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Chlorine-induced Si surface segregation on the Ge-terminated &e(100) surface
from core-level photoemission
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This study investigated the thermal reactions on the Cl-terminated Si/Ge(200)sRrface using synchro-
tron radiation photoemission spectroscopy. Populations of surface Cl-Ge and CI-Si bonds during annealing
are monitored by measuring the intensities of their correspondingd>&i32p, and Cl 2 core-level com-
ponents. Experimental results clearly demonstrate that no Si atoms are present on the surface after the depo-
sition of 0.8 monolayer Si on the G0 surface at 730 K and that Cl termination pulls out the indiffused Si
of about two atomic layers deep to form Cl-Si bonds upon annealing at 550—690 K. We attribute such chlorine
induced Si segregation to a thermodynamic driving force that favors the Cl-Si surface species. Above 680 K,
chlorine is desorbed in the form of SiClalthough the top surface layer of the starting Si®€) sample
consists of Ge—Ge dimers only.
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Understanding not only the atomic composition of thea 2x 1 LEED pattern'’ is expected to possess the same sym-
surfaces and interfaces, but also the reactions during epitaxyetric dimers with Cl's saturating the two dangling bonds on
is essential to both fundamental science and technologic&ach dimer. Relevant studies have reported that thermal re-
application in adequately controlling the growth and etch ofnoval of Cl from the CI:Si(100)-X'1 surface occurs 02')’
multilayer structures such as;SiGe,/Si superlattices and DY the desorption of SiGland a small amount of Sig
heterostructrures. Such structures perform well in bipolasimilarly, thermal relrg]oval of Cl from CI:G&00), occurs by
transistors and optoelectronic devideuring the growth of ~ desorption of GeGl

Ge on the Si100 substrate, deposited Ge remains on the This study employs synchrotron-radiation core-level pho-
surface and the interface is generally believed to be quitéOemISSIon spectroscopy to examine the 0.8-ML-Sil08

abrupt, because the dangling-bond energy of Ge dimers %urface and the Cl-terminated 0.8-ML-Si(G@0) surface

. 7 ; upon annealing at various temperatures. The technique is
lower than that of Si dimers.* However, this bond €NeTYY hased on the observation that Si and Ge atoms bonded to

causes Ge to segregate onto the surface during Si depos't'gﬂrface ClI exhibit large binding energy changes in their Si

on G? layers, forming a nonabrqpt int.erféaéé.'The Ge seg- . 2p and Ge 2 core levels and that the Ge- and Si-shifted CI
regation can be suppressed during SiGe epitaxy by fed“C'r@B core levels are well separated due to the difference in

