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The surface phase of Agf SiC(0001) and its structural transformation upon exposure to atomic hydrogen
were investigated using scanning tunneling microscé@®yM). Ag deposition onto the i8-SiC(0001)3
Xv3 surface at 500 °C resulted in the formation of & 3-Ag structure that coexisted with a homogeneous
two-dimensional2D) Ag layer without showing any periodicities. The scanning tunneling spectroscopy spec-
trum of a 2D Ag layer exhibited metallic behavior. After atomic hydrogen exposure at 300 °C, the 2D Ag layer
changed into 3D Ag clusters, while the<x®-Ag area became disordered, exhibiting only a few Ag clusters.
The 3xX3-Ag area and the 2D Ag layer were reproduced by annealing at 500 °C. This result is similar to
atomic-hydrogen-induced self-organization processes on Si substrates covered with a monatomic metal layer.
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[. INTRODUCTION surface phase was found, which was different from the clean
SiC(0001)3x 3 surface. The &3 periodic surface always
Silicon carbide(SiC) has attracted attention for applica- coexisted with a homogeneous 2D Ag layer without showing
tion to high-power and high-frequency devices because of iteny periodicities. The scanning tunneling spectroscopy
high thermal conductivity, high breakdown field, and wide (STS spectrum of the 2D Ag layer exhibited metallic behav-
band gap. Among many polytypes of SiC, thel 4nd & ior. When this surface was exposed to H at 300°C, 3D Ag
polytypes are suitable for various applications and have beefusters which had hexagonal shape and a flat top layer were
studied extensively® Recently, the Schottky diode made of Obtained as a result of the disintegration of the 2D Ag layer
SiC epitaxial layers has been demonstrated succes&farlg, into those clusters. The obtained result is similar to the
the use of SiC as a substrate in the heteroepitaxial growth i
group I nitrides is anticipatedWith regard to these appli-
cations, in-depth elucidation of surface properties of SiC is
of great importance and indeed they have been well investi-
gated in recent yeafsAdsorption of metals onto SiC sub- All experiments were carried out in an ultrahigh-vacuum
strate has also been investigated for Al, Co, and TiUHV) chamber with STM and low-energy electron diffrac-
adsorbate&®*While it is well known that metal adsorption tion (LEED) facilities. The base pressure in the UHV cham-
on Si surfaces results in the formation of various reconber was typically & 10 ! Torr. The STM tip was fabri-
structed two-dimensionaD) layers!! only the formation cated by electrochemical etching from a tungsten @5
of metal clusters or three-dimensior(8D) islands with no mm ¢) and then cleaned bin situ annealing. An on-axis
reconstruction has been reported for SiC substrates. Si-terminated 61-SiC crystal, commercially available from
Recently, several works have been reported concernin§ree Researctitrogen dopedn-type, 0.0620cm resistiv-
the interaction of atomic hydrogéhl) with metal-induced Si  ity), was used in this study. The sample was cleaned by RCA
surface phase,in which the substitutional adsorption of H procedure® Then the sample was attached to the Mo sample
atoms causes the formation of metal clusters of nanometdrolder and was placed in the UHV chamber. After outgassing
size. This phenomenon can be regarded as a self-organizatiah 650 °C for over 12 h, the3 Xv3 surface was prepared in
process from the 2D structure of an adsorbate layer to 3bhe UHV chamber by exposing it to an Si flux at about
islands, which is triggered by adsorption of H. For typical 950 °C. Ag was evaporated from a tungsten basket coil by
systems such as Ag3il1) (Ref. 13 and In/S{100),***°the  direct current heating. We controlled the amount of Ag depo-
correlation between the H-induced cluster formation processition by means of a shutter set between the sample and the
and the original surface structure has been investigatedhasket coil. The evaporation rate of Ag was about 0.04
However, such H-induced self-organization has only beemonolayer (ML)/min [1 ML=1.22x 10" atoms/crd on
studied in metal/Si systems. 6H-SiC(0001) plané For H exposure, Flgas was admitted
In this study, we have investigated the surface phase dhto the chamber and dissociated into atomic H with an
Ag/6H-SIiC(0001) and its structural transformation processl800 °C tungsten filament, 7 cm from the sample. Since the
upon atomic hydrogen exposure using scanning tunnelingrrival rate of H is unknown, the dose of,lis expressed in
microscopy (STM). After deposition of Ag on the units of langmuirs (1 E1x10 8 Torrs). In our UHV sys-
6H-SiC(0001)3xv3 surface at 500°C, a:83 periodic tem, to form a complete monohydride surface, a clean

induced self-organization processes in metal/Si systems.

