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Influence of Sn on the optical anisotropy of single-domain $001)
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We apply reflectance anisotropy spectroscOBAS) and low-energy electron diffractioLEED) to the
study of Sn deposited on a single-domain vicingdD81) sample. Large variations in RAS are recorded when
up to 5 monolayer¢ML ) of Sn is deposited on the Si substrate at room temperature. We obsen® (@hd
(1X1) LEED patterns for the 0.5-ML and 1.0-ML Sn covered surfaces, respectively. Thd ) LEED
pattern exists beyond this coverage and up to 5.0-ML deposition. Even though &) (LEED pattern is
observed upon deposition of 1.5 ML, surprisingly, a significant optical anisotropy is observed. After annealing
to 570°C for 2 min, we observe a progression of LEED pattern changesd{dm4)— (6X2)—c(8%X4)
—(5X1) with increased Sn coverage up to 1.5 ML. Similar RAS line shapes are obtained for all reconstruc-
tions produced through annealing with the exception of th&x 1%. For the (5<1) phase, a significant
anisotropy appears in the region of 1.8 eV. Similarities in the RAS line shape for both ¥h&)(phase and
that obtained after deposition of 1.5 ML of Sn at room temperature may indicate a RAS sensitivity to Sn dimer
orientation within the uppermost layer.
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I. INTRODUCTION ML of Sn dimers grown on an underlying monolayer of Sn
dimers®!

The group-IV elements Sn and Pb are examples of nonsi- In this work we use low-energy electron diffraction
licide forming elements that display negligible solid solubil- (LEED) and reflectance anisotropy spectroscdRAS) to
ity, resulting in abrupt interfaces when they are deposited oexplore these Sn-induced reconstructions. RAS was devel-
clean Si surfaces. Such systems can be considered represeped in its present form by Aspnes and co-workeasd has
tative of unreactive epitaxial interfaces and act as model syproven to be a powerful tool for observing surface-related
tems for Schottky barrier studiés® Sn, in particular, can optical anisotropy and growth transience under both
also be used as a surfactant for the growth of high-qualityltrahigh-vacuun?=*® (UHV) and atmospheric pressure
thin Ge layers on $001), making the Sn/Si interface of in- conditions:”*® The technique derives its surface sensitivity
terest from several points of viet? from measurements of the difference in normal-incidence re-

The adsorption of monolayer coverages of Sn has peehectance for light polarized along two major orthogonal axes

widely studied by a variety of surface-science techniquesc.’f the surface of cubic crystals that have isotropic bulk op-

Initial studies have shown that upon deposition of up totical pr_operties. In re_cent years, sign_ificant progress has been
1.5-monolayers(ML) of Sn (where 1 ML=6.78x 101 made in the theoretical understanding of the origins of the

atoms/cr) followed by annealing to above 500 °C, a wealth RAS signal from clean Si surfaces and after adsorption of

f different tructi st f 4 Vvarious elements on Si surfacég®?
° erent - reconstructions - €xst, . “”.“ ), o By using vicinal S{001) samples, an anisotropic surface
X 4), (6x2), c(8x4), to (5x1) with increased Sn

&4 o i ~'7 can be produced, which is necessary for applying RAS to
covgragel: ' Photoem|_33|0n and inverse-photoemission;g system. On-axis §101) comprises equal proportions of
studies have been carried out on each of these reconstrugyo Si dimer terminated domains, differing only in the ori-
tions and surface electronic-structure information has beegntation of the Si dimer bonds of the surface reconstruction,
obtained’® Scanning tunneling microscod8TM) has also  \hich are orthogonal with respect to one another. Although
been applied to this system, revealing stripelike structuref isolation each of these domains is anisotropic, the RAS
and trenches for thec(4x4), (6xX2), and c(8X4)  signal, which averages over many domains, is zero because
reconstructions’ These reconstructions, which are stabilizedthe signal from one domain cancels that of the other. In
with increasing Sn coverage, have been interpreted in termsontrast, for vicinal S001) cut 4° off the[001] direction

of varying amounts of mixed Sn-Si dimers and Sn-Sntowards[110], a surface comprising predominantly one do-
dimers, the lower coveragg(4X4) reconstruction possess- main separated by double atomic height steps is stabilized,
ing mostly mixed dimers while the higher coveragés giving rise to a nonzero RAS signal. Upon deposition of Sn
X 4) phase comprises mainly buckled Sn-Sn dinf8r&.  on this vicinal surface, similar RAS line shapes are obtained
dimer model involving Sn dimer termination has also beerfor all reconstructions reported previously, with the excep-
proposed for the (% 1) surface. Based on STM data, the tion of the (5<1) reconstruction, where a large anisotropy
(5% 1) reconstruction can be considered to consist of 0.5n the region of 1.8 eV is observed. We interpret the possible
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origin of this feature through reference to previous Wt
Finally, comparison of RAS data obtained for theX(%)
reconstruction with room-temperature RAS data is consistent
with similarities in surface local structure on both surfaces.

