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The atomic-scale surface structural evolution ofL80) exposed to gas-phase thermal hydrogen
atoms, H@), has been investigated by scanning tunneling microscopy and temperature-programed
desorption mass spectrometry. For the substrate temperatgregtween 420 and 530 K, dihydride
species in X 1:H domains were selectively etched upon extensive exposuregyio A$ a result,

etch pits grew laterally along Si surface dimer rows. The presence of these pits correlates with the
absorption of H@) into the bulk of S{100), confirming our earlier suggestion that atomic-scale
surface roughening caused by etching is a prerequisite fg) ldbsorption. ©2001 American
Institute of Physics.[DOI: 10.1063/1.1379989

Hydrogen, prevalent in semiconductor device process- Experiments were performed in an UHV chamblease
ing, deactivates dopants, and creates and passivates defegtessure of<2x 10 °Torr) equipped with an OMICRON
on and in crystalline silicon o-Si)! and at Si/SIQ  VT-STM. The S{100) sample used wabl-type (P-doped:;
interfaces’ Passivation of defects is beneficial, but incorpo-<1 Q.cm) and cut into a X 10 mnf size for STM measure-
ration of hydrogen intac-Si epifilms or substrates can be ments. The clean surface was prepared by outgassing for 12
detrimental to device performance. Although the interactiorh at ~900K and flash annealing te-1350K in vacuum
between Sil00 and gas-phase thermal hydrogen atomswithout ex situsample pretreatment. The clean and ordered
H(g), has been investigated intensively over the past sever&i(100-2x1 surface was confirmed by STM.,Hjas was
decades, direct H(g) incorporation intoc-Si is a recent introduced into the UHV chamber through a tubular doser
observatiorf. controlled by a variable leak valve. To remove impurities
Surface uptake of Hf), on S(100-2X1 leads to three such as hydrocarbons and water in the gas delivery line, a
different phases depending on the substrate temperakdye ( liquid-nitrogen cold trap was used. §) was produced by
and H coverage ): (1) a 2x1:H monohydride phase cracking H, molecules with a hot-{¢ 1800 K) spiral W fila-
(6n=1ML) at ~600K; (2) a 3X1:H phase with the alter- ment positioned-5 cm away from the Si surface. Exposures
nating dihydride and monohydride unitg,(=1.33ML) at  are reported in langmuirs (1=£1x10 ®Torr-s) of H,, not
~400K; and(3) a 1x1:H dihydride phasef;=~2ML)  H, because more than 98% of the measured chamber pres-
of at ~300K.3"° sure increment is due to,HAIl H(g) exposures were done
The latter two phases give two,Hiesorption peaks at at a fixed T of 460 K lying at the center of the interval
670 K (B2) and 780 K (8;), the recombinative desorption here H@) absorption occurs. All STM images of 25 nm on
from surface di- and monohydrides, respecti\?e‘\}?ecently, a side were taken Mgympe= — 1.6 V andl,=0.1nA at room
Kang etal® reported an additional and unsaturable H temperature using electrochemically etched W tips.
temperature-programed desorptioiPD) peak(«) at 860— Figure 1 shows STM images of(3D0) surfaces exposed
900 K from S{100 surfaces held between 420 and 530 Ko H(g) of: (a) 3000 L; and(b) 10000 L H; at T of 460 K.
during H(g) exposure, which was attributed to hydrogenThe surface in Fig. (B) exhibits a 2<1:H phase with few
evolution from thec-Si bulk. They also showed TPD evi- jmperfections. For the surface in Figlbl, a 3x 1:H phase,
dence that surface etching and microscopic surface roughegith its alternating parallel rows obright monohydride
ing were associated with this bulk uptake. dimer anddark dihydride units, are formed on the surface. A
In this letter, we present atomic-scale scanning tunnelingey atom vacancies due to slight surface etching and several
microscopy(STM) images of the etch features produced bYanti-phase boundariesee the boxed arpavithin 3x1:H
H(g) and show a direct correlation between microscopic SUryreas are also observé®omains of 2< 1:H (see the circled
face structure and Ky incorporation into the subsurface of 4reg also persist, reflecting an intermediate stage of the 2
Si(100. This work provides interesting fundamental and y 1-H to 3x1:H phase transitiofwhich is in part due to

technological insights. the relatively high H@) dosingT, of 460 K employed here.
Increasing the exposure by factors of 5 and[E@s.
dE|ectronic mail: sehkim@mail.kaist.ac.kr 2(a) and 2b)] indicates significant etching. Images of
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FIG. 1. Filled-state STM images of (300 exposed to Hf) of (8) 3000 L  FIG. 2. Filled-state STM images of @D0) exposed to Hf) of (a) 50 000
H,; and(b) 10 000 L H, at T of 460 K. An antiphase boundatpoxed and L Hy; and(b) 100 000 L H at T, of 460 K. Etch pit linegcircled) occurring
2% 1:H domain(circled are indicated. in local (1 1) regions are indicated.

300000 and 500000 L H(not shown do not differ much  mechanism for initiating the surface etching reactioviost
from the 100 000 L Himage of Fig. 2b). Figure Za) shows of surface vacancies are located on dihydride rows, and etch
that atom vacancies and vacancy lines are clearly evident arpit lines are mostly observed in localxll:H regions(see
located mainly along dihydride rows, in contrast to previousthe circled areas in Fig.)2Figure 2a) shows that most of
reports that the 31:H phase is stable to extendedd)( etch pit lines occur between two dihydride rows reflecting
exposures.Unlike a previous suggestidhour results show this repulsion-enhanced etching withinx1:H domains.
no preferential etching of dihydrides at antiphase boundaries€Compared with adjacent dihydride units ixx3.:H domains,
3X1:H domain sizes in Fig. (@ are much smaller than those in 1xX1:H domains experience increased steric
those in Fig. 1b), a result attributed to complicated local repulsion? and are more vulnerable to i attack.
surface reconstructions forced by atom vacancies and strain The linear and rectangular pits are a result of initiation
introduced by etchin§.The terraces formed within larger by selective dihydride etching, subsequent branching and,
etch pits retain the 8 1:H domain structure and contain etch finally, coalescence of adjacent linear fifehe total etch pit
vacancies, Fig. ®). area after 100 000 L 1 measured by summing missing at-
Surface trihydride species, Sjtd), produced by H in- oms in single atom vacancies and etch pits from the STM
sertion into SiH(a), can be hydrogenated by H(g) and re-images, is 30% of the total surface afddg. 2(b)]. For a
moved as Sil{g). The random distribution of atom vacan- five-fold larger exposurénot shown, the pit area is 35% of
cles observed in Fig. 2 is in accord with the Eiey—Ridealthe total, indicating that 100 000 LHs ciose to steady-state
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analysis. Confirming our earlier suggesththe TPD and
STM results provide solid evidence for the correlation be-
tween H@) absorption into bulk $100 and surfaces rough-
ened with atomic-scale etch vacancies and lines. Further
support occurs from preliminary results showing that rough-
ening induced by AF bombardment also facilitates H
absorption.

In summary, our STM results show that dgj(dosing of
Si(100) at T, of 460 K etches the 8 1:H domain structure
creating atom vacancies and atomic-scale etch pits. These
atomic-scale etch features provide a low activation-energy
path for H@@) to incorporate into bulk $100).
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