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This paper addresses issues of the subtle kinetic changes on the superstructural phase formation in the
technologically important Sb/Si system. The thermal stability of the room-tempe(&Tyeleposited Sb on a
(7X7) reconstructed §111) surface by Auger electron spectroscd\ES), low-energy electron diffraction
(LEED), and electron energy-loss spectroscOpiLS) is reported. At a very low Sb flux rate of 0.03 ML/min
Sb uptake shows that it grows in the Frank—van der Merwe mode yieldingxalYILEED pattern for
coverages of 1.0 ML and above. On annealing, AES shows that initially Sb adatoms agglomerate into large
islands on top of a stable monolayer, before the Sb islands desorb in the temperature range of 350° C-480° C
, to leave a sharp (21) stable Sb monolayer. Monolayer desorption from about 650° C results in several
surface phases suchd@&x 1), (5x5), (v3X%y/3-R30°) and (5/3%x5/3-R30°). The (5¢<5) at 0.4 ML and
the (5y3%x5/3-R30°) at 0.2 ML are novel phases observed only during this desorption route. However, the
0.5-0.7-ML (5/3%54/3-R30°) phase, observed while desorbing from a 1.0-M[3% y3-R30°) initial
phase, is not observed here. The EELS studies show the differences in the surface-related electronic features of
the various superstructural phases. The results demonstrate the differences in the superstructural phase forma-
tion due to differences in the formation pathways adopted.
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[. INTRODUCTION sic (5X5) structure, and thus can exist in the Sb coverage
range of 0.41—0.77 ML. The\(3x y/3) at 0.33 ML has been
Studies of the kinetic control of submonolayer metal ad-observed by Elswijket al,'® in small domains coexisting
sorption on Si111) and (100 surfaces have resulted in inter- with (7X7) and disordered (X 7) phases. In our previous
esting results regarding growth modes, superstructural phag@per:' we not only confirmed the above superstructures but
formation, and interfacial interactiois® Though the condi- also revised the prevailing phase diagram. During the studies
tions of growth cause formidable issues of repeatability, theyve realized the need for a systematic and careful study to
also provide a potential to form several stable interfaciahighlight the effects of subtle changes in the kinetics on the
phases with novel electronic properties. Motivated by theSuperstructure formation of this technologically important
need to form sharp dopant profilestudies of the adsorption SyStém. . .
of group-Ill and -V metals on single-crystal silicon surfaces E@'lier Sb adsorption-desorption stu&?eshav_e shown
have been intensely pursukdn this paper we report the tha}t the f|rst.—monolayer Sb adsqrbs as, @ind dissociates
results of the study of the thermal stability of a room- GUicKly on Si surfaces. Stdesorption comes from the mul-

temperaturgRT) -formed Sb/Si111) system. The Sb/Si in- tilayers, while the Sb monolayer chemisorbed on tH& 1)

terface is one of the most intensely probed systems, due t%urface desorbs as Sb. In this report we adsorb Sb of several

the technological importance both in the formation of coverages at RT at very low flux rates and anneal the system
s-doped systent€ and in surfactan(Sh-mediated Ge/Si to different temperatures and observe the residual system. By

heteroepitaxy:*° Our recent study* and those of otherg, 4 in situ Auger electron spectrosCOAES), low energy elec-

has shown that the adsorption of Sb at various substrate ter;[]rpn diffraction (LEED), and electron energy-oss spectros-

copy (EELS), we observe that epitaxial Sb layers, upon an-
eratures of the (X 7) reconstructed §111) surface results : . :

i%several surfacé ph)ases such d§>(< %—RESW) at 1.0 ML nealing, agglomerate mto large islands on top_ of a stable
[written as (/3 y3) below, three-domaird(2x 1) a't 0.85 (1x1) monolayer. At higher temperatures the islands des-

3 orb, leaving a stable monolayer. Further annealing causes the
ML [d(2x1) below], (5V3%5y3-R30°) at 0.5-0.7-ML monolayer desorption, during which we observe a variety of

[(513%54/3) below], (3% 3-R30°) at 0.33-ML, and (7 _stable superstructures of submonolayer coverages.
X7) at 0.1-ML Sb coverages. Among these, the atomic