Il. EXPERIMENT
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. 1 ML. The inset in Fig. 1a) shows an enlarged empty-state
Ag-layer % Ag-layer | STM image of the X 3-Ag reconstruction. This reconstruc-
\ tion has a round protrusion per unit cell in the empty-state
STM image with an apparent height of aibdud above the
original v3xXv3 surface. In contrast, in the filled-state STM
image, the X 3-Ag reconstruction shows three small trim-
erlike protrusions per unit cell, which are nearly the same
height as that on th&3xXv3 surface. It is well known that
the 3X 3 periodic structure is also formed as a clean surface
on SiQ000Y) substrate. However, the filled-state STM image
of the clean SiC(0001)83 surface does not show such
protrusions® i.e., the structure of 8 3 Ag is different from
that of the clean SiC(0001)33. On the other hand, the Ag
layer exhibits a quite different morphology in the filled state.
It appears to be an inhomogeneous layer as seen in fEg. 1
although no periodicity was observed on this structure in
either the filled or empty state. Figurécl shows the en-
larged filled-state STM image of the Ag layer. The white line
shows the profile of the borderline of the Ag layer obtained
FIG. 1. (8 and (b) Dual-bias STM images (300300 A?) of from the empty-state image. As can be seen, the area neigh-
Ag/6H-SiC(0001) surface, which was formed by 0.2 ML Ag depo- boring the borderline seems lower than the center part of the
sition onto a 64-SiC(0001)/3 X V3 surface at 500 °C. The inset in Ag layer, while there are some protrusions on the borderline.
each image shows the magnified image of Ag-induceB3econ-  Figure Xd) shows two types of Ag layers: the Ag layer sur-
struction (32¢32 A?), in which a 3<3 unit cell is outlined.(c)  rounded by only the & 3-Ag and the Ag layer surrounded
The enlarged filled-state STM image of the Ag layer. The white lineby both the 3<3-Ag and v3Xv3 reconstructions. The
shows the profile of the borderline of Ag layer obtained from theheight of the latter appears to be lower than that of the
empty-state imaged) Two types of Ag layers: Ag layer surrounded former in the filled state, while they appear to be almost the
by only 3X3 Ag and Ag layer surrounded by the<®-Ag (a) and  same height in the empty stateot shown here
V3Xv3 reconstructions if). These images were taken under the | ot s discuss the structure of the Ag layer. When nominal
following - conditions: (&) Vs=1.1V, 1i=0.1nA; (b)—~(d) Vs 5 ML Ag atoms were deposited onto th&xv3 surface,
=-11V,1=0.1nA. most of the surface was covered by the Ag layer, and the
LEED pattern showed X 1 periodicity. Considering that an
) empty-state image of Ag layer was very flat as shown in Fig.
Si(100)2x 1 surface must be exposed to 500 L H at 300°C-1(a), the atomic arrangement of Ag and Gir C) atoms
All STM observations were carried out at room temperaturemight be well ordered, i.e., they were arranged in a1l
(RT). ) . ) periodicity rather than in disorder. In the topographic obser-
For a Si-terminated Si000 surface, several surface re- ation, however, the Ag layer did not show any periodicity at
constructions have been reportéd??It has been established ypical sample biases, as mentioned above. On this basis, it is
that a 3<3 surface phase can be reproducibly formed bys,ggested that most of Ag atoms incorporated in the Ag layer
annealing the sample at 800 °C in a flux of Si atoms suppliegorm metallic bonds with each other. Bearing in mind the

by an external sourcé:* Upon further annealing, another ag_ag bond length in bulki2.88 A, it is also likely that
surface phase/3x v3, is formed at 950 °C~*’It has been  the metallic Ag atoms in the Ag layer are arranged in a 1

established that the Si adatom model, which consists of 1/3 1 periodicity with a 64-SiC(0001) unit cel(3.08 A).

