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Random-walk mechanism for step retraction on hydrogen-etched $111)
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We report on step retraction on hydrogen-etched ) surfaces. The study was performed by kinetic
Monte Carlo simulations anth situ high-temperature scanning tunneling microscopy. The origin of the step
retraction is the random walk of surface monovacancies. They are caused by desorption of silicon hydrides
from the hydrogen-exposed surface, which causes a weak etching effect. The vacancies diffuse until they reach
a step or another surface vacancy, where they are annihilated. This results in bilayer step retraction or vacancy
cluster coarsening. For sufficiently high temperatures and slow enough etching, all created vacancies reach the
terrace steps, which results in maximal step retraction. For sufficiently low temperatures and fast enough
etching the step retraction is effectively suppressed by the creation of vacancy clusters in the terraces. For
intermediate temperatures and etching, a transition regime is found, where initially all surface vacancies diffuse
to the terrace step edges and annihilate. However, the probability for the creation of vacancy clusters in the
terraces is not neglectable, so after a widely distributed time a sufficiently large number of monovacancies
meet to form a stable vacancy cluster, which effectively slows down the step retraction rate.
[S0163-18297)08828-0

Hydrogen interactions with silicon surfaces is of high traction to a slower one due to the formation of vacancy
technological relevance due to the industrial applications otlusters in the terraces after a widely distributed initial time
the chemical vapor deposition technique, where silanénterval.

SiH,, SibHg, or SkHg can be used as precursor gases for The experiments were performed in an ultrahigh-vacuum
epitaxial growtht In this work we are going to study the chamber with a base pressupec2x 10 ° mbar. All ex-
reversed process, i.e., weak etching dfL$l) effectuated by periments were performed time resolved andsitu. The
hydrogen-induced desorption of silicon hydrides (rsu%—ﬁ sample is located inside the scanning tunneling microscope,
This is accomplished of hydrogen exposure of the surface @&nd images are taken at elevated temperature. This enables
sufficiently high temperatures. Reviews of the field, includ-Us to follow a specific location on the surface through differ-
ing lower-temperature properties and characterization ofNt Stages of the etch attack taking sequences of STM im-
H-induced surface defects, were presented in Refs. 7—11. 29€s. Bias voltages below 2.2V and tunneling currents be-

Under hydrogen exposure a temperature dependence q 1.2 nA are ;Jsed.lg sit.u experiments \I’Viéh Hatomiﬁ.
the H desorption was reported such that the H desorptio ydrogen are performed using a water-cooled H-cracking

from the dihydride and trihydride desorption sites occurs aFeII containing a heated tungsten filament pointing under an

approximately 410°C, and the monohydride sites atangle of 15° to the surface at a distance of 8 cm. A direct line

540 °C1213 |n this context we would like to mention that of sight between the area imaged in the scanning tunneling

. . . . . : microscope, and the source of the atomic hydrogen is needed
preferential desorption sites were studied with atomic reSOr 1 in situ STM studies. Therefore the STM tip is retracted a
lution some decades ago, using replica and transmissi

) ! %w thousand A between successive images to avoid shading
electron microscopy techniqué. _ effects. The substrate samples were cut from P-doped
In this paper we expose a well-prepared Si(F1I)X7  gj(111) wafers with high resistivity. In most experiments
substrate to atomic hydrogen at substrate temperatures highggh precision oriented samples with terrace widths larger
than the monohydride peak 540 °C. The measurements atRan 4500 A have been used. The samples were prepared in
performed with high-temperatuiie situ scanning tunneling vacuum by carefully outgassing at 600 °C using resistive
microscopy(STM).° Our experimental results are quantita- heating for several hours and subsequently high temperature
tively compared with kinetic Monte CarldC) simulations.  flashing to 1250 °C. The temperature was measured using an

This type of simulations was recently used to study sputterinfrared pyrometer.
ing of vicinal metal surface¥’ Si on S{111) grows in a bilayer mod& and we will show

