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進度與結果簡要說明 
今年，我們對超薄離子固體累積更多

更好瞭解，我們在 NaCl 在 Ge(100)的
atomic layer epitaxy方面獲得突破，數據已

整理準備發表中。合作的理論計算

Atomic and Electronic Structures of 
thin NaCl films grown on the Ge(001) 
surface 已投稿。KCl 在 Si(100)上的成長

與特性也準備發表中，第一板初稿 Novel 
structure of ultra thin KCl layers on the 
Si(100)-2x1 surface 附於後。 

我們了解實驗室近期成果發表速度稍

慢些，其實我們有很多很不錯的實驗結果

(可在我們網頁中看到一部分尚未發表成

果)，我們是希望結合理論計算結果，再

完整發表好的科學論文，這種新結合

(Photoemission + STM + calculation)須

要一些時間磨合，請國科會不要心急，我

們設定了品質目標，也知道努力的方向。 
在主計畫實驗展開與硬體設施方面，

因為本計畫時期較長，國科會又加大了我

們經費使用時間年度限制的彈性，而且計

劃後面兩年將無新設備經費，因此我們有

時間，也必須作較長遠規劃。下年度開

始，我們實驗室將遷移到清華大學物理

系，本計畫將隨之轉移，除了必要的一部

份顯微鏡軟硬體更新與性能提升外，設備

經費經費將保留與其他經費合併運用，這

些技術上的細節我們暫且不在此報告，我

們在下年度中可能會須要變更一部分設備

經費運用之計畫，屆時再詳細說明我們最

新的、最有效的經費運用考量。 
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In this paper, we investigate the growth and structure of ultra thin Potassium Chloride (KCl)
films on the Si(100)-2x1 surfaces. The bonding nature between the atomic layer of ionic solid and the
prototypical semiconductor surface is examined by synchrotron radiation core-level photoemission
and real-time variable-temperature scanning tunneling microscopy. The Si 2p, K 3p, and Cl 2p
core level spectra together indicate that interface is sharp and the ultra KCl overlayers possess
similar property with the bulk KCl crystal. STM results reveal a novel c(4x4) structure at 1-ML
coverage. Using DFT calculation, a model that consists of a periodical pyramidal geometry is found
to accord with experimental result. In the model, the large lattice mismatch between the KCl layer
and substrate causes the two dimensional ionic layer to ball up in four fold tetrahedral directions,
making up the cluster array corresponding to bright protrusions in STM images.

PACS numbers: 68.35.Ct, 68.35.bj, 68.37.Ef

I. INTRODUCTION

The nature of the solid-solid interface between very
dissimilar materials has become a subject of special inter-
est in condensed matter physics, since novel atomic and
electronic structures appear at the interface. Growth of
ultrathin epitaxial insulating film and the possibilities to
structure these films by a self-organized process is highly
important. On both semiconductors and metals, such
layers are needed to separate conducting material in the
ultra-small electronic devices of the future. In addition,
alkali halides are often regarded as the model structure
for both testing experimental methodologies and vali-
dating new theories. Thus, thin alkali halide films on
semiconductors (e.g. CaF2/Si and NaCl/Ge et. al.) or
on metals (e.g. NaCl/Ag, KCl/Cu, KCl/Ag, LiCl/Cu,
NaCl/Cu and NaCl/Al el. al) have been regaining tech-
nological interest recently, as they are relevant for both
their electronic and catalytic properties. The interest-
ing problems include the growth mechanics, atomic and
electronic structures and interface states. It also seems
to affect the surface color center generation.

