Atomic-level understanding of interfaces in the synthesis of crystalline oxides on semiconductors: Sr- and Ba/Si(100)(2x3) reconstructions
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The synthesis of novel functional crystalline films on semiconductor substrates calls for atomic-level knowledge and controlling of the initial stages of interface or junction formation. Technologically relevant epitaxial oxide films can be grown on Si(100) surfaces modified by submonolayer alkaline earth adsorbates, e.g., barium (Ba) and strontium (Sr). Nevertheless, the fundamental properties of such surfaces, i.e., Ba/Si(100) and Sr/Si(100) reconstructions are still controversial, which hinders a deeper insight into the synthesis of crystalline oxide films on silicon. In this study, scanning tunneling microscopy (STM), low-energy electron diffraction, synchrotron-radiation photoemission, and ab initio calculations have been utilized to examine Sr- and Ba-induced Si(100)(2x3) reconstructions which form the first, mediating step in the growth of various functional oxide films on Si(100). The presented results elucidate the atomic and electronic structures of the Si(100)(2x3)-Sr and –Ba interfaces, giving support to the so-called (2x3) dimer vacancy structure. In particular, using STM, we demonstrate an evidence for the Si dimer, one of the main structural elements of metal-induced reconstructions on semiconductor (100) surfaces. It is also shown that in contrast to the dimer vacancy geometry, the other models, proposed for the Sr- and Ba/Si(100)(2x3) earlier, cannot be adopted.

1. INTRODUCTION

Scaling down integrated circuits demands the synthesis and study of novel high-permittivity (high-k) films and their interfaces with semiconductor substrates, since the further reduction of the thickness of traditional insulating layers, such as SiO2, in field-effect transistor (FET) gates is limited by an increase of gate leakage current.1 To overcome this problem, the novel high-k films, which enable use of a thicker gate insulator than SiO2 does, are intensively researched and developed.2 For instance, it has been demonstrated that HfO2 can successfully replace SiO2 in device components.3-5 Another promising materials are alkaline-earth perovskite titanates; in particular, BaTiO3 and SrTiO3 films have recently gained a great interest because they exhibit the high dielectric constants and can be epitaxially grown on Si, allowing the integration of their appealing properties (e.g., high magnetoresistance, ferroelectricity, superconductivity, charge ordering, spin dependent transport etc.) on the silicon platform.6-8 Moreover, it has been shown that crystalline functional BaO films can be produced on semiconductor substrates, and that the key element in such systems is alkaline-earth metal (AEM) stabilized Si reconstruction.2,9,10
The synthesis of crystalline BaO on silicon, however, is far from being straightforward. An essential problem is the substrate oxidation during the BaO growth because of the reactivity of the Si(100)(2x1) surface. To prevent such oxidation, the Si dangling bonds should be saturated prior to the oxide growth, giving rise to an atomically abrupt BaO/silicon interface. A good candidate to saturate the Si dangling bonds is a Sr atomic layer that can produce (1x2) reconstruction on Si(100) at 1/2 monolayer (ML).2,11 The atomic geometry of this reconstruction is still unclear. A precursor of this structure is (2x3) reconstruction having a lower metal coverage than the (1x2).11,12 It is expected that both reconstructions contain similar building blocks, and therefore, a detailed knowledge of the AEM/Si(100)(2x3) surface can significantly contribute to the atomic-level understanding of interfaces for growing functional high-k oxides.  

Pioneering studies of the atomic geometry of AEM/Si(100)(2x3) were performed by Fan and Ignatiev more than two decades ago.13,14 Using low-energy electron diffraction (LEED), they proposed a simple model including 1/3 ML of Ba or Sr atoms adsorbed in between the dimer rows on the Si(100)(2x1) surface. Later, several more sophisticated (2x3) models have been reported, where different AEM coverages were assumed.15-29 In particular, Hu et al.20 put forward, on the basis of scanning tunneling microscopy (STM), two atomic configurations of (2x3)-Ba, one of which has the 1/6 ML coverage and the other the 1/3 ML coverage. In contrast, Ojima et al.21 argued that the (2x3) structure has only one adsorption phase irrespective of the Ba coverage, and proposed another structural model with the 1/3 ML coverage. These authors also demonstrated that STM images of Ba/Si(100)(2x3) are strongly bias dependent; in the empty states one protrusion per (2x3) cell was observed at a higher bias voltage and two protrusions at a lower bias voltage. 

