pit elongation alonglL10]. In Fig. 2b), the
adatoms, steps, and vacancies represent favorable sites ftposed second layer accounts for 52% of the surface. The
localization of the electronic excitation energy. The modifi-incremental removal associated with those X118 laser
cation of the charge state by excitation or by trapping ofshots was 0.27 ML and the emission vyield was
carriers causes local bond distortion that leads to atomi.3x 10 atoms/cri per pulse(hv=2.3 eV, pulse fluence
desorptiorf’” In control experiments, we irradiated a pristine 35 mJ cm ?).
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Figure Zc) shows that increasing the number of shots toinitial halogen coverage, the laser power, and the photon
7.2x10% reduced the top layer to 0.25 ML. The remnants atenergy will give another dimension to surface patterning and
this stage are I%r;g, thin strigs. The corresponding emissioremoval.
yield was 3.8<10° atoms cm*“ per pulse, which is 28% of
that when going from Fig. () to Fig. 2b). This lower yield ACKNOWLEDGMENTS . ]
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