Thin salt films such as NaCl and KCl can grow epi-
taxially on Ge(001) with a high degree of quality un-
der appropriate conditions due to the small mismatch of
only 0.5% of the NaCl and Ge lattice constant. There-
fore, NaCl/Ge(001) is an ideal candidate for studying
the mechanisms of ionic/covalent geteroepitaxy. A wide
range of experimental studies of NaCl on Ge(001) have
been carried out. The remarkable and unique growth
mode (carpet mode) is suggested for NaCl film of 3-8 dou-
ble layers (DL) of thickness by high-resolution low-energy
electron diffraction (LEED) studies. Experimental re-
sults also suggest that the subsequent growth of NaCl on
the modified surface occurs through the formation of is-
lands with the thickness of a triple-layer, which fills in un-

til the triple-layer is complete. A well-resolved square lat-
tice with a lattice constant of 4.0 STM image is observed,
and Glockler et al. suggested that only one type of ions
(Na+ or Cl-) of the NaCl(001) plane is imaged as white
protrusions. On the other hand, the NaCl/Ge interface
should play an important role for the growth mode, but
only a few experiments have studied the properties of
buried interfaces. This is due to the instability of alkali
halides surface during electron irradiation. Lucas et al.
found that the c(4x2) surface reconstruction, a character-
istic of clean Ge(001) at low temperatures, is suppressed
immediately upon deposition of NaCl, (not clear, do you
mean: (2x1) symmetric surface structure, another kind
of reconstrucution of clean Ge(100) was observed after
growth of NaCl film up to 6 ML.) instead of preserv-
ing the (2x1) symmetry surface structure, even after 6
monolayers (ML) of NaCl film has been grown. Zielasek
et al. found the electronic states located at the interface
in electron energy loss scattering (EELS) measurement,
and suggested that the dimerization of the Ge(001) sur-
face not be removed at the NaCl/interface even if the
thickness of NaCl is up to 20 ML.

Several problems about the structural and electronic
properties of this system such as atomic adsorption sites,
charge transfer of interfaces, and the nature of the inter-
face, are under debate. Until now, the theoretical models
are lacking for completely describing the epitaxial growth
mechanism.

II. EXPERIMENTAL

The Si(100) samples were sliced from Antimony doped
with the resistance of 0.01 Ω·cm. After thorough out-
gassing at ∼900 K, the dimerized clean Si(100) surface
was obtained by feedback-controlled heating to ∼1450 K
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for a few seconds. After direct heating, KCl of 99.99%
purity was evaporated from a alumina crucible by a feed-
back controlled electron bombardment beam. The de-
position rate was measured by a integral flux monitor
calibrated by a quartz-crystal thickness monitor. The
substrate temperature during growth was about 330 K.

The photoemission spectra were observed at the Tai-
wan Light Source laboratory in Hsinchu, Taiwan. Syn-
chrotron radiation from a 1.5-GeV storage ring was dis-
persed by a wide-range spherical grating monochromator
(SGM). The photocurrent from a gold mesh positioned
in the synchrotron beam path was monitored to mea-
sure the relative incident photon beam flux. Photoelec-
trons were collected 15◦ from 60◦ off normal emission
and analyzed by a 125-mm hemispherical analyzer in a
µ-metal shielded UHV system. The overall energy res-
olution was less than 120 meV. The STM measurement
was performed in a separated UHV chamber.

III. RESULTS

A. Photoemission results

High-resolution core level photoemission spectroscopy
can be used to distinguish atoms at nonequivalent sites
and in different chemical bonding configurations, accord-
ing to shifts in their binding energy.17. In the following
analysis of the Si and Cl 2p core level spectra, we use
Voigt line shapes that consist of component of spin-orbit
split doublets is assumed to have the same Figures 1(a)
and 1(b) show the respective surface-sensitive Si 2p and
Cl 2p core-level spectra (circles) for Chlorine terminated
Si(100)-2×1 surface and clean Si(100) covered with vari-
ous amount of KCl. The coverage was expressed in terms
of Si(100) monolayers (ML), and 1 ML = 6.78 × 1014

atoms/cm2. The bottom Cl 2p spectrum in Fig. 1(b)
spectra in Fig. 1(b) can be analyzed with only one com-
ponent that consists of a pair of split doublets separated
by 1.60 eV. The bottom spectrum in Fig. 1(a) displays
the Si 2p core level spectra for the Cl-Si(100)-2×1 sur-
face. This Si 2p spectrum consists of two components,
B and Si+, separated by about 0.90 eV. The B compo-
nent was responsible for emission from the bulk and the
Si+ component from the surface Si-Cl species.19 All fit-
ting was least-squares fitting.18 The results of the fits are
inidcated by the solid curves overlapping the data points.