Il. EXPERIMENT

The experiments were carried out in an UHV chamber
with a base pressure 0B810~ 1! mbar. The Si substrate was
n-type, phosphorus-doped with a resistivity in the region of
20 Q) cm and was polished 4° off t§801] direction towards
[110]. The vicinal S{001) samples were degassed to 600°C
overnight before being cleaned by sequential direct heating
to 970°C while maintaining the pressure below 5
% 10" 1% mbar. Sample temperature was measured either by

AR/R (10%)
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thermocouple or by optical pyrometry. After cleaning, LEED
revealed a split-spot largely single domain>(2) pattern
indicative of a dimerized surface with a regular arrangemen
of double atomic height step®r D steps. A (1X2):(2
X 1) domain ratio of 3:1 was estimated from intensity analy-

sis measurements of the LEED half-order spot intensities.
b of the surface or of the Sn overlayer. &g, ande,, are also

Sn was evaporated from a miniature Knudsen deltéll) L .
evaporator, which was calibrated by measuring island thick!'ONZ€"0 OVer this thickness, it becomes clear that RAS does
t merely measure the optical anisotropy of the surface but

nesses for thick Sn layers deposited on a Si sample using . : :
; ; 20 : .~ rather the surfac@éduced optical anisotropy(SIOA). The
atomic force microscopéAFM).”” An approximate deposi SIOA is expressed byef,— €,,)d.

tion rate of 1 ML every 60 sec was extracted by this method:
Sn was deposited onto the clean((Bil) samples at room
temperature and the samples were annealed to 570 °C for 2
min. Once both the room temperature and annealed surfaces
for a particular coverage were investigated with LEED and
RAS, the Sn was desorbed and a different Sn coverage was Figure 1 shows RAS spectra for increasing amounts of Sn
subsequently deposited. After annealing, the samples weigeposited onto the clean(801) substrate at room tempera-
allowed to cool down to room temperature before data acture. The intensity and line shape for the clean vicinal
quisition. Si(001)-(1x2) surface is in agreement with previous
The RAS spectrometer was directed at the sample througiyork.1>14.22A trough at 3.0 eV exists, which has been shown
a strain-free optical viewport. The RAS experimental ar-recently to arise from anisotropy involving rebondingat
rangement used in this work has been describedteps of vicinal 3001 surfaces? The slightly shallower
elsewheré?*! The reflectance difference signaR is nor-  trough at 3.7 eV was assigned to anisotropy involving the Si
malized to the average reflectanBeand is related to the dimer terminated (k2) terrace structur€ Hence, care
surface and bulk dielectric function components by must be taken in interpreting features in these RAS data as
the changes observed may be either step or terrace related.
(€xx— €yy)d From Fig. 1, it is clear that deposition of Sn has a large
e—1 | effect on the surface-induced optical anisotropy, which is
maximized for a coverage of 1.5 ML. Above and below this
coverage, the amplitude of the RAS signal is significantly
smaller. From LEED, the reconstruction changes from (1
X2)—(2X2)—(1X1) with increasing Sn coverage up to
5.0 ML, the (2x2) saturating at 0.5 ML coverage. Initial
deposition of 0.25 ML of Sn causes a significant reduction in
the step edgeswhile the y crystallographic axis i§110] RAS amplitude, but the line shape is similar to that of the
(perpendicular to the step edgels follows from Eq.(1) that  clean surface. However, there are two notable exceptions:
when €, is predominantly real, a positive signal indicates The trough at 3.0 eV for the clean surface has shifted down-
preferential absorption in th& direction. Equation(1) is  wards in energy to 2.8 eV, while the terrace-related 3.7 eV
valid only for d<\. It should be noted that the quantity peak has become more pronoundede Fig. 1. LEED for
does not simply measure the thickness of the top surfacthis surface reveals a split-spotX2) pattern similar to the
atomic layer of a clean surface or the thickness of an adelean surface, although with a higher background indicating
sorbed overlayer. For &01), where the bulk optical anisot- some surface disorder.
ropy is zerod is the thickness that contributes to the optical Upon adsorption of 0.5 ML of Sn, a further decrease in
anisotropy, which is not only the topmost surface layers buthe RAS intensity occurs and a X2) LEED pattern is ob-

FIG. 1. (a) RAS spectra obtained by depositing various Sn cov-
erages between 0.25 ML and 5 ML onto the clean vicinéD(&i)
gurface at room temperature.