the energy difference between the Si- and Ge-terminated SUharge transfer between Cl—Si bonds and Cl-Ge b&hds.
faces. Many studies have shown that the introduction of SUTherefore, combining Si 2, Ge 2p, and Cl 20 core-level
factants and hydrogen passivation of the dangling bonds ogpectra enables the detailed surface compositions and reac-
SilGe surfaces can effectively change the growth m8ds. tions to be determined. Experimental results clearly demon-
The kinetic effect of H blocking to hinder Ge segregationstrate that no Si atoms are present on the top layer after the
during the Si deposition onto the @®0) surface has been deposition of 0.8 monolayer Si on the @60 surface at 730
observed in both chemical vapor deposition and moleculak and that Cl-termination pulls out the indiffused Si to form
beam epitaxy:*° Similar to hydrogen in the formation of CI-Si bonds upon 550—690 K annealing. Above 680 K,
single bonds, chlorinated silicon, and germanium com-hlorine desorbs in the form of Siglalthough the top layer
pounds, such as Sigl SiClg, and GeCJ, are extensively of the starting 0.8-ML-Si/GA00 surface consists of
employed in the Si and Ge epita}y/Being more chemically Ge—Ge dimers only.
aggressive, chlorine is also commonly used in the commer- The photoemission experiments were performed in a
cial etching processéé.Hence, the interaction of chlorine w-metal shielded UHV system utilizing a 1.5-GeV synchro-
atoms with Si/Ge surfaces and interfaces has received muaton radiation in the Taiwan Light Source, Hsinchu, Taiwan.
attention*~1® Many different techniques, including x-ray Light from the storage ring was dispersed by a wide-range
photoelectron spectroscop¥PS), temperature programmed spherical grating monochromator. The photocurrent from a
desorption(TPD), low-energy electron diffractiodLEED), = gold mesh positioned in the synchrotron beam path was
and scanning tunnelling microscog$TM), have been used monitored to relatively measure the incident photon beam
to investigate the adsorption and thermal desorption of chloflux. The Si deposition, Gladsorption and annealing were
rine on the Sil00) and S{111) surfaces? The results of preparedn situ under UHV conditions. Photoelectrons were
STM suggest that GImolecules dissociatively chemisorb on collected at normal emission angle by a 125-mm hemispheri-
surface dangling bonds and that the Cl-saturatétioB) sur-  cal analyzer. The overall energy resolution was less than 120
face is wholly composed of the Cl-saturated Si—Si dimergmeV.
which appear symmetric in the room-temperature STM The G100 samples were sliced from commeramatype
images* The Cl-saturated Ge(100)>21 surface, exhibiting wafers. After outgassing at-800 K for ~12 hours, the
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FIG. 1. The Ge 8 core-level photoemission spectrcles for . . .
- . FIG. 2. The corresponding Sip2core-level photoemission spec-
h .8-ML— 100)>21 I h . . .
the starting 0.8 Si/Ge(100) sample (bottom and the tra (circles for the starting 0.8-ML—Si/Ge(100)>21 sample(bot-

same sample after Ckaturation followed by annealing at various tom) and th le after.Gaturation foll db |
temperatures. The solid curves are fits to the spectra. The curveg € same sampie aftery\saluration foflowed by annhea™

labeled B, S, and GeCl are the results of decomposition of th ng at vgriou§ tgmperatures. TO. eliminate the band bendipg effect,
spectra into contributions from bulk, the surface, and GeCl specie he relative binding energy for Sigerefers to the corresponding Ge

respectively. The energy zero refers to thy,3 bulk position for f.td5’(2“r|]% of the B co(;nfhonznt in Fig. 1t Th? tcurt\)/el':l‘,(sho(;/vsthgl overall
the clean Ge(100)-21 surface. its (solid curveg and the decomposition into bulk and SiCl com-

ponents.

clean Ge(100)—-& 1 sample was obtained by cyclic sputter-
ing with 500-eV Ar* and followed by DC Joule heating to usual mannet!’ Each component bearing a pair of spin—
~1000 K for 60 s. Disilané\oltaix, ultrahigh purity grade  orbit—split peak is assumed to have the same \oigt line
and C} was introduced into the chamber through a precisiorshape.
leak valve in a small dosing chamber. The disilane dosing High-resolution core-level photoemission spectroscopy
pressure was around>510 8 torr. The substrate tempera- distinguishes surface atoms in nonequivalent sites and in dif-
ture was varied by controlling the DC current through theferent chemical bonding configurations according to their
samples. The samples’ temperature as a function of heatirgprresponding binding energy shiftsThe Si 2 spectrum
power was measured with an infrared pyrometer and califor the starting 0.8-ML—-Si/Ge(100)>21 surface(bottom
brated by attaching a small thermocouple to the center of thepectrum in Fig. 2exhibits only one spin—orbit—split com-
back face of an identical test sample. Each annealing lastgabnent(B). The S component typically shown in the spec-
for 60 s. trum for the clean Si(100)—21 surface is not observed.
The Si deposition on the clean Ge(100%-2 sample was After Cl saturation, the intensity of the Sip2spectrum is
performed by atomic layer epitaxfALE), i.e., 15-L  attenuated by the chlorine termination layer 820%, but
(1 langmuir=10"° torrs) disilane exposure at-325 K its line shape remains largely the same as a single compo-
followed by thermal annealing at 730 K. The amount of Sinent. Owing to small core-level shifts from different subsur-
deposited in a cycle is about 0.4 MLand therefore, a net face layers, the line shape of the B component is not particu-
deposition of about 0.8-ML Si is estimated after 2 cycles oflarly narrow. Chlorine has a large electronegativity and its
Si ALE. Here, one monolayer is defined as the site densityponding to surface Si atoms shifts Cp dinding energy by
for unreconstructed G&00) surface, i.e., 6.24 ~0.9 and~1.7 eV for the SiCl and SiGlsurface species,
x 10" atoms/cn. Figures 1-3 show the surface-sensitiverespectively'® Thus, it is visually conceivable that a negli-
Ge 3d, Si 2p, and Cl 2o core-level spectrécircles, respec-  gible amount of Cl-Si bounds are present on the top layer of
tively, and their least-squares fiturves for the starting the 0.8-ML-Si/Ge(100)-X 1 sample and nearly all the de-
0.8-ML-Si/Ge(100)-X% 1 surface, and for the same surface posited 0.8-ML Si atoms indiffuse into the subsurface and
saturated by Glat 325 K followed by successive annealing bulk environment. This scenario is consistent with the previ-
to higher temperatures. The fitting was carried out in theous reports which suggested that all the Si atoms move be-
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the (a) Ge 3, (b) Si 2p, and(c) Cl 2p core-level spectra. The extra
FIG. 3. Cl 2p core-level photoemission specti@rcles for the ~ data points at 325 Kon the axis) mark the intensities of relevant
Cl-terminated Ge(100)-21, the 0.8-ML-Si/Ge(100)-1  components before Cexposure.
sample and the same sample after annealing at various tempera-