The results in Figs. 1(a) and 1(b) show that the inte-
grated intensities of Cl 2p spectra increase at the expense
of Si 2p, indicating that KCl films grow epitaxially. The
second lowmost Si 2p spectrum obtained from a clean
Si(100) surface exhibits a prominent peak S at the low
binding energy side. This component has been attributed
to emission from up atoms of asymmetric dimers. At sub-
monolayer coverage of KCl, the intensity of the S com-
ponent in spectra deceases progressively, indicating that
the up atoms in the dimerized layer lose their negatively
charged characteristics upon adsorption of KCl. The tail
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FIG. 1: The (a) Si 2p and (b) Cl 2p core level photoemis-
sion spectra (circles) for the Cl-Si(100)-2×1 surface and the
Si(100) surface with various amounts of KCl deposition as la-
beled. The solid curves are fits to the spectra. The curves
labeled B, S, I and Si+ are the results of decomposition of the
Si 2p spectra into contributions from the bulk, clean surface,
interface layer, and Si-Cl species, respectively. The energy
zero in (a) refers to the 2p3/2 bulk position. To eliminate the
band bending effect, the relative binding energy for the Cl
2p refers to the corresponding Si 2p3/2 line of the B compo-

nent in (a). Dash lines are shown through the B, S, and Si+

components as a guide to the eye.

on the higher binding energy side for Si 2p with 0.25 and
0.5 ML KCl coverage locate near the position of the Si+
component, indicating that a portion of adsorbed KCl
molecules decomposes and Si-Cl bonds are presented on
the surface. The

Figure 2 plots the integrated intensities of the Cl 2p
spectra (ICl), which is proportional to the surface Cl cov-
erage. The integrated intensity of the bottom spectrum
is normalized to be 1.0 because the chlorine coverage is
nominally 1 ML for the Cl-saturated Si(100) surface be-
fore H-atom bombardment. ICl decreases linearly with
the dosage of H-atoms at the early stage, indicating that
Cl atoms were removed by impinging H atoms. This re-
sult is consistent with a previous study.11
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FIG. 2: The valence band region of the Si(100) surface with
various KCl coverage as indicated. Similar to Fig. 1(b), the
relative binding energy refers to the corresponding Si 2p3/2

line of the B component in Fig. 1(a). The vertical dash lines
are guide to the eye to show the general trend in the binding
energy shifts of K 2p and Cl 3p.

As the exposure of atomic hydrogen increases, both the
intensities of the Si+ component and the Cl 2p spectra
drop off. This occurrence suggests that H atoms reduce
the surface Cl coverage, as a previous report has found.11
After >1000 L of apparent exposure, the line shape of Si
2p is similar to that (top spectrum in Fig. 1(b)) obtained
by direct, high-dosage hydrogen exposure on the clean
Si(100)-2×1 surface at room temperature.20 This obser-
vation indicates that hydrogen atoms terminate nearly
all surface dangling bonds and form a mixture of dihy-
dride and monohydride surface when most Cl atoms are
extracted. Note that a small component labeled Si2+
emerges in Fig. 1(b) after H impingement. The chemi-
cal shift of Si2+, around 1.78 eV on the higher bonding
energy side of B, is consistent with a charged state of
+2 for Si atoms and responsible for SiCl2 species.14 Pre-
sumably, the SiCl2 species were formed as a consequence
of the highly exothermic uptake of halogens during the
extraction. Although more study is needed, the emer-
sion of the dichloride species implies that impinging H
atoms induce other surface reactions besides extracting
upon collision with a surface adatom.
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FIG. 3: STM images showing the coverage evolution with
(a) 0.1-, (b) 0.3-, (c) 0.5-, (d) 0.8-, , and (e) 1.2–ML KCl
deposition on the Si(100)-2×1 surface. The sample bias used
was –2.3 — –2.5 V. The images cover an area of about 40×20
nm2. The white arrows indicate the dimer-row direction in
the top silicon layer. (f) The apparent topographic height
profile taken along the green line marked in (e).