also the deeper layers that are also affected by the presence

IIl. RESULTS AND DISCUSSION

A. Room-temperature deposition

AR_87T

R~ x 1)

whered is the thickness of the anisotropic surface layers
the wavelength of lighte,, ande,, are the surface dielectric
function tensor components, arg represents the isotropic
bulk dielectric function. In the present geometry, therys-

tallographic axis is the surfaq[eTlO] direction (parallel to
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(a) appropriate® If this model is applicable to Sn, then each Sn
dimer would bridge two underlying Si dimer rows, so that

.- A “ the Sn dimerization direction is oriented parallel to the
dimerization direction of the underlying Si dimdrsee Fig.
2(b)]. Such a parallel dimer structure would be expected to
reduce the effect of strain as the Si dimer and Sn dimer
compressive/tensile strains are orthogonal. Recent work on
the chemically similar element Pb adsorbed at room tem-
perature onto $001) has reported such a parallel dimer
model, with the addition of some Pb dimer bucklffg.

At 0.5-ML coverage, Gluecksteiat al. observed signifi-
cant surface disorder by STM and noX2) LEED pattern
could be distinguished. The buildup of strain associated with
the 20% difference in lattice constant betweeitn and Si
(6.49 A as opposed to 5.43 A) was seen to cause the Sn
dimer chains associated with ¥2) local order to shift lat-
erally, that is, in a direction perpendicular to the chains, thus
destroying any long-range order and ruling out the possibil-
ity of observing a (Z2) LEED pattern at 0.5-ML Sn
coverage” However, they argue thatbove0.5-ML cover-
age, a weak (X2) LEED pattern can be observed that is
associated with the nucleation of second-layer Sn dimers.
From our accurate determination of coverage, we observe a
(2% 2) LEED pattern at 0.5-ML coverage that would appear
to be in contrast to the interpretation of Glueckstefral %

In order to explain this, we note that in contrast to
Gluecksteinet al, we have used a vicinal rather than a sin-
gular S{001) sample?® Clean vicinal Sj001) samples con-
tain a regular array of steps and terraces. These steps are

slepradge either of single atomic heigli§) or double atomic heighD)

FIG. 2. (a) LEED im taken at 51.7 eV r or a mixture of the two step heights, depending on the_miscut
(szc); pha(l?e formed 2?%.5 NTL, aan5(b) rfod’eflogfthtifr(];gl;ced angle from thg001) plane off towardg110]. Abovg a criti-
phase. Shaded area indicates the22unit cell. cal offcut angle of 1.3° S steps become energetically unfa-
vorable due to repulsion between neighboring stépEhe
served see Fig. 2a)]. When 1 ML of Sn has been deposited, transformation of twdb steps into oné step occurs and the
the optical anisotropy above 2.0 eV becomes wholly positivedoubling of the step height also forces the terrace to double
but rather featureless, while below 2 eV, a small trough ha# width, thus reducing the step repulsion and preserving the
developed(see Fig. 1 and a (1x1) LEED pattern is ob- overall vicinal angle. At miscuts greater than 2°, most of the
served. However, deposition of 1.5 ML of Sn causes thesteps are thought to have undergone this transform@&ftion.
most dramatic effect on the RAS line shape and intensity. Two types ofD step and two types @& step exist depend-
Below 2.0 eV, a large negative trough has developed that ig1)g on the orientation of the Si dimer bond on the upper
centered at 1.8 eV, while above 2.0 eV, a significant broaderrace of the step edge. For steps with the Si dimer bond on
and positive feature centered near 3.0 eV and a smaller oribe upper terrace oriented parallel to the step edge, the sub-
at 4.25 eV can be seen. Subsequent deposition results in &aript B is used; for Si dimers perpendicular to the step, the
overall reduction in the RAS signal, where both the 1.8-eVsubscriptA is used?’ It has been found th&,, Sg, andDg
trough and 4.25-eV peak disappear, and the broad 3.0-e%teps all have similar formation energies, whilg steps are
structure is reduced in amplitude and shifted slightly toenergetically less favorable, showing a formation energy that
higher energy. is approximately three times high&rWhile the orientation