Several structural models and different adsorbate coverages have been also reported for the Sr/Si(100)(2x3).25-29 Using STM, Bakhtizin et al.25 revealed the 1/3 ML coverage for this reconstruction. A similar coverage was also found by Herrero-Gómez et al. in their LEED and core-level photoemission study.26 In contrast, Goodner et al.27 proposed a model of (2x3)-Sr having the 1/6 ML coverage. Using x-ray standing waves (XSW), they found that the Sr atoms were adsorbed at cave sites when the (2x3)-Sr surface was prepared at room temperature and subsequently annealed at 800(C, and that a significant amount of short-range ordered Sr appeared at valley-bridge sites when the (2x3)-Sr was annealed at 750(C. The Sr coverage of these surfaces was measured to be 0.12±0.03 and 0.19±0.04 ML, respectively. Finally, Choi et al. observed the (2x3)-Sr reconstruction between 1/6 and 1/4 ML.28
A novel atomic geometry of Sr/Si(100)(2x3), i.e., the so-called ‘mobile silicon reconstruction’ was recently introduced by Reiner et al.11 and Garrity and Ismail-Beigi12 based on first-principles density functional theory (DFT) calculations. Basically, this model implies a removal of two of three Si dimers in a row on the original Si(100)(2x1) surface. For this reason, we will call the topmost-layer Si dimer in this model ‘the original dimer’ hereafter. The exposed Si surface, i.e., the bare second Si layer is assumed to be rearranged into another (new) dimers perpendicular to the original dimer. Finally, 1/6 ML of Sr atoms, i.e., one atom per (2x3) cell is adsorbed in the created holes on such a reconstructed Si substrate. The above Si arrangement resembles the DV-2 dimer vacancy defect in Ref. 30, and thereby this Sr/Si model was called the ‘(2x3) dimer vacancy structure’.12 STM images simulated for the dimer vacancy model of (2x3)-Sr in Ref. 12 were found to be well consistent with recent STM measurements.31 However, it still remains unclear whether the (2x3) dimer vacancy model is also valid for other AEM adsorbates, such as Ba, and whether the STM data in Ref. 31 can reject the earlier (2x3) models unambiguously. 

Finally, it is worth to mention an alternative model proposed for the (2x3)-Sr based on STM, scanning tunneling spectroscopy (STS), and DFT by Du et al.29 They claimed that the Si(100)(2x1) dimer rows and the (2x3)-Sr rows are parallel to each other on the same terrace. This is inconsistent with the (2x3) dimer vacancy model (Refs. 11 and 12), and the STM study in Ref. 31 reported that such rows are actually perpendicular to each other. Thus, the atomic geometry of (2x3)-AEM reconstructions so far remains controversial, and its further study with various experimental and theoretical techniques is required. In particular, it is unclear whether or not different AEM metals produce the same Si arrangements, which is essential for the synthesis of crystalline oxides on the silicon surfaces. Moreover, the insulating character of (2x3)-Sr has been predicted by the calculations in Ref. 12, which should be further verified in experiment. In this study, we elucidate the above and some other issues concerning the atomic structure of AEM/Si(100)(2x3) systems. We present STM, DFT, and photoemission results contributing to a better understanding of the atomic structure of Sr/Si(100)(2x3) and Ba/Si(100)(2x3) surfaces. The paper is organized as follows. The experimental and calculational details are described in Sections 2 and 3. The results and discussion are presented in Sec. 4. Finally, the conclusions are given in Sec. 5. 

2. EXPERIMENTAL METHODS
The experiments were carried out in two separate ultra-high vacuum (UHV) systems. The STM measurements were performed in the UHV system with a base pressure of 5(10-11 mbar, equipped with Omicron scanning probe microscope and LEED optics. The STM images were taken with W tips in the constant-current mode. Throughout the paper, the bias voltage (VS) was applied to the sample, and the positive and negative bias voltages correspond to imaging in empty and filled states, respectively. The WSxM package32 was partially used for processing the STM data. The photoemission measurements were made on beamline I4 at the MAX-lab synchrotron radiation facility in Lund, Sweden. The photoelectron spectra were recorded with the SPECS Phoibos 100 analyzer at the normal emission angle. An acceptance cone of the analyzer was ±8°. The instrumental resolution was better than 30 meV. The binding energy was referred to the Fermi level position of a reference Ta sample in a good contact with the Si sample. All the measurements were performed at room temperature (RT).

The Si substrates were cut from a mirror-polished P-doped (100) wafer (n-type, (1 (·cm). The samples were carefully outgassed at 600 (C for several hours and subsequently flashed at 1230 (C to remove surface oxide. After flashing, the quality of the surfaces was verified by LEED, STM, valence-band measurements, and Si 2p core-level spectroscopy. The sample heating was performed by a direct current. The temperature was measured by infrared pyrometers. 
Sr and Ba were deposited from home-made tungsten-filament evaporators. A typical deposition rate was 0.01 ML/s, as estimated by a quartz crystal microbalance. One monolayer was referred to as the atomic density on the clean Si(100)(2(1) surface (i.e., 6.78×1014 atoms/cm2). The reconstructions were produced by deposition of Sr or Ba onto the clean Si(100)(2(1) surface at RT, followed by annealing at elevated temperatures. No ordered structures were observed after the deposition at RT without a post-annealing. When annealed at 530-600°C, both Sr/Si and Ba/Si surfaces showed the long-range order, and the amount of deposited metal was not affected by the annealing time at these temperatures (the studied coverage range was up to ~1.5 ML). A loss of the coverage can occur at a higher annealing temperature. In the case of Sr, LEED showed the highest-coverage (1x5) structure upon annealing at 650-690°C, the intermediate-coverage (1x2) structure at 700-830°C, and the lowest-coverage (2x3) structure (Fig. 1a) at 840-930°C. Annealing at 1020°C or higher recovered the clean Si. In the case of Ba, the x4 and x5 periodicities were revealed at 700-850°C. They were frequently coexisting with the (1x2) periodicity. A pure (1x2) structure was observed at 860-950°C. Finally, the (2x3) structure (Fig. 1b) was found at 950-1050°C. Sometimes this structure was mixed with related c(2x6) phase that was never observed in the pure form. Also, similar series of Sr- and Ba-induced structures can be observed by deposition of appropriate submonolayer amounts of metal atoms at RT, followed by annealing at 530-600°C. In general, these results are in good agreement with previous studies (Refs. 13-20, 22, 24, 27, and 28). 