B. STM results

The clean double-domain Si(100) surface consists of
rows of dimers; the two dangling bonds from the two
atoms in a dimer form a weak pi-bond.21 Figures 3 and
4 show the evolution of the Si(100) surface after KCl de-
position at about 330 K. In Fig. 3 the dimer-row direc-
tions in the top Si layer before deposition are indicated
by white arrows. Upon small amount of KCl adsorption,
noisy images resulting from the often unstable feedback
loop were observed. Besides a handful of dark sites on the
dimerized surface as shown in better images such as Fig.
3a, no apparent KCl adsorption species are discerned at
coverage below 0.2 ML. The unstable scans and fewer-
than-expected apparent adsorption species together indi-
cate that the deposited KCl molecules at low coverage are
not strongly chemisorbed and likely quite mobile on the
clean Si surface. As KCl adsorption accumulates to near
0.3 ML, random bright protrusions develop and grow in
numbers as Fig. 3(b) and 3(c) show. Larger than atomic
sizes and not observed at ¡ 0.2 ML, these protrusions
are likely nucleated clusters of KCl formed after critical
supersaturation.1

At above 0.6 ML, well-ordered c(4x4) arrays of pro-
trusions appear and grow in size amid the disordered
clusters as Fig. 4(a) and Fig. 3(d) display. Each of
the c(4x4) cells consists only one elongated elliptical pro-
trusion as which semimajor axis is perpendicular to the
substrate dimer-row direction. While the atomic features
are not resolved, the size of these protrusions suggests
that each protrusion is the collective feature of a KCl-
substrate cluster, denoted as Cluster A. At around 1.0
ML the c(4x4) domains expand to fill the terraces as
Fig. 4(b) shows. As Figs. 3(d) and 3(e) depict, the frag-
mented c(4x4) areas are separated by domain boundaries
that possess of no apparent atomic ordering. Above 1
ML coverage, clusters of a new kind (denoted as Clus-
ter B) appearing as bright protrusions in Fig. 3(e) and
4(b). Cluster B randomly disperse in the area of domain
boundaries and often form linear chains on top of c(4x4)
regions. As KCl deposition continues, STM images such
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FIG. 4: Large area STM images (200×100 nm2) showing the
coverage evolution with (a) 0.6-, (b) 1.2-, (c) 2.4-, and (d) 3.6-
ML KCl deposition on the Si(100)-2×1 surface. The sample
bias used was -2.3 V. The islands in (c) have an apparent
height of about 1.7 A. (e) and (f) are apparent topographic
height profiles taken along horizontal lines marked in (c) and
(d), respectively.

as Figs. 4(c) and 4(d) show that the two dimensional
island growth multilayer growth is followed and above 2
ML, images Up to 2 ML coverage

IV. DISCUSSION

The calculations of total energy were performed us-
ing VASP code20-22 within LDA of DFT. The Ceperley-
Alder23 exchange-correlation function, as parameterized
by Perdew and Zunger, was adopted. A repeated-slab
supercell model was employed. Each slab includes ten
atomic layers of Ge and the adlayers of Na and Cl; H
atoms are attached to the bottom-layer Ge atoms to sat-
urate their dangling bonds. The heights of the super-
cell in the [001] direction were fixed to 6 nm, which was
sufficiently large to prevent coupling between the slabs
even for the Na, Cl and H adsorbed on both Ge sur-
faces. The wave functions were expanded using a plane-
wave basis with an energy cutoff of 25.72 Ry (350 eV).
The electron-ion interaction pseudopotentials supported
by VASP were specified using the projector-augmented
wave (PAW) method,25 in which the 2p and 3s electrons
of the Na atom, the 3s and 3p electrons of the Cl atom,