In order to interpret these results, we refer to the detaileaf the Si dimer bond on the upper and lower terraces of an
STM work of Gluecksteiret al, which describes deposition Stype step edge changes, that is, the domain type changes,
of monolayer amounts of Sn onto flat(391) samples at the orientation of the Si dimer bor{dr domain type across
room temperaturé In this work, a (2<2) phase has also D-type steps remains the same. Hence, due to observation of
been observed using LEED but not urgtilovea coverage of the minor (2<x1) domain on the samples used in this work,
0.5 ML. The similarity of this reconstruction to the X2) it is clear that this also implies the presenceSafteps. This
reconstruction obtained by deposition of group-Ill metals onseems surprising as Pehlke and Tersoff have outlined that for
Si(001) has been suggestét? Although a perpendicular such a 4° miscut, n® steps should remaff. However, if
and parallel dimer model have both been proposed for thene simply calculates the terrace width at whiShsteps
group-lll metal-induced (X2) phase, recent work has should become unfavorable, using the angle of 1.3° and an
shown that the parallel dimer model may be moreSstep height of 1.36 A, an approximate value of 60 A is
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found, which is not a significantly larger width than the per- 2
fect 4° offcut S{001) sample step separation of 39 A. Con- (a)
sidering that the theoretical study of Pehlke and Tersoff ig-
nored the effect of temperature on step formation, it is
conceivable that the elevated temperatures used in this worl
to clean the sample, along with the fact that the steps are no |
straight but meander, may allow terraces greater than 60 A iry
width to form locally. The presence of such wide areas lo-
cally provides a mechanism through whi& steps, and
hence the minor (1) domain, can be stabilized and ex-
plains the presence of some of the minor domain evident in
our LEED pattern.

Assuming that the deposited Sn does not affect the steg
structure in any way, upon formation of the Sn-induced (2 : , : ,
X 2) phase, the Sn dimer chain length formed on each of the 2 3 4 5
original (1X2) terraces can only be approximately four to
five Sn dimers in length before a step is reacheeke Fig.
2(b)]. From previous work, steps can be considered stres:s
domain boundarie® Hence, within such terraces, the ]
buildup of strain that Gluecksteiet al>® have reported can- 104 ®)
not occur as the Sn chains reach a stress domain boundai
(i.e., a step before the strain associated with the Sn dimer 81 /(5X1)
chains becomes critical. In the minor X2.) terraces, there
is no impediment to the formation of long Sn-induced (2 _ "]
X 2) chains, and so the strain-induced lateral displacemento g 4 | ‘streaky’ (5x1

)
Sn-Sn dimers described by Gluecksteinal. is expected. o« |
However, as the clean surface is dominated in terraces 05 2- c(8x4)
(1X2) type, itis clear that the alleviation of strain within the 0 1

Sn-induced (X 2) phase formed on these terraces due to the ]
presence of steps plays a significant role in allowing obser- |
vation of the (2x2) at 0.5-ML coverage. ]
Upon further deposition of Sn, STM images display an -4

increasingly complex surface structure. By 1.1-ML coverage, 2 3 4 S
a second Sn layer is compleéteA third Sn layer commences Energy (eV)

forming at a coverage of 1.5 ML, which is complete by 1.9
ML, whereafter, the growth of irregular three-dimensional
metal islands occurs Referring to Fig. 1, we see that depo-
sition of 1.5 ML of Sn produces a large anisotropy signal. A

W(_aak (.1><.1) l.‘EED p"’.‘“e.rf‘ with a high backgrOL_md is ob- together with the room-temperatureX2) reconstruction for com-
tained |nd|9at|ng no significant long-range ordering. Her,‘ceparison.(b) Shows the RAS spectra corresponding to the 1.5 ML
the RAS signal that we observe must be connected with @55 1) and higher coveragé2.0 ML) “streaky” (5x1) LEED
particular local ordering in the surface. We return to a dis-pattern. Also shown irb) is the c(8x 4) phase for comparison
cussion of this in Sec. IlIC. Above 1.5-ML deposition, a wjth the RA amplitudes shown ifg).

reduction in RAS signal amplitude is observed that saturates

AR/R (1

(2x2)
c(4x4)

(6x2)
T c(8x4)

Energy (eV)

FIG. 3. RAS spectra obtained after annealing the as-deposited
Sn surfaces to 570 °C for 2 min. The samples were allowed to cool
down to room temperature before data acquisiti@n.Shows the
RAS spectra for the(4X4), (6X2), andc(8X4) reconstruction,

at 2.0-ML coverage. and Fig. 4c). It is clear from Fig. 8a) that all line shapes
show a striking similarity. To explain the origin of these
B. After annealing to 570 °Q2 min similarities, we refer to previous work. Baski al. have car-

. . . . _rjed out detailed STM measurements of all three surfates.
In this section, we discuss the RAS line shapes obtaine

hen th | led aft ¢ wre d oth thec(4X4) and (6x2) phases consist of missing Si
when the samples aré annealed after room-tlemperature depfy, o yranches and stripelike structures that grow perpen-

§|t|ondof Sna_\Ne segarate the discussion into three SUbse‘Eﬂcular to the Si dimer rows: The higher the Sn coverage, the
tions depending on Snh coverage. greater the thickness of the Sn strip&sThe similarity of
both these reconstructions has also been pointed out through
the angle-resolved photoemissigdRUPS and inverse-