3. COMPUTATIONAL DETAILS
The calculations were performed by using Vienna ab initio simulation package (VASP),33 applying the projector augmented wave (PAW) method34 and the local density approximation (LDA) of Ceperley and Alder,35 as parametrized by Perdew and Zunger.36 The atomic structure was optimized by using conjugate-gradient minimization of the total energy with respect to the atomic coordinates. Two kinds of slabs were utilized. One of them consisted of one AEM layer and eleven Si layers, and the dangling bonds of the bottom surface Si atoms were passivated by hydrogen atoms (i.e., the hydrogenated slab). The other slab included 16 Si layers, and both of their surfaces were covered with adsorbed AEM atoms (i.e., the symmetrical slab). For the hydrogenated (symmetrical) slab, two bottom (central) Si layers were fixed to the ideal bulk positions. Other atoms, including the hydrogen atoms, were relaxed until the remaining forces were less than 20 meV/Å. The results obtained with these slabs were quite similar. The Si lattice constant parameter aSi = 3.8258 Å was used. The energy cutoff was 280 eV. The number of k points in the Brillouin zone was 24 corresponding to a k mesh of 6(4(1 for the (2(3) reconstruction. The constant-current scanning tunneling microscopy (STM) images were simulated within the Tersoff-Hamann approximation.37 Charge density isovalue was 3.35(10-4 e/Å3.

4.
RESULTS AND DISCUSSION
4.1
AEM coverage

As the coverage determination by using a quartz crystal microbalance is not sufficiently accurate, we estimated the amount of Sr and Ba in the (2x3) reconstruction independently. A careful inspection of LEED patterns was performed as a function of deposition time for each system (the annealing temperature was 550°C for both systems). As a reference, the (1x2) reconstruction was assumed to have the metal coverage of 1/2 ML.13,14 Comparing the deposition time required to produce different structures, it was found that formation of the well-defined (2x3) phase is completed at 0.20-0.24 ML for both AEM adsorbates. This is in good agreement with the coverage determination performed by the quartz crystal microbalance. 
In addition, Ba 5p photoelectron spectra were compared for the well-defined (1x2)-Ba and (2x3)-Ba surfaces (Fig. 2). The intensity ratio of Ba 5p signals for these surfaces is found to be 2.24, which corresponds to the 0.22 ML coverage for the (2x3)-Ba surface. We note that this value agrees well with the 0.25 ML coverage measured for the well-defined (2x3)-Ba surface in X-ray photoelectron spectroscopy study of Kim et al. (Ref. 18). Based on the above results, we conclude that the (2x3) reconstructions include 1/6 ML rather than 1/3 ML Sr and Ba atoms.

Interestingly, the Ba 5p spectrum of (2x3)-Ba can be fitted with a single component which is the spin-orbit doublet composed of Ba 5p1/2 and Ba 5p3/2 peaks depicted by shadowed Voigt-type maxima in Fig. 3. An introducing of additional component (i.e., a second spin-orbit doublet) does not improve the fitting. Therefore, we assume that the Ba atoms are equivalent, i.e., have similar adsorption sites in the (2x3) reconstruction. Obviously, this can be well understood implying that the (2x3) structure has one metal atom, i.e., the coverage of the (2x3)-Ba surface is 1/6 ML. On the contrary, the 1/3 ML coverage suggests two metal atoms in the (2x3) unit cell. Most likely, such atoms would be inequivalent because empty state STM images shown below reveal two rather different features, and therefore, it is questionable whether the models with the 1/3 ML coverage can be supported by the data in Fig. 3. Thus, the Ba 5p line shape supports the 1/6 ML coverage for the (2x3) structure as well.

4.2
DFT calculations

Taking into account the results in Sec. 4.1, we theoretically examined the stability of various (2x3) structures with one Sr or Ba atom per unit cell. Several atomic configurations, including those in Refs. 11, 12, 20, 21, and 29, were examined by total-energy DFT calculations. Our DFT data indicate that the dimer vacancy model proposed in Refs. 11 and 12 is energetically favorable not only for Sr but also for Ba. We found that this model is about 0.31 eV/(1x1) more stable than the model proposed in Ref. 29. The energy difference of these models is well understood, because the presence of two mutually orthogonal dimers in the first Si layer in the latter model is very unfavorable from the energetic viewpoint. The models reported in Refs. 20 and 21 are even more unfavorable; e.g., in the latter structure the metal atoms do not tend to be too close to each other, and they cannot dimerize as Si atoms. The structures proposed in Ref. 20 are unstable against the dimerization of first-layer Si atoms that do not interact with the metal atoms. 