; ; ; ; £ 1920
ML of Si adatoms inT, sites, is the most appropriate? Figure 2a) shows STS spectra taken for the Ag-layer, 3
X 3-Ag, andv3 X V3 reconstructions, in which the current in
Ill. RESULTS AND DISCUSSION each spectrum is extremely small below the Fermi level as

compared with that above the Fermi level. Figutk) Zhows
optimized differential spectrig(d1/dV)/(1/V)] of each spec-
First, we formed a monatomic Ag layer otl6SiC(0001)  trum shown in Fig. 2a). As one can see, the density of state
substrate. Figures(d and Ib) show empty- and filled-state for the Ag layer does not show any band gap, which is con-
STM images of the surface prepared by nominal 0.2 ML Agsistent with the above consideration that the Ag layer exhib-
adsorption onto the3Xv3 surface at 500 °C, respectively. its metallic behavior, while that foy3xv3 shows a large
In the empty-state imagéd-ig. 1(@)], a 3xX 3 periodic struc- band gap, indicating semiconductorlike behavior. The 3
ture (referred to as & 3-Ag hereafteris observed, together X 3-Ag surface shows a band gap closing as compared with
with the originalv3 X v3 surface. Moreover, a 2D homoge- thev3xv3 surface. From this spectrum, however, it is diffi-
neous structuréreferred to as Ag layer hereafiein which  cult to determine whether thex33-Ag surface has metallic
some defects exist, is also observed with an apparent heigbthavior or not. The spectrum for the Ag layer increases
of abou 2 A above the originah/3xv3 surface. The 3 almost linearly above the Fermi level as shown in Fi@)2
X 3-Ag area and Ag layer coexisted up to the Ag coverage ofvhile the increase is extremely small below the Fermi level

A. Ag/SiC surface phase
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T and(d) 1000x 720 A?] of Ag/6H-SiC(0001)v3 X V3 surface ex-
s (5) posed to atomic H at 300 °Qa) and(b) after exposure to 5 L of H;
al (c) after exposure to 30 L of Hd) after exposure to 300 L of H.
3 : ‘ ; The images were taken under the following conditiofe; V
= S SO S ST SR =14V, 1;=0.1nA; (b) Vs=—-1.4V, 1,=0.1nA; (c) Vs=2.6V,
ol F L {3x43 1,=0.1nA; (d) Vs=1.6 V, 1,=0.1 nA.
-1 0 1
Sample bias [V]
c 4 : ing resistance of the 2D Ag layer might affect a large current
g > flowing as compared with those of th@ X v3 (and probably
s i the 3xX3-Ag). When the sample is negatively biased, the
g of tunneling rate of electrons from the sample to the tip could
2 4 be limited by the original carrier density in the bulk conduc-
5 3 tion band, since there is a large band gap below the Fermi
f:. 7] level. As a result, the current was small as compared with
P S A At T that in the positive bias, in which the injected electrons from
1 0 1 the tip could directly reach the bulk conduction band.
Sample bias [V] The filled-state image in the edge of the Ag layer seemed

darker than that in the middle as mentioned in Fig).1IThe
optimized differential spectra of other parts on the Ag layer
are also shown in Fig.(2), which were taken at the locations
indicated in Fig. {c); i.e., the dark are@B) and the border
area(C). The spectrum taken on the bright area, indicated by
A in Fig. 1(c), has previously shown in Fig.(). One can
see that no significant difference is seen between A and B.
On the other hand, the spectrum for C exhibits a remarkable
surface state &= —0.6 eV. This indicates that the surface
electronic structure of metallic bonds at the edge of the Ag