In Fig. 3a), the RAS line shapes for the(4x4), (6  photoemission spectrosco§PES work of Pedioet al®®
X2), andc(8X4) reconstructions, which are stabilized be- The ARUPS data displayed a distinct nondispersing surface
tween 0.2—-0.35 ML, 0.35-0.5 ML, and 0.5-1.0 ML Sn cov- state, at 0.8 eV below the Fermi level on both surfaces. Due
erage, respectively, are displayed.EED images for the to the lack of structural models available for these recon-
c(4x4) andc(8%4) reconstructions are shown in Figh#  structions, however, the origin of this state was not dis-

1. Coverages below 1 ML of Sn
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a transition would occur at approximately 2.6 eV. From the
a) . > RAS data for the (& 2) reconstruction, a feature centered
near 2.7 eV is observed, which is consistent with these pho-
- ks .- toemission datésee Fig. 8)].
With increasing Sn coverage up to 1 ML, it is likely that
LGl + the shift in energy position of the RAS feature in the 2.5—
3.0-eV region is related to the gradual change of mixed Sn-Si
. » dimers[which saturate upon completion of the X&) re-
construction to Sn-Sn dimers, which is complete when the
. o s c(8x4) phase is formed at 1-ML coveradeA gradual in-
crease in RAS intensity is also observed up to 1-ML cover-
age, which is probably due to increased ordering of Sn on the
b) . surface. It should be noted that in this coverage regime, a
replacement mechanism rather than the formation of a Sn
adlayer is likely, as up to 1-ML coverage, the LEED

i - 4x, 6X, and 8X periodicities are all along thel10] direc-
e & - tion. This indicates that the Sn dimers should be oriented
. ‘* t’“’ parallel to the underlying Si dimefS8.However, above 0.5

‘ A ML coverage, adlayer dimers would be expected to be ori-
"’* & ented in the perpendicular direction. We propose that in the

' 0.5-ML coverage regime, one Si atom of each Si dimer must

. be replaced by one Sn atom, and thereafter the second Si

. atom is replaced. Such a replacement mechanism from low

to high coverage is also consistent with an increase in am-

plitude as the Sn coverage increases. Once replacement takes

place, the question arises as to what happens to the Si atoms

that have been replaced. We return to a discussion of this

point in the next section.

Comparing the RAS line shapes for these low Sn cover-
ages with the (X2) phase formed with 0.5 ML of Sn is
deposited at room temperateee Fig. 8)], it can be seen
that the overall line shape is similar to those obtained for the
c(4x4) and (6x 2) phases, with two small differences). a
deeper trough exists at 3.7 eV relative to the overall line
shape than in the other surfaces did the energy of the
low-energy trough is near 2.8 eV, which is 0.2 eV higher
than that obtained for the annealed phases. A deeper trough
at 3.7 eV is expected because thex(2) phase comprises no
unbroken terrace Si dimers, and so such feature, which has
previously been related to structure on the dimerized clean
Si(001) surface, should still exi$f The trough is smaller
after annealing as Si dimer bonds are broken in favor of
mixed Sn-Si dimer formation, and also trenches are
formed® To date, no ARUPS or IPES experimental data,
nor any calculated data, exist for theX2) phase, making
further interpretation of the origin of the 2.8-eV feature im-
possible.

2. 1-ML coverage: The c(84) phase

FIG. 4. LEED patterns fota) clean Si(001)-(k 2) (56.3 eV, When 1 ML of Sn is deposited on our single-domain
and (b) c(4x4) (61.8 eV}, (c) c(8x4) (56.7 eV}, and (d) (5 Si(001) sample and the sample is then annealed(8&x 4)
%X 1) (55 eV) reconstructions obtained by depositing 0.25 ML, 1 LEED pattern as shown in Fig(d is observed. This agrees
ML, and 1.5 ML of Sn, respectively, at room temperature followedwith the results of several authors, where flat08i)
by annealing to 570 °C for 2 min. samples were uséd°However, assuming no reorganiza-

tion of the clean Si step structure upon Sn deposition, this

cussed. In the IPES work of Peda al.® the c(4Xx4) re-  reconstruction may not have been expected on our vicinal
construction was not observed. However, for thex@ sample. As we have already outlined, the 4° offcut vicinal
reconstruction, an empty surface state was found at 1.8 e®i(001) sample used in this work is dominated by terraces
above the Fermi level. Assuming the symmetry of these surthat are 39 A in width separated Bysteps. A small number
face states is such as to allow an optical transition, then suabf larger terraces of the minority domain are also present,
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:2 at theD steps of the vicinal sample, extending some terraces,