The Figure 4 shows the atomic arrangement in the fully optimized dimer vacancy structure. As mentioned in Section 1, it includes orthogonal dimers in the first and second Si layers. The first-layer dimer, which is parallel to the original Si(100)(2x1) dimers, is not buckled. This means that the Si dimers of the clean substrate are not intact after the formation of (2x3) structure. The bond length of the first-layer dimer is 2.336 Å for Sr/Si and 2.333 Å for Ba/Si, illustrating a similarity of the Si arrangement in two reconstructions. In contrast, the second-layer Si dimers are buckled. Their bond length is 2.41 Å for Sr and 2.43 Å for Ba, and the difference in height of the upper and lower atoms is 0.32 and 0.34 Å, respectively. As shown in Fig. 4, the upper atoms of the second-layer dimers directly interact with the metal atoms, which can stabilize the tilted configuration of such dimers. It is interesting that the Si arrangement in Fig. 4 closely resembles the structure of the In/GaAs(100)-(2-(2x4) surface.38 Clearly, this correlation infers the crucial role of surface-reconstruction dimers in lowering the surface energy.   
In earlier studies, an argument for adopting the dimer vacancy model was a good consistency of STM images calculated for this structure12 and those measured for the (2x3)-Sr surface (Ref. 31). The calculated images were obtained in the bias voltage range from -1 V to +1.5 V. In this study, however, we found that the most appropriate parameters for imaging both the (2x3)-Sr and (2x3)-Ba surfaces were VS = -2 and 2 V. The STM images of (2x3)-Sr were not calculated at these bias voltages in Ref. 12. Therefore, we recalculated those in this study. Moreover, we also represent here simulated STM images for the (2x3)-Ba, which have not been reported yet. Figures 5a and 5b represent simulated images obtained for the (2x3)-Sr in the filled and empty states at -2 and 2 V, respectively. The positions of metal atoms and first-layer and second-layer Si atoms are also shown. The filled state image reveals four features due to the Si dangling bonds surrounding the Sr atom. Also, a weaker elongated feature associated with the original Si dimer is seen. Note that the filled state image at -1 V in Ref. 12 is contributed by only the Si dangling bonds. This difference can be understood on the basis of electronic density of states (DOS) calculations that evidence that both dangling Si and original dimer DOS distributions contribute to the image at -2 V notably (Ref. 12). The empty state image at 2 V is very similar to that at 1.5 V in Ref. 12. Both exhibit a bright protrusion corresponding to the empty Sr s and d states, and a pair of weaker protrusions corresponding to the empty pz orbitals of the original dimer. 

Similar images are also obtained for Ba. Figures 5c and 5d show the filled and empty state images at -2 and 2 V, respectively. Figure 5e represents an empty state image at 1 V. It shows that the empty state images are strongly bias dependent, in agreement with Ref. 21. Comparison of Figs. 5d and 5e indicates that the electronic structure drastically changes near the bottom of the conduction band. First of all, the pz orbitals of the first-layer Si dimer become prominent, in consistency with the DOS calculations for Sr in Ref. 12. Second, the bright round protrusion associated with the Sr s and d states at 2 V transforms into a banana shaped feature at 1 V. It becomes slightly weaker in brightness than the dimer-associated protrusion at the lower bias. Our simulated STM images are very similar to those of Ref. 12. In this study, however, the image at 1 V (Fig. 5e) shows a more detailed structure as compared to the images simulated at 0.5 and 1 V in Ref. 12. 
4.3
Valence-band spectra

It has been predicted theoretically that the (2x3)-Sr dimer vacancy structure has the insulating electronic structure.12 The STS measurements in Ref. 29 revealed a tunneling gap on the Sr/Si(100)(2x3) surface; however, this technique probes very local electronic structure. Therefore, it is required to examine the (2x3) surfaces with a technique probing a large scale area. Figure 6 represents valence band spectra acquired for the clean surface and the Sr and Ba adsorbed (2x3) surfaces. As seen, all three spectra show a lack of emission at the Fermi energy (0 eV), confirming the semiconducting nature of (2x3)-Sr and (2x3)-Ba. The dominant feature of the spectrum from the clean surface is a sharp peak at 0.8 eV. It is due to the dangling bond surface state associated with the upper atom of the buckled dimers on the clean surface.40 This peak disappears in the spectra of both (2x3) reconstructions. Therefore, the Si dimers on the clean substrate are influenced by Sr and Ba adsorbates in the (2x3) structure. Indeed, such behavior is consistent with the dimer vacancy model (Sec. 4.2). In this model, the first-layer Si dimers are symmetrized, which should result in the disappearing of the surface state at 0.8 eV. The second-layer Si dimers are buckled, but the dangling bond of the upper atom of such dimers strongly interacts with the s orbital of the metal atom (Fig. 4), suggesting a drastic change of the electronic structure. Also, the spectra in Fig. 6 are in good agreement with electronic DOS calculations for the (2x3)-Sr in Ref. 12.
4.4
STM