structures of the 1.0-ML(3x y/3) (as Sb trimersand (2
X1) (Sb zigzag chains have been established
conclusively*>!® The structure of 0.6-ML (§3%54/3) is The experiments are performeéa situ in an ultra high
understood as a (65) dimer-adatom-stacking faulDAS)  vacuum(UHV) system(Varian VT-112 with a base pressure
structure with different compositions of the adatom and restof 3 10~ ! torr with four-grid LEED optics for probing the
atom layers within the different unit-cell halvés.*’ Recent  structures and a cylindrical mirror analyzer for AES and
studies of Saraninet al'® have shown that the (& EELS measurements. The Si surface is chemically cleaned
% 54/3) does not have a definite composition since the Stby a modified Shiraki proce¥sbefore inserting it into UHV.
atoms partially substitute for the boundary dimers in the bain vacuum, the sample is flashed at 1200° C for several sec-
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taining the (/3% \3) symmetry at 1.0 ML obtained by ad-
FIG. 1. Auger uptake curve showing Frank—van der Merwesorbing Sb onto a Si substrate held at around 650° C. This
growth mode, with breaks in slope for @tNN) and S{LVV) peak  result indicates that for RT adsorption at very low flux rates,
intensities at a deposition time of about 33 min corresponding tqhe overlayer evolves in the Frank—van der Mer(#v)
1.0-ML Sb coverage. growth mode for several layefae have shown only the first
two layers in Fig. L The (7X7) LEED of clean Si11])
onds and cooled gradually to RT to obtain a very clean (7changes to (X 1) for coverages of 1.0 ML and aboysee
X T) surface, as ascertained by AES and LEED. Sb is evap@rig. 3(a) below]. Similar layer-by-layer(FM) growth has
rated from a homemade Ta Knudsen cell at desired flux ratepeen reported by Metzger and Alférior the Sb/S{111) sys-
The substrate, held by Ta clamps, is resistively heated an@gm. However, Cuberest al?* observe an island type of
the temperature is measured with an error-d20° C by a  growth, even for coverages as low as 0.25 ML. This discrep-
calibrated W-Re thermocouple and an optical pyrometer. Weincy could be due to differences in the Sb flux rai@$
report here studies of the growth of submonolayer coveragesiL/min used by Cuberest al.) and other experimental con-
of Sh. One monolayer is defined as the density of a bullditions.
truncated Sil11) surface which is 7.88 10" atoms/cm. The thermal stability of this layer-by-layer grown system
Thorough degassing ensures that the base pressure rises tig 8een in Fig. 2 which plots the Auger ratio of(BINN) at
maximum of 8< 10~ 1% torr even during extended Sb adsorp- 454 eV and SLVV) at 92 eV, as the RT adsorbed system is
tion. Annealing was done either by radiative heating by aannealed to increasing temperatures. It is evident from the
proximal Ta filament, or by resistively heating the sample tofigure that the Auger ratio hardly changes up to a tempera-
the desired temperature, holding it there for 2 min, and coolture of 180° C. At around 350° C, it sharply falls to a value
ing it to RT before making EELS, AES, and LEED measure-corresponding to a coverage of about 1.0 ML in all the three
ments. coverage cases studied, viz., 2.0, 4.0, and 7.5 ML. The initial
(1x1) LEED pattern[Fig. 3(a)] which had a strong back-
Ill. RESULTS AND DISCUSSION ground assumes a sharpX1) pattern at the_ stable mono-
layer [Fig. 3(b)], after the multilayer desorption. To under-
On the clean (X 7) reconstructed §i11) surface held at stand this behavior we refer to the pioneering work of
RT, Sb is adsorbed at a rate of 0.03 ML/min. The Sb uptakéVletzger and Allerf® where mass spectrometric thermal-
is shown in Fig. 1, where the 884NN) and S{LVV) Auger  desorption studies were performed. From this and &ther
signals are plotted as a function of deposition time. Since thstudies, it is clear that the multilayer Sb, corresponding to
ShIMNN) Auger electrons originating from the first mono- only Sh-Sb bonds, desorbs as,$bthe temperature range of
layer are attenuated due to the presence of the second-layg$0° C—480° C, with a desorption energy of 1.49 eV. Thus,
adatom$' and those of $LVV) due to the Sb overlayer, the the fall in the Auger ratio in the temperature range of
curve in SKMNN) and SiLVV) show a break in slope at 180° C-350° C (before the multilayer desorption takes
about 33 min of deposition time thus giving us a calibrationplace can be predominantly attributed to the agglomeration
for our Sb flux rate as 0.03 ML/min. We identify the break in of Sh adatoms into large islands on top of a stable Sb mono-
this uptake curve by a method suggested by Stampanofayer. From the previous conventional thermal-desorption
et al?* We have confirmed that the break point correspondspectroscopyTDS) study of Metzger and All€ft and those
to 1.0 ML by comparing the Auger ratio of this and by at- of Andrieu and Arnaud d’Avitay&® it can be safely inferred
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FIG. 4. Phase diagram of the desorption rogae Starting from
the (3x\3-R30°) phase at 1.0 ML an¢b) starting from a (1
X 1) phase at 1.0 ML for Sh/&i11) system. The hashed portions in
(b) show regions of crossover.