and 3d, 4s and 4p electrons of the Ge atom are considered
the valence electrons. The calculated lattice parameter
of bulk Ge was 5.621 Angstrom which included a 0.6 %
error from the experimentally determined value. An 88
k (4x4) Monkhorst and Pack mesh, equivalent to 32 (8)

4.37 2.50

[110]

[1
1

0
]

(a) (b)

( c) (d)

1

1

1

2

2 3

3

4

4

5

5

6 7

6

7

FIG. 5: (a) Close-up image of the c(4x4) structure shown
in Fig. 4(b). The red rectangle denotes the unit cell of the
ordered clusters. The bright protrusions on the lower area
are Cluster B. (b) Top, (c) perspective, and (d) side view
through atoms 1 and 2 in (b) of the atomic model of the
c(4x4) structures. Blue, green, and purple circles indicate Si,
Cl, and Na atoms, respectively.

irreducible k points, was used to sample the surface Bril-
louin zone of a (4x4) unit cell. By fixing the bottom
double Ge and H layers, the structure was optimized un-
til the residual force acting on each atom was less than
0.01 eV/.
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The nature of the solid-solid interface between very
dissimilar materials has become a subject of special inter-
est in condensed matter physics, since novel atomic and
electronic structures appear at the interface. Growth of
ultrathin epitaxial insulating film and the possibilities to
structure these films by a self-organized process is highly
important. On both semiconductors and metals, such
layers are needed to separate conducting material in the
ultra-small electronic devices of the future. In addition,
alkali halides are often regarded as the model structure
for both testing experimental methodologies and vali-
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semiconductors (e.g. CaF2/Si and NaCl/Ge et. al.) or
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nological interest recently, as they are relevant for both
their electronic and catalytic properties. The interest-
ing problems include the growth mechanics, atomic and
electronic structures and interface states. It also seems
to affect the surface color center generation.


Thin salt films such as NaCl and KCl can grow epi-
taxially on Ge(001) with a high degree of quality un-
der appropriate conditions due to the small mismatch of
only 0.5% of the NaCl and Ge lattice constant. There-
fore, NaCl/Ge(001) is an ideal candidate for studying
the mechanisms of ionic/covalent geteroepitaxy. A wide
range of experimental studies of NaCl on Ge(001) have
been carried out. The remarkable and unique growth
mode (carpet mode) is suggested for NaCl film of 3-8 dou-
ble layers (DL) of thickness by high-resolution low-energy
electron diffraction (LEED) studies. Experimental re-
sults also suggest that the subsequent growth of NaCl on
the modified surface occurs through the formation of is-
lands with the thickness of a triple-layer, which fills in un-


til the triple-layer is complete. A well-resolved square lat-
tice with a lattice constant of 4.0 STM image is observed,
and Glockler et al. suggested that only one type of ions
(Na+ or Cl-) of the NaCl(001) plane is imaged as white
protrusions. On the other hand, the NaCl/Ge interface
should play an important role for the growth mode, but
only a few experiments have studied the properties of
buried interfaces. This is due to the instability of alkali
halides surface during electron irradiation. Lucas et al.
found that the c(4x2) surface reconstruction, a character-
istic of clean Ge(001) at low temperatures, is suppressed
immediately upon deposition of NaCl, (not clear, do you
mean: (2x1) symmetric surface structure, another kind
of reconstrucution of clean Ge(100) was observed after
growth of NaCl film up to 6 ML.) instead of preserv-
ing the (2x1) symmetry surface structure, even after 6
monolayers (ML) of NaCl film has been grown. Zielasek
et al. found the electronic states located at the interface
in electron energy loss scattering (EELS) measurement,
and suggested that the dimerization of the Ge(001) sur-
face not be removed at the NaCl/interface even if the
thickness of NaCl is up to 20 ML.