A large-scale STM image in Fig. 7 gives an overview of the (2x3)-Sr surface. The image is taken in filled states at VS = -2 V. It is seen that the (2x3) reconstruction covers the surface area entirely and exhibits two equivalent 90°-rotated domains on the neighboring terraces. The inset in Fig. 7 shows a high resolution image of this reconstruction. It shows up a pair of oval-shaped features per (2x3) unit cell. A closer inspection indicates that each oval feature can be composed of two unresolved protrusions. This is well consistent with the calculations in Fig. 5(a), where four STM protrusions originate from the dangling bonds of Si atoms surrounding the Sr adatom. The expected positions of Sr adatoms and uppermost Si atoms are marked in the inset of Fig. 7. Obviously, it is challenging to resolve the individual Si atoms in experiment. The images in Fig. 7 are very similar to those in Ref. 31. Also, we note that a similar STM image with very high resolution has been reported for the (2x3)-Ba in Ref. 21.
A high-resolution image of (2x3)-Sr in empty states is shown in Fig. 8a. The image was recorded at 2 V. It clearly shows two types of features. First of all, these features differ in brightness: some are bright and the others are dim. Second, the aforementioned features are slightly different in shape. In general, the image in Fig. 8a is also in good agreement with previous experimental results reported in Refs. 29 and 31, however, a closer inspection of Fig. 8a reveals some additional, hitherto not reported, details of the (2x3)-Sr arrangement. Figure 8b depicts line profiles A-A and B-B measured along rows of bright and dim features, i.e., along the direction of x2 periodicity in Fig. 8a. The line profile A-A shows the well-defined single maxima with 2a (a = 0.384 nm) separation and relatively deep valleys (80 pm) in between. The valleys between the dim features along the B-B line profile are relatively shallow (40 pm). Each feature reveals a small splitting, i.e., it consists of two almost unresolved maxima. More quantitatively, Figure 8c shows fittings of line profiles across the features α and β in Fig. 8a. The bright feature α can be reproduced well with a single Gaussian peak. In contrast, the feature β includes two Gaussian peaks, i.e., it actually includes a pair of coupled protrusions. The lateral distance between these protrusions is 0.22 ± 0.03 nm, as shown in Fig. 8c. Based on this distance, we interpret the dim feature as originating from the first-layer Si dimer in the model of Fig. 4. To our knowledge, these dimers have not been resolved experimentally in earlier studies. Based on the present results, we assign the bright protrusion α to the Sr atom and the dim feature β to the first-layer Si dimer. The expected positions of Sr adatoms, first-layer Si dimers as well as second-layer Si atoms are shown in Fig. 8a. Thus, both filled and empty state experimental images give support to the dimer vacancy model.  

It is worth noting that the bright features form very straight and highly regular rows along the direction of the 2x periodicity on the (2x3) surface, as shown in Fig. 8d. The arrangement of dim features is less regular. They can occupy one of two possible sites between the adjacent bright features, as seen in Figs. 8a and 8d. For this reason, some rows of dim protrusions have local shifts in the x3 direction. Such shifts are shown by arrows in Fig. 8d. Obviously, this behavior can be well understood within the dimer vacancy model (Fig. 4). In this model, a shift of the metal adatom in the x3 direction is unlikely, because the metal atoms are adsorbed in the holes. In contrast, the first-layer Si dimers can easily shift from one site to another in between the neighboring metal atoms. Note that a similar shift of the Si dimer is very problematic the atomic model proposed by Du et al.29 Therefore, the arrangement of STM protrusions in Figs. 8a and 8d is well consistent with the atomic geometry in Fig. 4 but cannot be interpreted within the model reported in Ref. 29. In addition, Fig. 8d shows that some metal atoms (i.e., bright protrusions) are locally missing (labeled by dashed circles); however, the absence of such atoms does not affect the surrounding structure, namely the neighboring dim features. To clarify the nature of these defects, we investigated the stability of the Si structure in the (2x3) dimer vacancy model where a point defect, which is a missing metal atom, is introduced. Using DFT and (4x6) slab, the atomic structure including the missing Sr atom was fully optimized. It is found that the Si arrangement of such a surface is practically intact after removing the metal atom. The inset of Fig. 8d demonstrates an empty-state STM image calculated for the Sr/Si(100)(2x3) surface with a missing Sr atom at 2 V. The position of the point defect is shown by the dashed circle. It is clearly seen that the dim features (top-layer Si dimers) are not affected by introducing the defect, and that the calculated image is in full agreement with the experimental image in Fig. 8d. Thus, both types of defects observed in Fig. 8 are well consistent with the atomic model in Fig. 4.
Figures 9a and 9b represent large-scale STM images of the (2x3)-Ba surface in empty and filled states. They were recorded at VS = 2 and -2 V, respectively. In general, an analysis shows that the (2x3)-Ba surface is rather similar to the (2x3)-Sr one. However, a closer inspection indicates some specific differences of STM images of (2x3)-Ba and (2x3)-Sr. In particular, it is seen in Fig. 9 that the shape of STM protrusions depends on the scan direction, that is, the STM features observed for two mutually orthogonal (2x3) domains in the same image are not identical. Obviously, such behavior is due to the asymmetric shape of the tip apex. In empty states (Fig. 9a), one domain of (2x3)-Ba, which is shown in the upper part of the image, exhibits rather well resolved bright and dim features that are similar to those of (2x3)-Sr in Fig. 8 (see the inset in Fig. 9a). However, the features are unresolved within the other, 90°-rotated, domain shown in the lower part of Fig. 9a. The above results demonstrate the influence of asymmetric STM tip on the measured shape of protrusions, and it is likely that some differences in empty state STM images of (2x3)-Ba, observed in earlier studies, are due to different STM tips.  