Next step so that thec(8X4) phase can be accommodated. The length-
edge Dg-step edge ening of some terraces will inevitably lead to the shortening
(a) : C(8X4) of other terraces. On shorter terrace widths, it is presumed
that thec(8x 4) phase will not form. However, if the dimer
buckling within the middle chain of the(8 X 4) structure is
simply phase-shifted so that all chains are in phase, then a

m m smaller (4x2) structure can be formedee Fig. B)]. It
should be noted that in the experiments, LEED did not ex-
clusively yield ac(8x4) pattern. Occasionally, a ¢42)
structure was observed. This indicates that although the
phase shift required to produce theX2) may increase the
m m surface energy, some compensation effects are provided by
the presence of steps, making this reconstruction energeti-

m m cally favorable.
Next, we compare the RAS line shapes for t{&x4)

phase with the electronic bandstructure measurements of Pe-
(b) : (4x2) dio et al®® [see Fig. 8)]. From the figure, it can be seen
that the dominant feature in the RAS response is the broad
FIG. 5. Models for(a) the c(8x4) reconstructior(after Baski  trough centered at 2.5eV. For to€8 < 4) phase, three sur-
et al, Ref. 9 and(b) the (4x 2) reconstruction, which may coexist face states have been observEg: a Sn dangling-bond de-
on narrower terraced regions of our stepped surfacgalnthe  rived state;S,, Sn-Si backbond associated; aB¢g which is
shaded area represents the area of a rebobgestep edge, while related to the bond between two “up” Sn atoms of adjacent
the dotted line represents the position of the nBxt step. The  dimers parallel to the chain lengils; andS, appear at 1.0
shaded atoms correspond to asymmetric Sn dimers, where eaglV and approximately 1.5 eV below the Fermi level, respec-
“up” atom is represented by a larger circle with darker shading. tively, while S; shows broad dispersion between 1.5 eV and
3 eV. The IPES data for the{8 < 4) phase display only one
which we ignore for the moment. For the formation of the pronounced empty state at 1.1 eV, which is associated with
c(8x4) on the majority domain, the>8 periodicity, which  Sn-Sn empty and interacting dangling bonds, while another
is observed along thgl10] direction[see Fig. 4b)], must  broad state exists near 2.5 eV above the Fermi [&ved:
comfortably fit within this 39A-wide terrace in order to be suming again that transitions can exist between these states,
able to form. This & periodicity or &, wherea=a,/y2  three possible optical transitions exist, one at 2.1 eV, one at
=3.84 A is the unit cell width, is 30.72 A. On first glance, 2.6 eV, and a broad structure that may be expected from 2.6
therefore, thee(8<4) phase should easily be accommodatedceV to 4.1 eV. From our RAS spectra, we see some structure
within these 39 A-wide terraces. Upon observation of Fig.at 2.5 eV while nothing is observed at 2.1 eV, suggesting
5(a), which is the generally accepted model of t(@x4) that either the symmetry of the states involved is wrong, or
phase, it is evident that three complete chainlike structurethat the transition itself shows no directionality and hence is
must fit onto one terrace in order for thig€8x4) phase to inaccessible to RAS, which relies on anisotropies in the sur-
exist. Therefore, the terrace width needs to be an exdra 2face electronic structure. We associate the trough in the RAS
wider, setting the overall terrace width required at 38.4 A.spectrum at 2.5 eV with the 2.6-eV optical transition, which
Although this value is just less than the 39 A width of theis derived from a filled Sn-Si backbond state and an empty
4° offcut clean vicinal S001) sample, accommodation of Sn-Sn dangling-bond state. The broad negative structure ob-
the c(8X4) may still not have been expected as this 39 A served from 2.6 to 4.0 eV may indicate a contribution from
terrace width ignores the fact that the steps on the vicinalhe S; filled state to the empty Sn-Sn dangling-bond state.
sample also contribute to the surface area. The double height
steps that dominate the step structure of such a 4° offcut
Si(001) sample are known to be rebonded, making the step From Fig. 3b), it can be seen that a significant increase in
contribution to the surface area for such samples in the resptical anisotropy is observed after deposition of 1.5 ML of
gion of 20% [see Fig. Ba)]. Hence observation of the(8 Sn followed by annealing. LEED shows a predominantly

| X4) phase on these terraces of our 4° offc(081) samples
may not have been expected. We point out that no such
restrictions to the formation of the(8X4) are expected on
the terraces of the minor domain as the orthogonal orienta-
tion of this domain ensures that tleé8<4) can form, un-
hindered by the presence of steps.

In the preceding section, we outlined that the reconstruc-
tions formed through annealing submonolayer coverages of

Sn result in Si dimer atoms being replaced with Sn. We
m m propose that the Si that has been removed is accommodated

g

@)

%%ﬁ

3. 1.5 ML coverages and above: TheXd) phase
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single-domain (5 1) phase for this RAS line shape, indi-
cating that the single-domain nature of the clean surface is  4q.]
preserved through Sn depositipsee Fig. 4d)]. The RAS
line shape is considerably different from the lower-coverage
Sn-induced phases, being dominated by a large and positivi
anisotropy feature centered at 1.8 eV. However, above this~ g |
energy, similarities to the lower-coverage phases are evident2
with a broad trough now shifted up in energy with respect to n::
thec(8%X4) phase and peaking at 2.9 eV.