tures. Again, the relative binding energy refers to the correspondlng“:)mIng to 680 K, the intensity of the GeCl component in the
Ge s, line of the B component in Fig. 1. The curves show the Ge 3 spectra(Fig. 1) also decreases, as depicted in Fig.
overall fits (solid curve$ and their decomposition into the Cind .
Cl, components. 4(a), and'a second compongﬁgbeled CJ) in the CI 2p

9 spectra(Fig. 3) arises at a binding energy 0.64 eV higher
low the top surface layer and forms a Si—Ge alloy in thethan for CJ;. The normalized integrated intensities of thg Cl
subsurface region during both the molecular-beam epitaxgnd CL components in Fig. 3 account for the relative abun-
and chemical vapor depositidf® The Si indiffusion is fur-  dance of surface Cl-Ge and Cl-Si species and are plotted in
ther supported by the Ged3and Cl 2 spectra. In Fig. 3, the Fig. 4(c). The intensity of the total initial Cl coverage is
bottom CI 2» spectrum for the Gtsaturated Ge(100)521  about 1 ML, as suggested in Refs. 14 and 15.
surface shows one single spin—orbit—split compongamt As Fig. 4c) depicts, the coverage of Cl gradually de-
beled C}), which apparently originates from the Cl-Ge sur- creases to only-0.8 ML at around 550 K. Since Cl-Ge
face species. The Cl®2spectrum(second to bottofor the  bonds are weak and the etch product Ge@ésorbs at
Cl-terminated 0.8-ML—Si/Ge(100)321 surface also exhib- ~620 K on the Cl:G€100) surface’® a small amount of Gl
its one single spin—orbit—split component with a similaris likely to be recombinatively desorbed at this temperature
binding energy position and, therefore, this component is rerange. The Cl coverage decreases more rapidly between 550
sponsible for the Cl-Ge surface species. Sm@mponent of and 620 K in the form of Glor GeC}.* In Figs. 4b) and
the corresponding Ged3spectrum(Fig. 1) vanishes upon Cl  4(c), it is discernible that the intensity evolution of the SiCl
termination and a componeifitabeled GeQl appears at a component closely resembles that of the Gmponent in
binding energy 0.61 eV higher than bulk Ge. The new com+the ClI 2p spectra, strongly implying that the formation of the
ponent corresponds to a GeCl species since its binding eGI-Si bonds on the surface. Since Cl atoms can only form
ergy shift is close to the reported value 0.6 for GeCI®  single bonds and they always terminate the surface. Thus, the
Upon annealing to 550 K, the Sip2spectrum in Fig. 2 formation of the Cl-Si bonds denotes the elimination of ex-
includes a small second component on the higher bindingsting Cl-Ge bonds, leading to the decrease in the intensity
energy side, as marked by an arrow. As the annealing tensf the GeCl component, as shown in Figay This replace-
perature increases to 680 K, the new componatteled ment of CI-Si bonds with CI-Ge bonds suggests that the
SiCl) grows, while the intensity of the B component falls. deposited Si atoms, which have indiffused into the subsur-
The absolute intensities of the SiCl and the B componentface region, must move upwards and undergo place ex-
are plotted in Fig. @). The SiCl component can be attrib- change with Ge atoms bonding with Cl. As shown in Fig.
uted to the SiCl surface species, because its binding energl(c), about 0.5 ML of chlorine atoms remain on the surface
shift of +0.89 eV is close to that found for the SiCl speciesat 680 K and mostly bond with Si. Above 680 K, the inten-
on the S{100) and S{111) surfaces? During successive an- sity of Cl 2p declines more rapidly, as indicated by the re-
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duction in ClI 2p intensity. After complete desorption of Cl at is 1.2 times that of the bulk component before annealing. If
820 K, the integrated intensity of Ged3remains almost the simple layer attenuation model is with3.3 A escape
unchanged while that of SiRis ~33% lower than before depth}’ the Si atoms average moves2 atomic layers up-