Several problems about the structural and electronic
properties of this system such as atomic adsorption sites,
charge transfer of interfaces, and the nature of the inter-
face, are under debate. Until now, the theoretical models
are lacking for completely describing the epitaxial growth
mechanism.


II. EXPERIMENTAL


The Si(100) samples were sliced from Antimony doped
with the resistance of 0.01 Ω·cm. After thorough out-
gassing at ∼900 K, the dimerized clean Si(100) surface
was obtained by feedback-controlled heating to ∼1450 K
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for a few seconds. After direct heating, KCl of 99.99%
purity was evaporated from a alumina crucible by a feed-
back controlled electron bombardment beam. The de-
position rate was measured by a integral flux monitor
calibrated by a quartz-crystal thickness monitor. The
substrate temperature during growth was about 330 K.


The photoemission spectra were observed at the Tai-
wan Light Source laboratory in Hsinchu, Taiwan. Syn-
chrotron radiation from a 1.5-GeV storage ring was dis-
persed by a wide-range spherical grating monochromator
(SGM). The photocurrent from a gold mesh positioned
in the synchrotron beam path was monitored to mea-
sure the relative incident photon beam flux. Photoelec-
trons were collected 15◦ from 60◦ off normal emission
and analyzed by a 125-mm hemispherical analyzer in a
µ-metal shielded UHV system. The overall energy res-
olution was less than 120 meV. The STM measurement
was performed in a separated UHV chamber.


III. RESULTS


A. Photoemission results


High-resolution core level photoemission spectroscopy
can be used to distinguish atoms at nonequivalent sites
and in different chemical bonding configurations, accord-
ing to shifts in their binding energy.17. In the following
analysis of the Si and Cl 2p core level spectra, we use
Voigt line shapes that consist of component of spin-orbit
split doublets is assumed to have the same Figures 1(a)
and 1(b) show the respective surface-sensitive Si 2p and
Cl 2p core-level spectra (circles) for Chlorine terminated
Si(100)-2×1 surface and clean Si(100) covered with vari-
ous amount of KCl. The coverage was expressed in terms
of Si(100) monolayers (ML), and 1 ML = 6.78 × 1014


atoms/cm2. The bottom Cl 2p spectrum in Fig. 1(b)
spectra in Fig. 1(b) can be analyzed with only one com-
ponent that consists of a pair of split doublets separated
by 1.60 eV. The bottom spectrum in Fig. 1(a) displays
the Si 2p core level spectra for the Cl-Si(100)-2×1 sur-
face. This Si 2p spectrum consists of two components,
B and Si+, separated by about 0.90 eV. The B compo-
nent was responsible for emission from the bulk and the
Si+ component from the surface Si-Cl species.19 All fit-
ting was least-squares fitting.18 The results of the fits are
inidcated by the solid curves overlapping the data points.


The results in Figs. 1(a) and 1(b) show that the inte-
grated intensities of Cl 2p spectra increase at the expense
of Si 2p, indicating that KCl films grow epitaxially. The
second lowmost Si 2p spectrum obtained from a clean
Si(100) surface exhibits a prominent peak S at the low
binding energy side. This component has been attributed
to emission from up atoms of asymmetric dimers. At sub-
monolayer coverage of KCl, the intensity of the S com-
ponent in spectra deceases progressively, indicating that
the up atoms in the dimerized layer lose their negatively
charged characteristics upon adsorption of KCl. The tail
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FIG. 1: The (a) Si 2p and (b) Cl 2p core level photoemis-
sion spectra (circles) for the Cl-Si(100)-2×1 surface and the
Si(100) surface with various amounts of KCl deposition as la-
beled. The solid curves are fits to the spectra. The curves
labeled B, S, I and Si+ are the results of decomposition of the
Si 2p spectra into contributions from the bulk, clean surface,
interface layer, and Si-Cl species, respectively. The energy
zero in (a) refers to the 2p3/2 bulk position. To eliminate the
band bending effect, the relative binding energy for the Cl
2p refers to the corresponding Si 2p3/2 line of the B compo-


nent in (a). Dash lines are shown through the B, S, and Si+


components as a guide to the eye.