In order to shed light on the origin of these peaks, we

. . ) . 0
again refer to the electronic properties for this surface as
outlined by Pedicet al®® From the ARUPS data, only one | L lean Si001)-(1x
filled state near 1.4 eV with a dispersion of approximately clean Si{001)-(1x2)

+0.4 eV and one empty state at 2.5 eV are observed. With T " T " T y T
IPES, some intensity at the Fermi level is observed, which is 2 3 4 5
indicative of metallicity. Assuming the correct symmetry of Energy (eV)

these states, a RAS feature_may be expec_ted in the 2.0-3.0 FIG. 6. RAS spectra of clean Si(001)%R), the (1x1) sur-
ev'region, Whlc_h could explal_n the observation of a t_rough 8ace formed after deposition of 1.5 ML of Sn at room temperature,
2.8 eV. A transition from the filled state to the metallic states_ 4 e (5¢1) phase formed after annealing.

near the Fermi level may also explain the presence of the

large 1.8 eV peak. , - RAS peak at 1.8 eV. Hence, the 1.8-eV peak is a clear fin-
As the structure shows evidence for metallicity and also

. . ; _ geerprint of the (5¢1) phase.
contains apparent chains, we compare this RAS line shap
with the line shapes of other such systems grown on Si sur- .
faces. It has been shown that thex(8)-Au and (4x 1)-In C. The (5X1) phase: Room temperature
structures formed on a single-domain (13i1) surface versus annealed structure
through deposition of 0:20.5ML of Au and 0.75 Figure 6 shows the RAS spectra when 1.5 ML of Sn is
—1.0 ML of In, respectively, display a strong optical anisot- deposited onto the clean vicinal(801) sample, along with
ropy, the RAS signal being larger for light polarized perpen-the spectrum for the (81) phase obtained after annealing.
dicular to the apparent chain lengfis! Evidence of one- Both spectra represent the largest RAS signals obtained for
dimensional metallicity was shown on both surfaces througlthe room-temperature deposited and annealed surface, re-
angle-resolved photoemission measurements. Accurate strugpectively. As the (X% 1) reconstruction obtained after an-
tural models for these reconstructions have still not beemealing is known to saturate in the region of 1.5-ML Sn
fully developed and so the origin of the optical anisotropycoveragé? it is clear that upon annealing the as-deposited
has not been associated specifically with any surface atomgample to 570 °C/2 min does not induce any Sn desorption.
features. However, for the (61)-Sn surface, we find that Supporting evidence comes through monitoring the desorp-
the larger reflectivity for light polarized perpendicular to the tion of Sn from the (5<1) reconstruction using RAS set to
apparent chains is dependent on the formation of secondn energy of 1.8 eV. Here, the amplitude of the anisotropy
layer Sn-Sn dimers, which must also be responsible for makandergoes a sharp change once the sample is annealed above
ing the (5X1)-Sn surface metallic. Therefore, as a general740°C (see Fig. 7. Once the sample had cooled after this
comment, it seems that any apparent chainlike structuresnneal, the characteristic line shape of a clean stepped
with a metallic character produce a large RAS intenpigy-  Si(001) surface is regained, indicating that the sharp change
pendicularto the apparent chains, which is independent ofin anisotropy is caused by the desorption of Sn. Hence, Sn
the species used. Electronic confinement perpendicular to trdesorption occurs at 740 °C, which is significantly higher
apparent chain length, giving rise to discrete and highlythan the annealing temperature used.
populated surface states in this direction, may explain this Ignoring the trough in the region of 2.8 eV obtained for
experimental observatiot. the (5X1) structure, it can be seen from Fig. 6 that both
Upon deposition of more than 1.5 ML of Sn followed by spectra bear a striking similarity to one another, the only
annealing, the anisotropy in the region of the 1.8-eV pealdifferences being a difference in sign and amplitude. This
decreasefsee Fig. )]. This is consistent with the 1.8-eV seems surprising as, for room-temperature growth and after
peak being related specifically to theX8) reconstruction saturation of the (X2) phase at 0.5 ML(see Sec. Ill A,
and not to the formation of directional-Sn islands, which additional Sn is reported to commence formation of a second
are known to start forming above 1.5-ML coverade=ur- layer, while at a coverage of 1.5 ML, it appeared probable
ther evidence for this argument comes from annealing of théhat some third-layer Sn also exist€dAfter deposition of
(5% 1) phase to higher temperatures, in order to promote th&.5 ML, we observe a diffuse (1) LEED pattern. For the
desorption of Sn. After annealing, the lower Sn coverageannealed case, a second Sn layer does not start forming until
inducedc(8x4) phase is observed using LEED. This is ac-the c(8x4) structure is saturated at near 1-ML coverage.
companied by loss of the 1.8-eV feature. Further depositiordditional Sn commences formation of a second layer and
and annealing reestablishes thex(5) LEED pattern and the when an extra 0.5-ML of Sn has been deposited, a sharp