In filled states (Fig. 9b), the domain in the lower part of the image shows a large unresolved feature with uniform brightness, which resembles the case of (2x3)-Sr (Fig. 7). In contrast, within the other, 90°-rotated, domain, such a feature clearly shows a modulation in brightness, as illustrated in the inset in the upper right corner of Fig. 9b. It is striking that the registry of such maxima exactly coincides with the registry of bright features in empty states, as can be found by comparing the insets in Figs. 9a and 9b. As the bright features in empty states are associated with the metals atoms that do not contribute to the tunneling current in the filled states (Sec. 4.2), we conclude that the pronounced maxima in Fig. 9b do not reflect the true spatial distribution of electronic states in the occupied orbitals. 

Interestingly, Fig. 9 reveals a coexistence of the (2x3)-Ba reconstruction with local, very limited, areas of the bare Si substrate on the same terrace. It is seen that the orientation of dimer rows on the bare surface coincides with that of Ba rows running along the x3 direction. This is fully consistent with STM observations of Takeda et al. using a vicinal Si(100) surface.17 Also, this fully agrees with the recent STM study of the (2x3)-Sr in Ref. 31 but is opposite to the results in Ref. 29. The inset in the left bottom corner of Fig. 9b represents a zoomed-in image of the Si dimer row on the bare substrate. It is seen that some dimers appear symmetrical, which is due to their rapid flip-flop motion at room temperature, whereas the other dimers have a static asymmetric configuration which is believed to be pinned by surrounding (2x3) reconstruction. As two tilted-dimer configurations are possible and alternate in a row, the static dimers form a chain with a local double periodicity, which resembles the pattern of ‘frozen’ dimers on the clean Si(100)c(4x2) surface at low temperature. Thus the (2x3) reconstruction can depress the flip-flop motion of single buckled top-layer Si dimers on the neighboring bare surface. In contrast, the second-layer Si dimers are found to buckle in the (2x3)-Ba and (2x3)-Sr, as discussed above. It is well known that the dimer buckling leads to a binding energy splitting of the Si 2p core level, which can be identified with high-resolution core-level spectroscopy and lead to additional broadening of Si 2p spectra.39 Thus, core-level measurements would be desirable in order to experimentally clarify the details of the dimer arrangement in (2x3)-AEM reconstructions. We also note that the presence of buckled/unbuckled Si dimers was shown to affect the width and other details of Si 2p line shape in previous studies of rare earth induced reconstructions on Si(100).41,42 
Empty state images acquired for the (2x3)-Ba at VS = 2 and 1 V are shown in Figs. 10a and 10b, respectively. In agreement with the data in Fig. 9, the (2x3) domain observed in the upper right part of Fig. 10a reveals well-resolved bright and dim features which are due to the Ba adatom and the first-layer Si dimer atoms, respectively. For comparison, an empty state STM image calculated for the Ba/Si(100)(2x3) at 2V is illustrated in the inset of Fig. 10a, and the expected positions of the above mentioned atoms are shown in both calculated and experimental images of Fig. 10a. At VS = 1 V the first-layer Si dimer contributes to the tunneling current more significantly than at VS = 2 V, as predicted by DFT calculations in Sec. 4.2 (see the inset in the bottom right corner of Fig. 10b). The experimental image at VS = 1 V (Fig. 10b) clearly supports this trend. Indeed, the brightness contrast of the two STM features is less pronounced in this image. Moreover, a close inspection reveals that the shape of protrusions associated with the Ba adatoms changes upon transition to 1 V. It clearly shows a characteristic banana-like shape, in full agreement with the calculations (see the inset in the left upper corner of Fig. 10b). Thus, bias voltage dependence of STM images in Figs. 9 and 10 supports well the dimer vacancy model for the (2x3)-Ba as well.