) ) ) ) ) layer would be perturbed by other surrounding reconstruc-
as occurs in the case of a diode. If this spectrum is dominateglyng

by the Schottky barrier at the interface between a 2D Ag
layer and SiC bulk, the current should be small at a positive
sample bias. Therefore, the Schottky barrier between Ag and
SiC does not existor is not so large One of the possible Next, the Ag/SiC0001) surface obtained by nominal 1
reasons for this phenomenon is explained by the spreadinglL Ag adsorption at 500 °C was exposed to H at 300 °C.
resistance and the band bending. In the case oh-type  Before H exposure, about 40% of the surface was covered by
substrate, the conduction band is near the Fermi level. It i®g-layer structures, while 40% was covered by the 3
well known that the band bending significantly occurs whenx 3-Ag reconstructions. There also existédxXv3 recon-

the bias is applied between the tip and the SiC(00®1) struction on this surface. Figure 3 shows a series of STM
XV3 surface, originating from a large spreading resistancémages of the Ag/SiC surface exposed to H. Upon H expo-
from the tunneling point on the surface to the btikdow-  sure, the X 3-Ag area was immediately transformed into a
ever, in the case of the Ag layer, we postulate that the spreadlisordered structure, and some defects were formed on the
ing resistance is small, since the surface electron transpofg layer, as shown in the empty-state imajgeég. 3a)].
easily occurs through the Ag layer, resulting in much of theMoreover, the filled-state image shows many horizontal
current path from the surface to the bulk. This small spreadwhite lines[Fig. 3b)]. It is likely that these noiselike lines

FIG. 2. (a) Scanning tunneling spectroscof§TS spectra taken
for the 2D Ag-layer, X 3-Ag, andv3Xv3 reconstructions. The
initial set point of the spectra i¥;=-1.2V, 1,=0.013 nA. (b)
Optimized differential spectra of each spectrum showrtain (c)
Optimized differential spectra taken for the locations indicated in
Fig. 1(c); dark area(B) and border are&C) shown in filled state.
The spectrum taken for bright aréa) is shown in(b) as a spec-
trum taken for a 2D Ag layer.

B. Hydrogen exposure of AgSiC
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indicate the movements of Ag atoms, which may be induced defect 3x3-Ag defect H/3x3-Ag
by the electric field between the tip and the surface, i.e., the =;
Ag layer appears to be unstable. With increasing H exposure Y P,

the defects on the Ag layer became larger, resulting in disin-
tegration of more than 50% of the Ag layer after 30 L of H = ag-jayer :
exposurg Fig. 3(c)]. At this stage, some hexagonal clusters

were observed. A filled-state STM image of the cluster, indi-
cated by an arrow, is also shown in the inset. These cluster. @ » .é :
exhibit a flat top surface in both filled- and empty-state im- (a) Ag/6H-SiC(0001) surface (b) Initial stage of H exposure

ages, which is different from the 2D Ag layer. The typical
diameter and apparent height of the clusters were 50—100 /
and 14 A, respectively. We postulate that these clusters ari
composed of A@L11l) monocrystallite, i.e., 2D Ag layer
changes into 3D Ag clusters due to H exposure. Ag clusters
were mainly formed on areas of the Ag layer, while the ,
H-exposed X 3-Ag area exhibited only a few Ag clusters.
The Ag layer disappeared after exposure to 300 L of H as
shown in Fig. &d). At this stage, the number of large Ag P >
clusters was not much larger than that after exposure to 30 L () aqg cluster formation o '(d)
of H, while the number of small Ag clustetkess than 50 A
in diametey significantly increased. When the H-exposed FIG. 4. Schematic illustrations of H-induced Ag cluster forma-
surface was annealed at 500 °C, the surface reverted to thien on 6H-SiC(0001) substrate(a) Typical Ag/6H-SiC(0001)
3X 3-Ag reconstruction and 2D Ag layer while no Ag cluster surface(before H exposune (b)—(d): A series of illustrations show-
was observed. This result is similar to the morphologicaling the process of structural change on a At/6iC(0001) surface
change of the Si(11¥Bxv3-Ag surface exposed to induced by H exposure.
H.1324-26 According to the previous repatt, H—Si bonds
tend to be substituted for Ag Si bonds when H atoms arrive . . .
onto the surface, since the H-terminated Si surface is mor\évl'tht?:ét :)ljpgllﬁggmiglogzgmzhlfl_sr’]eHe?;?/thozog;rlﬁgtiJgsstlrjgt'e
stable than the Ag/Si surface phase due to a larger bondi Y P ' .
. . mperature does not effect expelling of Ag atoms from the