(5x1)

After RT deposition

/ of 1.5ML Sn

AR
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thus reducing the surface energy. The orientation of second-
Desorption of (5x1) phase layer Sn dimers is unclear, but the Sn dimers of the under-

monitored at 1.8eV lying Sn layer are known to be oriented in the10] direc-

tion [see Fig. Bo) for a model of thec(8xX4) structurg. For

Sn deposition without annealing, as outlined above, the sec-
ond Sn layer starts forming above saturation of the )
phase at 0.5-ML coverage. Assuming the parallel Sn dimer
model for the (2 2) structurgsee Fig. 2b)], the Sn dimers

are also oriented in thg110] direction. Therefore, as we
detect a different RAS sign for the §¢51) surface and its
room-temperature counterpart, second-layer Sn dimers must
be responsible as the first-layer Sn dimers are oriented in the
same direction. Hence, the second-layer Sn dimers must be
oriented in orthogonal directions on both surfaces despite
their similar appearance on the STM images. If this interpre-
tation of the RAS spectra in Fig. 6 is correct, then the pres-
Time (s) ence of steps plays a minor role in the overall anisotropy
pbserved for these structures.

——356°C
430°C

©
3

=3
©
<

'1 T T T T T 4 T T T T T T T
0 50 100 150 200 250 300

FIG. 7. RAS dynamic scan taken at 1.8 eV during annealing o

the (5X 1) reconstruction to induce Sn desorption.
IV. CONCLUSIONS

(5X1) LEED pattern is observed. Hence, considering the
differences in preparation, it may appear that the similarity [n this work, we have applied RAS and LEED to the
of both RAS traces is merely coincidental. Sn/S{001) system. We have shown that after room-

In the detailed STM paper of Glueckstest al?® for ~ temperature deposition, considerable changes occur in the
room-temperature growth of Sn on(®1), a striped phase RAS signal. A (2<2) LEED pattern is observed for a Sn
with local (2x5) ordering is described for Sn coverage in coverage of 0.5 ML, its presence stabilized by the narrow
the region of 1 ML2® Surprisingly, this (2<5) ordering was terraces of the vicinal sample used. Once annealedc(#he
found to have the same periodicity, number of maxima, and<4), (6X2), c(8x4), and (5<1) reconstructions are ob-
bias dependence as the STM data of Balal. for the (5  served with increasing Sn coverage using LEED. The RAS
x 1) phasé? Furthermore, the registration of the Sn maximaline shapes for the former three reconstructions are similar
for the second layer, which starts to form near 1 ML for thebut show subtle differences in the 2-3-eV energy range,
annealed surface and near 0.5 ML for the room-temperatur&hich is related to a gradual change of Sn-Si into Sn-Sn
deposited sample, with respect to the underlying Si surfacélimers on the surface with increasing coverage up to 1 ML.
was found to be the same. The RAS line shape for the ¢61) reconstruction formed at

Our RAS data support this similarity in local ordering in 1.5-ML coverage displays a significant anisotropy near 1.8
both cases. In order to interpret these data in the context &V. The similarity between this and the line shape for a
the findings of Gluecksteiet al.?® we note first of all that room-temperature Sn-induced structure points to a Sn-Sn
RAS is well known to be sensitive to the orientation of sur-dimer origin for both line shapes. Higher Sn coverages lead
face features, changing sign depending on the orientation d¢ island formation, reducing the intensity of the RAS signal
a particular featuré® Hence, the change in sign that is ob- and ruling out the formation of oriented-Sn islands or face-
served in this work may be related to orientation differenceding as the origin of the 1.8-eV peak.
within the adsorbed Sn layer. From the discussion of the
(5% 1) phase in the preceding section, we pointed out that
the particular stability of this phase was likely to be related
to the formation of second-layer Sn dimers between unbro- A. Astropekakis wishes to thank I. Simitzis for his en-
ken Sn dimers of the first-laye(8x 4) structure, which ata couragement and the financial support of the N.T.U.A. EU
second-layer coverage of 0.5 ML would have the effect ofprogram “ERASMUS.” J. R. Power acknowledges support
reducing the number of dangling bonds in the system by halffrom the Alexander von Humboldt Foundation.
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