Cl adsorption. This means that0.25 ML of the total(0.8  ward to exchange with Ge. Therefore, the exchange mecha-
ML) deposited Si atoms is removed from the sample. Theredism (in which the exchanged Si and Ge layers are next to
fore, the desorption product around 700 K is in the form of€ach otherproposed in Ref. 20 is not applicable here and the
SiCl,. This desorption temperature is appreciably lower tharftomic detail for the exchange of Cl-Ge and CI-Si species is
the SiC}, desorption peak{830 K) on the CI:Si(100)-2 not clear at this point. Since both the surface Si and Ge

X 1 samples, which is likely due to the fact that the surfac |

ntermixing on S{100?* and Si indiffusion on GE00®
CI—Si species are now bonded with the subsurface Ge a%“ave been found to occur at near room temperature without
that Ge—Si bonds are weaker than that of Si—Si bonds.

e introduction of defects, the activation energies of these
For a monolayer Si deposited Ge(100%-2 surface, a

surface reactions appear much lower than intuitive expecta-
theoretical study showed that the energy for a segregate

tion.
structure, in which Si occupies the second layer while In summary, the chemical-state resolved G& Si 2p,

Ge—Ge dimers float to the surface, is 0.38 eV/dimer loweind €1 P core-level spectra demonstrate that 0.8-ML depos-

than that for the nonsegregaté8i—Si dimer terminated ited Si indiffuses about 2 atomic layers deep on Ge(100)-2

surface’ Chlorine adsorption dramatically reverses the sity- < 1 and that the 0.8-ML-Si/G&00) surface has a fully Ge-

ation: the Cl—Si—Si—Cl monochloride surface is energeti_termmated structure. CI adsorption reverses the Si indiffu-

cally favored over the Cl—-Ge—Ge—Cl surfageith Si in the sion upon annealing. These results are in excellent agreement

. _with recent theoretical findings that the energy for a segre-
seco_nd layer by. 0.3 eV per dimef. Therefore, thermody ated structure is lower than that of the nonsegregated Si—Si
namic forces drive the replacement of the CI-Ge bonds b

CI-Si, upon thermal activation. The occurrence of the Si—GemI ?rf(;chﬁ’(a)rr?;g‘?stsgacse’uir;agr?ergggcarlga%u?r? mg;?z;s;;tile
place exchange on the CI:Si/@€0 surface has been simi-

larly observed during atomic hydrogen exposure on the Get-han the Cl-Ge-Ge~Cl surface. Abave 680 K, chlarine de-

: o bs in the form of SiG| although the top layer of the
covered Si100) surface?® To explain the kinetics of the o . .
place exchange between Ge and Si, the authors in Ref. arting 0.8-ML-SI/GEL0Q surface consists of Ge-Ge

. e : . dimers only.
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