on the higher binding energy side for Si 2p with 0.25 and
0.5 ML KCl coverage locate near the position of the Si+
component, indicating that a portion of adsorbed KCl
molecules decomposes and Si-Cl bonds are presented on
the surface. The


Figure 2 plots the integrated intensities of the Cl 2p
spectra (ICl), which is proportional to the surface Cl cov-
erage. The integrated intensity of the bottom spectrum
is normalized to be 1.0 because the chlorine coverage is
nominally 1 ML for the Cl-saturated Si(100) surface be-
fore H-atom bombardment. ICl decreases linearly with
the dosage of H-atoms at the early stage, indicating that
Cl atoms were removed by impinging H atoms. This re-
sult is consistent with a previous study.11
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FIG. 2: The valence band region of the Si(100) surface with
various KCl coverage as indicated. Similar to Fig. 1(b), the
relative binding energy refers to the corresponding Si 2p3/2


line of the B component in Fig. 1(a). The vertical dash lines
are guide to the eye to show the general trend in the binding
energy shifts of K 2p and Cl 3p.


As the exposure of atomic hydrogen increases, both the
intensities of the Si+ component and the Cl 2p spectra
drop off. This occurrence suggests that H atoms reduce
the surface Cl coverage, as a previous report has found.11
After >1000 L of apparent exposure, the line shape of Si
2p is similar to that (top spectrum in Fig. 1(b)) obtained
by direct, high-dosage hydrogen exposure on the clean
Si(100)-2×1 surface at room temperature.20 This obser-
vation indicates that hydrogen atoms terminate nearly
all surface dangling bonds and form a mixture of dihy-
dride and monohydride surface when most Cl atoms are
extracted. Note that a small component labeled Si2+
emerges in Fig. 1(b) after H impingement. The chemi-
cal shift of Si2+, around 1.78 eV on the higher bonding
energy side of B, is consistent with a charged state of
+2 for Si atoms and responsible for SiCl2 species.14 Pre-
sumably, the SiCl2 species were formed as a consequence
of the highly exothermic uptake of halogens during the
extraction. Although more study is needed, the emer-
sion of the dichloride species implies that impinging H
atoms induce other surface reactions besides extracting
upon collision with a surface adatom.
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FIG. 3: STM images showing the coverage evolution with
(a) 0.1-, (b) 0.3-, (c) 0.5-, (d) 0.8-, , and (e) 1.2–ML KCl
deposition on the Si(100)-2×1 surface. The sample bias used
was –2.3 — –2.5 V. The images cover an area of about 40×20
nm2. The white arrows indicate the dimer-row direction in
the top silicon layer. (f) The apparent topographic height
profile taken along the green line marked in (e).


B. STM results


The clean double-domain Si(100) surface consists of
rows of dimers; the two dangling bonds from the two
atoms in a dimer form a weak pi-bond.21 Figures 3 and
4 show the evolution of the Si(100) surface after KCl de-
position at about 330 K. In Fig. 3 the dimer-row direc-
tions in the top Si layer before deposition are indicated
by white arrows. Upon small amount of KCl adsorption,
noisy images resulting from the often unstable feedback
loop were observed. Besides a handful of dark sites on the
dimerized surface as shown in better images such as Fig.
3a, no apparent KCl adsorption species are discerned at
coverage below 0.2 ML. The unstable scans and fewer-
than-expected apparent adsorption species together indi-
cate that the deposited KCl molecules at low coverage are
not strongly chemisorbed and likely quite mobile on the
clean Si surface. As KCl adsorption accumulates to near
0.3 ML, random bright protrusions develop and grow in
numbers as Fig. 3(b) and 3(c) show. Larger than atomic
sizes and not observed at ¡ 0.2 ML, these protrusions
are likely nucleated clusters of KCl formed after critical
supersaturation.1