For high enough temperatures or sufficiently slow hydro-in this study that Si can also be etched in a bilayer mode. The
gen etching, all created surface vacancies are found to readiilayer mode comes about because there is one bond to the
a step edge, giving rise to maximum bilayer step retractionsubstrate for adatoms in odd layers and three bonds to the
For low enough temperatures or high enough hydrogen exsubstrate for adatoms in even layers. Unreconstructed
posure the majority of the monovacancies encounters othe$i(111) surfaces are terminated by even layers, which mini-
vacancies, and forms vacancy clusters in the terrace and doaszes the surface energy of the system. In our MC model the
not reach a step. In this etching regime the step retractiodiamond cubic(dc) structure is modeled by a modified
rateRgepiS very low. For intermediate temperature and etch-fcc(111) model which phenomenologically takes into ac-
ing regimes, there is typically a transition from fast step re-count the properties of the dc structure. The adatom hopping
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probability is calculated from the initial coordination number 0.7 - -
n;, and the final coordination numbef, of the atoms under f = Simulation and -
Y . A . - . —~ - Experiment, T = 650°C
interrogation. For the primitive fcc lattice there are in prin- - 0.6 _ P _ ’ -
ciple 12 different local environments for an atom to diffuse — g sf ® Simulation, T=600°C
from, depending on the number of nearest neighbors, but we S : o Experiment, ° i
include only up to nine configurations since the probabilities T 0-4fF ~ T=600°C
of configurations with higher coordination are extremely a Simulation,
low. g 03F "T=520C ¢
To favor the bilayer ordering in our model, the number of o 0.2 )/ .
nearest neighbors perceived by the adatoms is modified. The2 ‘ -’ = .
optimal bilayer ordering was accomplished by increasing the 0 0.1 . _ » - -
initial number of atomic bonds for even layers and the final & o . el . ; .
number of atomic bonds for odd layers accordingntQyen 0 100 200 300 400 500 600 700 800 900
=n;+ 2 andn¢ og4= N¢+ 4, respectively. The final number of Time (s)
bonds for even planes and the initial number of bonds for
odd planes are not altered, i.@4 ¢yeri=N¢, aANAN; oq6=N;, FIG. 1. Step retraction vs timeé for the etching rateR

respectively. These modifications strongly improve the ada=8x10"4 BL/s. In the high-temperature regime exemplified by
tom mobility in odd planes and stabilize the even crystalthe temperaturd =650 °C, both the simulated and experimental
planes. This gives a net mass transport upwards over oddtep-retraction rates are given by the maximum vaRg.,
plane step edges, which results in the formation of large everr 8x10™* BL/s, and are described by the dashed line. For inter-
terraces. Overhangs and bulk vacancies are not included infaediate temperaturé3 =600 °C was used hexenitially the step-
the model. retraction rate is give bRgie=8X 10" “ BL/s, thereafter the slope

The simulations are performed on a lattice of dimensior{evels off. The typical experiment and simulation are denoted by
L.xLy, whereL, =64 andL,=32 with initially one bilayer C|rc_|es a_nd c_iots, respectively. Sotep retraction in the low-temperature
step at,= 16. Although the experiments were performed onregime is simulated foif =520 °C, and the data are denoted by
much larger surfaces, they, as well as the simulations, werdl€d sauares.
of somewhat stochastic nature. Hence we did not simulate
larger systems because any significant improvement seemethere the summation runs over all lattice sites in the system.
impossible to attain without going to very large systems,Second, if a sputtering event is chosen, the most weakly
which could not be done due to computer limitations. Modi-bound adatom in a randomly selected hexagonal surface cell
fied periodic boundary conditions were employed normal tos removed. In case of a diffusion evefsipecified by the
steps such thath(x,Ly+1)—2=h(x,1) and h(x,00+2  hopping rate; ;) a hop from the initial sité to the final site
=h(x,L,), effectively giving a start lattice consisting of a f is performed. The total rat®,, is upgraded after each
32-lattice-site-wide terrace and one step, whepey) is the  atomic hop'’ which takes place with a Poissonian time in-
height of the lattice sitex,y). Ordinary periodic boundary terval A7=—In(r)/R,;, wherer is a random number in the
conditions are used along thedirection, i.e.,h(Ly+1y)  range 6<r<1. The total time is obtained from,=>Ar."®
=h(1y) andh(0,y)=h(Ly,y). Note, the experimental etching ra®efixes the modeled at-

The adatom diffusion is described in terms of hoppingtempt frequencyr,, for constant best fit simulated ratio
ratesv; ; for an atom at siteé to perform a hop to a neigh- R/»,, which defines the time scale 1/v,. The correspon-
boring site f, and is given byw; ;= veexd —E(n,n)/KT],  dence between modeled and experimental time scales are
where vy=2.7x10" s* is the effective attempt frequency sufficiently good, as will be shown below.
for atomic hoppingk is Boltzmann’s constanf, is the sub- Typical results for our experiments and simulations are
strate temperature, and the activation enefgis given by  shown in Fig. 1, where the etching raRe=8x10"* BL/s
E(n;i,ng)=n;E +(nj—n¢)E,. Note thatE,=0 gives lo- was used. For the highest temperatlire650 °C, the maxi-
cally isotropic diffusion for atoms at steps; whike,#0 mum step retraction rate was equal to the total etching rate
leads to locally anisotropic diffusion where diffusion along for both experiments and simulations. The data are described
steps is easier than diffusion normal to steps. In our modeby the dashed curve in Fig. 1. In this temperature regime all
the ratioE, /E,=3/2 was found to give the most excellent etched surface monovacancies reach a step, and no vacancy
bilayer by bilayer growth, and was consequently used to inclusters evolve. For the intermediate temperatufe
vestigate the etching propertids,, and E,, are fixed toE, =600 °C, in the beginning all monovacancies encounter a
=0.23 eV andE,=0.16 eV by the relationshig(n;,n¢) step, giving rise to the maximal step retraction rate, which is
= TexpeX[E(M; ,ne)/ Tl , whereTe,,, is the experimental tem-  shown by dots for the simulation and circles for the experi-
perature andlE(n; ,n¢)/T]y; is the best fit value of the simu- ment. In this regime there is a competing process between
lation. The etching rate at the surface is giverNaRR, where  vacancy cluster formation and vacancy annihilation at step
N, is the number of surface sites in the system Bnid the  edges. Thus after an initial time interval of stochastic length,
etching rate per lattice site. vacancy clusters are formed in the terraces. This process is