energy of H—Si than that of Ag—Si. Then, the expelled Ag . i, oo

; LT . riginal position, but enhances the migration of Ag atoms
atoms migrate on the surface, resulting in the formation OP 427

expelled by H atom&*

clusters. In addition, the3xv3-Ag surface is recovered af- The apparent height of Ag clusters above the 2D Ag layer

ter the desorption of H atoms at temperatures above 500 oQNas 14 A, while the monatomic height of A1) monoc-

tiorTr;i erlesrin&tgogllu)sgﬁggt? ztgfa:'e_lggg\fvidirfllgisterdff(,)Artm h"Jle'rystallite is 2.34 A. From these values, the thickness of Ag
9 <. cluster is estimated to be about seven layedditional six

initial stage of H exposure, theX33-Ag area became disor- I P

. ; yers were formed on the original 2D Ag layealthough
de(rjed. TﬁefntLrJ]mbeL of defelcts L? thj(é)l]j Ag 'IAayert INCreaseq, o heights in STM images do not always correspond to
and each of them became lardéig. »asAg aloms N y,nqe of the actual atomic structures. Regarding the

e 2 r r e ut o s of o o o552 o s . 1. e et 2 o
formed on the 2D Ag layefFig. 4c)]. This indicates that '€ made up of about three or four lay&ts?®There are two

before H exposure most Ad atoms on the surface were inCOIQossible reasons for the cluster height difference between

ted int pth 2D Aq | 9 ther than the 3-A Ag/SiC(0001) and Ag/S{111) systems. In regard to kinetics,
porated into he g layer rather than “Agarea. g likely that the surface diffusion length of Ag atoms on
At the initial stage of Ag cluster formation, large clusters

tend to form, while at the final stage, large ones do not 'n-the Ag layer is larger than that of Ag atoms on the
form, whl ! g€, large or not Si(111W3xv3-Ag domain. In regard to energetics, the dif-
crease in size but small ones tend to increase in nupftgr

., ference between the interface energy between the substrate
4(d)]. Therefore, Ag atoms expelled by H atoms can easﬂyand Ag clustefand the surface energ%/yong clustand the

migrate on the 2D Ag layer but can hardly move on the : ;
. . urface energy of H-terminated substrate for the Ag/SiC sys-
H-terminated SiC surface. Moreover, the 2D Ag-layer an (?m is larger than that for the Ag/Si system.

3X 3-Ag areas were recovered by annealing the H-expose

anneal

R AT

Final stage of H exposure

surface, which implieg the desorp'tion of H atoms. Thus, t_he IV. CONCLUSIONS
structural transformation process induced by H exposure is a
common phenomenon between the Ad¢/&iC(0001) and We  observed surface phase formation in

Ag/Si(11]) surfaces. One may argue that such a 3D Ag clusAg/6H-SiC(0001) and its structural transformation process
ter formation was caused by increasing the substrate tenupon H exposure using scanning tunneling microscopy. A
perature. However, no morphological change was observeslrface phase with 83 periodicity was found for Ag ad-
when the original Ag/SiC surface was annealed at 500 °Gorption onto the/3 Xv3 surface at 500 °C. On this surface,
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we also observed the 2D Ag layer without showing any pe-on Si(111) substrates and demonstrates a deliberate forma-
riodicities. The STS spectrum of the 2D Ag layer exhibitedtion of 3D metal dots on SiC surface.

metallic behavior. When this surface was exposed to H at
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