forms (5y3x54/3) at a coverage of 0.2 M[Fig. 3f)]. As

the Auger ratio corresponds to 0.1 ML, aX7) Sb/Si phase

is seen, to ultimately result in a sharpX7) clean Si111)
surface. It is interesting to note that th¢3x \/3) phase at
1.0 ML and the (5/3x54/3) at around 0.6 ML reported by
ustt and other¥~'* are not seen in these thermal stability
studies, which we attribute to the differences in the adopted

FIG. 3. LEED pattern for several surface phases observed du'pathways. On the other hand, the novel(5) at 0'4._ML
ing the thermal stability study. LEED pattern obtained for severaland the,(5/§>< 5,\/5) at Q'Z'ML phases are $een iny In the_se
Sb/S{111) interfacial phases: During Sb adsorptie (1x 1) for desqrptlon studle_s, while they were not evident in adsorpthn
2.1 ML (at 53 eV}, and during residual thermal desorptitp) (1 Studies done while the substrate was held at corresponding
x 1) for 1.1 ML (at 53 eV}, (c) d(2x 1) for 0.85 ML(at 83 eV}, (d) ~ temperatures.
(5% 5) for 0.4 ML (at 53 eV}, (e) (v3x y3-R30°) for 0.33 ML (at Figure 4 shows the various phases observed by Park
53 eV), and(f) (513% 513-R30°) for 0.2 ML (at 63 eV}, et al’? and Andrieut* obtained from desorption starting

from an initial (/3% \/3) 1.0-ML phasdFig. 4@], and the

that there is hardly any appreciable desorption or bulk diffupresent results of the phases starting from a RT formed (1
sion of Sb at temperatures below 350° C. To get only a quali~< 1) phasdFig. 4b)]. These previous studies starting from a
tative picture, assuming that this thermally activated agglom{/3x y3) 1.0-ML phase in the course of desorption have
eration into large islands follows an Arrhenius type of observed three-domai(2x 1) followed by (5/3x5+/3) at
behavior, we calculate the Sb diffusion energy for agglom-0.5-0.7 ML and the gradual restoration ofX7). We have
eration to be less than 0.2 eV for all three coverages studie@iso performed desorption studies starting from th@ (
The smallness of the energies involved suggests that the \/3) 1.0-ML phase, and have essentially reproduced the
growth parameters can strongly influence the growth modesame results shown in Fig(a. It is clear from this figure
in this system. that since in the present case we have started our desorption

In the temperature range 480° C-650°C, thex)  studies[Fig. 4b)] from a RT adsorbed (% 1) phaseat 1.0
LEED at 1.0 ML [shown in Fig. 8)] changes to a(2 ML and higher coveraggswe observe different superstruc-
x2) plus (IX1) pattern identified earlier as three-domain tyral phases, clearly demonstrating the differences due to the
d(2x1),*® as the coverage reduces to about 0.9 ML. Atpathways adopted. It may be recalled here that, we have
temperatures greater than 650° C, the Auger ratio further rereported differences in the atomic arrangements of Ag, at
duces, finally resulting in only a substrate signal and a (%he same substrate temperatures, due to different formation
X7) LEED at 880° C. In this 650° C-880° C temperature pathways adopted.
range, the Sb monolayer that was strongly bound to the sub- The several surface phases evolved during the thermal
strate desorbs with a desorption energy of 2.46°A& the  treatment are quite stable at the respective temperatures. The
monolayer Sb adatoms desorb from preferential sites, longelectronic properties of these phases are studied by monitor-
range order persists and several LEED patterns are seen, jag the electron energy losses to single and collective elec-
shown in Fig. 3. Thel(2x 1) pattern[Fig. 3(c)] results in a  tron excitations. The EELS spectra shown in Fig. 5, which is
(5%5) LEED [Fig. 3(d)] when the Auger ratio corresponds the first such study on the Sb/Si system to the best of our
to a coverage of 0.4 ML. This LEED pattern changes to e&nowledge, are taken in the second derivative mode at
(V3% \/3) phasdFig. 3(€)] at 0.33-ML Sb coverage, while it 250-eV primary beam energy, of each of the phases ob-
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400 that the bulk EELS feature does not show any significant
change during the thermal annealing while the surface-
1 350 related features are sensitive suggests the influential role of