As the first step of a MC iteration, an etching r&&er a  clearly shown by the simulated surface images in Fig®-2
hopping ratey; ¢ is selected randomly with a weighted prob- 2(d). The first vacancy cluster is formed after400 s, and
ability NsR/Ryo; Or N; ¢v; 1 /Ry, respectively, wherd\; ; is  the second after~-550 s. Representative STM surface im-
the number of rates; ;. All rates are summed up in a fixed ages, obtained fof =600 °C are shown in Figs.(8-3(d)
order to give the total rate of the systdRy=NR+Zv;, for early times before any vacancy clusters have evolved.
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FIG. 2. Simulated surface images for the temperatiire
=600 °C and the etching raR=8x10"* BL/s. The images were
generated at the timdga) t=0, (b) t=370s,(c) t=490 s, andd)
t=610s.

Some points on the left-hand side of the terrace are pinned,

so it is easy to follow the retraction of the step to the right in

the images. Later on, the experimental détenoted by FIG. 4. Experimental surface images of size 848%0 A? for
circles in Fig. 1 levels off to a constant level corresponding theé  temperatures T=550°C and the etching rateR
to no step retraction. Representative features of a surface M2 10 “ BLs for the times(a) t=840's, (b) t=1050s, (c) t
this state of the intermediate etch regime are shown in Figs_ 1120 s, andd) t=1250's.

4(a)—4(d) for an experiment performed using the temperature

T=550 °C and the etching raR=2x10"* BL/s. Remark- hydrogen adatoms with high probability reach the porous
ably, the part of the terrace closest to the step edge is monacancy network in the interior of the terraces where evolu-
solid than the interior of the terrace. This is demonstrated ifion of silicon hydrides is facilitated. This gives rise to a
Figs. 4a)—4(d) by the relatively large white defect-free parts highly reduced etching of the step edge. We would like to
of the step edge, i.e., a partly denuded zone free of vacancig®int out that the reported mechanism is typical in the inter-
has evolved. This is in strong analogy with the adatom-mediate etch regime, although large deviations were ob-
denuded zones which have been observed in moleculagerved for which there are many possible explanations, e.g.,
beam-epitaxy growth experiments. Our observation could b&tep meandering and the influences of surface defects. We
explained by the fact that weakly bound thermally activatecdid not simulate the formation of vacancy-denuded zdoes

the effect of surface defegtswhich explains why the step
retraction rate did not level off to zero in the simulation.
However, vacancy-denuded zones could most likely be mod-
eled by simply increasing the initial search area used to find
the most weakly bound adatom in each etching event.

The lowest-temperature regime, where vacancy clusters
are formed from the very beginning, is simulated fbr
=520 °C, and is represented in Fig. 1 by filled squares and
by the surface images in Figs(@-5(d). The vacancy clus-
ters are continuously being encountered by diffusing surface

FIG. 3. Experimental surface images of size D0 A? for
the temperature T=600°C and the etching rateR FIG. 5. Simulated surface images for the temperatire
=8.0x10"* BL/s for the times(a) t=630s, (b) t=640s, (c) t =520 °C and the etching rae=8.0x 10" % BL/s for the times(a)
=650s, andd) t=670s. t=120s,(b) t=240s,(c) t=370s, andd) t=490s.
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monovacancies, which annihilate and give rise to the ob- To conclude, we have shown that the experimental tem-
served coarsening behavior. The slope of the curve shown iperature dependence of the observed step retraction can be
Fig. 1 indicates a slow step retraction that can be explainegxcellently explained by kinetic Monte Carlo simulations.

in terms of the limited size of the modeled system, since thenterestingly, the behavior is to a large extent governed by

rate of step retraction is expected to decrease for increasg@gndom-walking surface monovacancies, which come about
terrace widths. Experimentally, vacancy kinetics could notgye to weak hydrogen etching of the surface.
be studied unambiguously for the lowest-temperature re-

gime, because the silicon monohydride complexes are stable This work was supported by the Alexander von Humboldt
for T<540°C. Foundation and the Volkswagen Foundation.
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