Finally, it is worth noting that the STM results reported in this study allow us to examine some other (2x3) models proposed in earlier studies (e.g., Refs. 20, 21, and 29). We found that the present results do not support such models adequately. In particular, the empty state image simulated at VS = 2 V for the (2x3)-Sr model in Ref. 29 is strongly contributed by very bright features which are due to the Sr atoms, but the other features of this image are in poor agreement with experiment in this study and Refs. 29 and 31. The models of (2x3)-Ba proposed by Hu et al.20 and Ojima et al.21 cannot be employed to account for the present results either. The former model does not involve any Si dimers, and therefore, it cannot explain the splitting of the dim feature. Moreover, the movement of dim features in Figs. 8 and 9 cannot be understood within the model in Ref. 20. The later model involves Si dimers, however, they are aligned in the direction of the x3 periodicity, whereas the dim features, i.e., pairs of corresponding protrusions are aligned in the direction of the 2x periodicity. Finally, all these models are unfavorable from the energetic viewpoint. Thus, our experimental and calculational findings support the (2x3) dimer vacancy model and disagree with the other models proposed for (2x3)-Sr and (2x3)-Ba earlier. The present STM data are in good agreement with the recent STM observations for the (2x3)-Sr in Ref. 31.
4. SUMMARY
The Sr- and Ba/Si(100)(2x3) reconstructions have been studied by LEED, STM, synchrotron-radiation photoemission, and DFT. LEED and Ba 5p measurements showed that the coverage of these surfaces is 1/6 ML rather than 1/3 ML. The line shape of Ba 5p spectra supports a single adsorption site for the Ba atoms in the (2x3) reconstruction, suggesting one rather two Ba atoms in the (2x3) unit. According to DFT calculations, the favorable model of (2x3)-Sr and (2x3)-Ba with the 1/6 ML coverage is the dimer vacancy structure. It includes one unbuckled Si dimer in the first layer and three buckled Si dimers in the second layer. The first-layer and second-layer dimers are parallel and perpendicular to the dimers on the original Si(100)(2x1) surface, respectively. The changes occurring in the dimer-rows structure of the original Si(100)(2x1) surface after the formation of (2x3) reconstructions are consistent with the disappearing of the sharp peak at 0.8 eV in valence band spectra. The measured STM images are in good agreement with those calculated for the dimer vacancy model. In filled states they show protrusions originating from the dangling bonds of four Si atoms surrounding the metal adatom. In empty states, the images are contributed by the metal atoms and the first-layer Si dimers. The brightness contrast of such features drastically depends on the bias voltage. The measured STM images give support to the dimer vacancy model for both Sr and Ba adsorbates. A similarity of these systems infers that the dimer vacancy model can be a common structure for AEM adsorbates on Si(100). 
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Figure 1. LEED patterns of (a) (2x3)-Sr and (b) (2x3)-Ba surfaces. The electron energies are (a) 141 eV and (b) 68 eV. Two equivalent 90°-rotated (2x3) unit cells in a reciprocal space are shown by solid lines. The (1x1) units of the Si bulk lattice are shown by dashed lines.
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Figure 2. Ba 5p spectra for the (1x2)-Ba and (2x3)-Ba surfaces. The photon energy (hν) is 36 eV. 
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Figure 3. Analysis of Ba 5p line shape for the (2x3)-Ba surface. The spectrum is fitted with a single component. Two 5p1/2 and 5p3/2 peaks of the spin-orbit doublet are shown by shadowed maxima. The model Voigt functions are used in the fitting. The Lorentzian and Gaussian widths are 0.3 and 0.9 eV, respectively. The branching ratio is 1.4. The spin-orbit splitting is 1.9 eV.
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Figure 4. Atomic model of (2x3) dimer vacancy reconstruction. (a) Top view and (b) side view. The (2x3) unit cell is shown by dashed lines. The first-layer dimer atoms are marked by asterisk.
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Figure 5. STM images calculated for the (2x3) dimer vacancy reconstruction stabilized by Sr (a,b) and Ba (c-e). The images correspond to the bias voltages (VS) of -2 V (a), 2 V (b), -2 V (c), 2 V (d), and 1 V (e). The positions of metal atoms and first-layer and second-layer Si atoms are illustrated in (a) and (b). The (2x3) unit cell is shown by dashed lines.
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Figure 6. Valence band spectra of the clean, (2x3)-Sr, and (2x3)-Ba surfaces. The photon energy (hν) is 21 eV. The Fermi level is aligned to the 0-eV binding energy.
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Figure 7. Large-scale STM image of the (2x3)-Sr surface. The bias voltage (VS) is -2 V. The tunneling current (It) is 0.24 nA. The scanning area is 39.6 nm x 33.9 nm. The inset shows a high resolution image in filled states (VS = -2 V, It = 0.24 nA). The area is 3.2 nm x 2.2 nm. The (2x3) unit cell is outlined in the inset. The expected positions of Sr adatoms and uppermost Si atoms are shown (for the legend see Fig. 4). 
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Figure 8. (a) Empty state STM image of (2x3)-Sr. The bias voltage is 2 V. The tunneling current is 0.176 nA. The scanning area is 3.7 nm x 3.7 nm. The (2x3) unit cell and the positions of Sr and Si atoms are shown. (b) Line profiles A-A and B-B along the rows of bright and dim protrusions marked by dashed lines in the image (a). (c) Quantitative analyses of line profiles across the bright and dim features labeled α and β in the image (a). The feature α can be fitted with a single Gaussian peak, while the feature β is fitted with two Gaussian peaks. The separation of these peaks is 0.22 ± 0.03 nm. (d) Comparison of the registries of bright and dim protrusions for the (2x3)-Sr surface. The area is 8.3 nm x 8.3 nm. The tunneling parameters are as in (a). The local configurations are shown by circles (for details see the text).
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Figure 9. Empty and filled state STM images of (2x3)-Ba. (a) VS = 2 V, It = 0.2 nA. The area is 29.8 nm x 29.8 nm. (b) VS = -2 V, It = 0.2 nA. The area is 29.8 nm x 29.8 nm. The images are taken on the approximately same surface area. The inset in (a) represents a zoomed-in high-resolution image in empty states (4.3 nm x 4. 8 nm). The insets in (b) show zoomed-in high-resolution images in filled states (4.5 nm x 5.1 nm and 4.1 nm x 3.9 nm). The image in the bottom left corner represents a row of buckled and unbuckled Si dimers of the bare Si substrate. The unit cells are shown by dashed lines.
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Figure 10. Bias-dependent empty-state STM images of (2x3)-Ba. (a) The bias voltage is 2 V, the tunneling current is 0.2 nA. The area is 9.5 nm x 9.4 nm. The inset illustrates a simulated STM image at 2 V. (b) VS = 1 V, It = 0.2 nA; 9.5 nm x 9.5 nm. Insets: zoomed-in measured high-resolution image at 1 V (4.1 nm x 3.3 nm) (the left upper corner) and simulated STM image at 1 V (the right bottom corner). The (2x3) unit cells and positions of Ba and uppermost Si atoms are shown.  
AUTHOR INFORMATION

Corresponding Author

*E-mails: m.kuzmin@mail.ioffe.ru, mikuzm@utu.fi.
Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.