1x1 the rearrangement of surface adatoms, as manifested in
(Adsorp.) 1 300 LEEQ. We can observe that the nonrotated integral recon-
1x1 (@ . structions such as the K1), d(2x1), and (5x5), show
(Desorp.) > strong surface-plasmon features, while the 30° rotat8d
M 1 250 symmetry phases, such as thé(x \3) at 0.33 ML and the
a2 x 1) ; (5\/§><5\/§) at 0.2 ML, show attenuation of the ;urface-
(e) 1 200 plasmon and related peaks. Probably the symmetric arrange-

ment of Sb adatoms on the XI1) Si substrate in the (1
X 1), d(2x1), and (5x5), phases appears to assist the for-
mation of surface electron collective excitations. The 0.4-ML
(5%5) and 0.2-ML (5/3x54/3) phases are novel phases
observed during this desorption study and their detailed
structures are yet to be determined. Elsveiflkal 12 have seen
1 50 only small domains of the\(3x \/3) phase at 0.33 ML co-
existing with (7X7) and disordered (X7) phases. By
AP I scanning-tunneling microscopy they determine a simple Sb-
32 28 24 20 16 12 8 4 0 adatom-based structure where the Sb adatom saturates the

Energy Loss (8V) three dangling bonds by occupying tfig sites. However,

we report here a long-range/8x \3) LEED (coherence

_ FIG. 5. EELS spectra of different surface phases, observed d“!ength >100 A), where we see the disruption of surface-
ing desorption, in thel?N/dE* mode is shown for primary beam  pasmon and related features even in this 0.33-ML phase and
energy of 250 eV. also a strong 14.5-eV peak related to the surface state of

served. The clean Qil1)-(7x7) EELS in Fig. §a) shows (7X7). Since the (3x/3) 0.33-ML phase appears be-
sharp peaks at 17.5, 14.5, 11.0, 8.0, and 4.7 eV in concufWeen the 0.4 ML (55) and the 0.2-ML (§3x53)
rence with earlier studi€®.The 17.5-eV peak is attributed to Phases, showing features of the DAS structure and disrupted
the electron energy losses to the bulk plasmon while théurface-plasmon peak, we suggest that the atomic arrange-
11.0-eV peak corresponds to the loss to surface plasmong?ent in this phase obtained by the desorption route could be
The peaks at 14.5 eV and 8.0 eV are related to the surfacdifferent from the previous model for the 0.33-MLy/g
states that manifest the K77) reconstruction, while the X 3) phase. However, a more direct method of determining
4.7-eV peak is associated with interband transitions at 3.5 e{he atomic arrangement is essential to conclusively under-
and 5.0 eV. The surface-related states are thus expected to §@nd the reconstructions and their energetics.

very sensitive to various surface phad&m this perspective,
we look at the 2.1-ML Sb covered 1) phase, Fig. &),
which shows a bulk-plasmon peak at the energy value of
16.7 eV and a § shallow core level at 6.3 e¥. In the In summary we have studied the thermal stability of the
temperature range from RT to 350° C as the Sb adatomS8b/S{11]) interface formed at RT which demonstrates the
agglomerate on a stable Sb monolayer, where thg 1)l influence of growth kinetics on the geometric arrangement
LEED sharpens, the EELS features show an enhancement afid consequently on the electronic properties. We observe
the surface plasmon while the peak at about 6.3 eV broadenthat annealing the RT depositedX1) phase causes the Sb
At higher temperatures when 0.85 ML of Sb results in aadatoms to agglomerate into large islands, with a small acti-
d(2x1) phase, Fig. &), the EELS is essentially like that of vation energy. Above 350° C, the islands desorb leaving a
the (1X1) phase. For lower coverage phases this 6.3-e\stable (1X1) Sb monolayer. At higher temperatures, the
peak sharply decreases in relative intensity and shows twmonolayer desorbs via several long-range symmetric phases
small peaks in this region for (85), (y3x+/3), and as seen by LEED. The desorption route starting from the
(53%543) phases. Meanwhile the surface-plasmon peak1x1) 1.0-ML phase shows the formation df2x1), (5

at 11.0 eV begins to decrease again. For the 0.33-M& ( *%5), (¥3x3), and (5/3x53) phases, while starting

X \3) phase, Fig. &), and the 0.2-ML (5/3x5y3) phase, from a (y3x3) 1.0-ML phase it adopts a different route.
Fig. 5(b), all the peaks except the bulk plasmon at 17.3 eVThe EELS studies of all these stable superstructures suggest
shrink, indicating a large scattering in theg®@ symmetry the difference in electronic structure. The desorption se-
surface phases. Also, it is interesting to note that in these twguence_and similarity in EELS features in the 0.33-ML
phases the 14.5-eV and 8.0-eV peaks, which are related {0/3%/3) and the 0.2-ML (§/3x53) phases suggest an
the surface states of the X77) structure, are prominent here. energetically proximal arrangement for these phases. The
However, on annealing to 880° C the cleari1$l) surface, ~fact that several phases, such as the 1.0-MBX /3) and

Fig. 5@), is recovered revealing the strong 17.5-eV and0.5-0.7-ML (5/3x 5/3), obtained by adsorption at respec-
11.0-eV bulk- and surface-plasmon peaks. The observatiotive temperatures are not traced in this desorption study sug-
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