At above 0.6 ML, well-ordered c(4x4) arrays of pro-
trusions appear and grow in size amid the disordered
clusters as Fig. 4(a) and Fig. 3(d) display. Each of
the c(4x4) cells consists only one elongated elliptical pro-
trusion as which semimajor axis is perpendicular to the
substrate dimer-row direction. While the atomic features
are not resolved, the size of these protrusions suggests
that each protrusion is the collective feature of a KCl-
substrate cluster, denoted as Cluster A. At around 1.0
ML the c(4x4) domains expand to fill the terraces as
Fig. 4(b) shows. As Figs. 3(d) and 3(e) depict, the frag-
mented c(4x4) areas are separated by domain boundaries
that possess of no apparent atomic ordering. Above 1
ML coverage, clusters of a new kind (denoted as Clus-
ter B) appearing as bright protrusions in Fig. 3(e) and
4(b). Cluster B randomly disperse in the area of domain
boundaries and often form linear chains on top of c(4x4)
regions. As KCl deposition continues, STM images such
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FIG. 4: Large area STM images (200×100 nm2) showing the
coverage evolution with (a) 0.6-, (b) 1.2-, (c) 2.4-, and (d) 3.6-
ML KCl deposition on the Si(100)-2×1 surface. The sample
bias used was -2.3 V. The islands in (c) have an apparent
height of about 1.7 A. (e) and (f) are apparent topographic
height profiles taken along horizontal lines marked in (c) and
(d), respectively.


as Figs. 4(c) and 4(d) show that the two dimensional
island growth multilayer growth is followed and above 2
ML, images Up to 2 ML coverage


IV. DISCUSSION


The calculations of total energy were performed us-
ing VASP code20-22 within LDA of DFT. The Ceperley-
Alder23 exchange-correlation function, as parameterized
by Perdew and Zunger, was adopted. A repeated-slab
supercell model was employed. Each slab includes ten
atomic layers of Ge and the adlayers of Na and Cl; H
atoms are attached to the bottom-layer Ge atoms to sat-
urate their dangling bonds. The heights of the super-
cell in the [001] direction were fixed to 6 nm, which was
sufficiently large to prevent coupling between the slabs
even for the Na, Cl and H adsorbed on both Ge sur-
faces. The wave functions were expanded using a plane-
wave basis with an energy cutoff of 25.72 Ry (350 eV).
The electron-ion interaction pseudopotentials supported
by VASP were specified using the projector-augmented
wave (PAW) method,25 in which the 2p and 3s electrons
of the Na atom, the 3s and 3p electrons of the Cl atom,


and 3d, 4s and 4p electrons of the Ge atom are considered
the valence electrons. The calculated lattice parameter
of bulk Ge was 5.621 Angstrom which included a 0.6 %
error from the experimentally determined value. An 88
k (4x4) Monkhorst and Pack mesh, equivalent to 32 (8)
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FIG. 5: (a) Close-up image of the c(4x4) structure shown
in Fig. 4(b). The red rectangle denotes the unit cell of the
ordered clusters. The bright protrusions on the lower area
are Cluster B. (b) Top, (c) perspective, and (d) side view
through atoms 1 and 2 in (b) of the atomic model of the
c(4x4) structures. Blue, green, and purple circles indicate Si,
Cl, and Na atoms, respectively.


irreducible k points, was used to sample the surface Bril-
louin zone of a (4x4) unit cell. By fixing the bottom
double Ge and H layers, the structure was optimized un-
til the residual force acting on each atom was less than
0.01 eV/.
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