ACKNOWLEDGMENT

We are grateful to H. Ollila and the MAX-lab staff. The financial supports by National Graduate School in Materials Physics, Turku University Foundation, Emil Aaltonen foundation, Göran Gustafsson foundation, Finnish Academy of Science and Letters, as well as the Academy of Finland (259213) are kindly acknowledged. The research leading to these results has received funding from the European Community's Seventh Framework Programme (FP7/2007-2013) CALIPSO under grant agreement No. 312284. Finnish IT Center for Science (CSC) is acknowledged for supplying computational resource.

REFERENCES

(1) Feldman L. C.; Gusev E. P.; Garfunkel E. Fundamental Aspects of Ultrathin Dielectrics on Si-based Devices, edited by E. Garfunkel et al., Kluwer, Dordrecht, 1998.

(2) Reiner J.W.; Kolpak A.M.; Segal Y.; Garrity K.F.; Ismail-Beigi S.; Ahn C.H.; Walker F.J. Crystalline oxides on silicon. Adv. Mater. 2010, 22, 2919-2938.
(3) Wallace R.M.; Wilk G.D. High-k dielectric materials for microelectronics. Crit. Rev. Solid State 2003, 28, 231-285.

(4) Wallace R.M.; Wilk G. High-k gate dielectric materials. MRS Bulletin 2002, 27, 192–7.

(5) Chau R.; Datta S.; Doczy M.; Doyle B.; Kavalieros J.; Metz M. High-κ/metal-gate stack and its MOSFET characteristics. IEEE ED Lett. 2004, 25, 408-410.

(6) Warusawithana M.P.; Cen C.; Sleasman C.R.; Woicik J.C.; Li Y.; Kourkoutis L.F.; Klug J.A.; Li H.; Ryan P.; Wang L.-P.; Bedzyk M.; Muller D.A.; Chen L.-Q.; Levy J.; Schlom D.G. A Ferroelectric Oxide Made Directly on Sillicon. Science 2009, 324, 367-370.

(7) McKee R. A.; Walker F. J.; Chisholm M. F. Crystalline Oxides on Silicon: The First Five Monolayers. Phys. Rev. Lett. 1998, 81, 3014-3017.

(8) Först C.J.; Ashman C.R.; Schwarz K.; Blöchl P.E. The interface between silicon and a high-k oxide. Nature 2004, 427, 53-56.

(9) Segal Y.; Reiner J.W.; Kolpak A.M.; Zhang Z.; Ismail-Beigi S.; Ahn C. H.; Walker F.J. Atomic structure of the epitaxial BaO/Si(001) interface. Phys. Rev. Lett. 2009, 102, 116101-116104.

(10) Lettieri J.; Haeni J. H.; Schloma D. G. Critical issues in the heteroepitaxial growth of alkaline-earth oxides on silicon. J. Vac. Sci. Technol. A 2002, 20, 1332-1340.

(11) Reiner J.W.; Garrity K.F.; Walker F.J.; Ismail-Beigi S.; Ahn C.H. Role of strontium inoxide epitaxy on silicon (001). Phys. Rev. Lett. 2008, 101, 105503-1 – 105503-4 (2008).

(12) Garrity K.F.; Ismail-Beigi S. Phase diagram of Sr on Si(001): A first-principles study. Phys. Rev. B 2009, 80, 085306-1 – 085306-14.

(13) Fan W.C.; Ignatiev A. Identification Ordered Atomic Structure of Ba on the Si(100) Surface. Surf. Sci. 1991, 253, 297-302.

(14) Fan W.C.; Wu N. J.; Ignatiev A. Observation of ordered structures of Sr on the Si(100) surface. Phys. Rev. B 1990, 42, 1254-1257.
(15) Vlachos D.; Kamaratos M.; Papageorgopoulos C. Ba deposition on Si(100)2x1. Solid State Comm. 1994, 90, 175-181.

(16) Urano T.; Tamiya K.; Ojima K.; Hongo S.; Kanaji T. Adsorption structure of Ba on an Si(001)-(2x1) surface. Surf. Sci. 1996, 357-358, 459-463.

(17) Takeda Y.; Urano T.; Ohtani T.; Tamiya K.; Hongo S. Adsorption structure and silicide formation of Ba on the Si(001) surface. Surf. Sci. 1998, 402-404, 692-696.

(18) Kim J.-S.; Ihm K.-W.; Hwang C.-C.; Kim H.-S.; Kim Y.-K.; Lee C.; Park C.-Y. Adsorption of Ba on Si(001)2x1 Surface. Jpn. J. Appl. Phys. 1999, 38, 6479-6482.

(19) Hu X.; Peterson C.A.; Sarid D.; Yu Z.; Wang J.; Marshall D.S.; Droopad R.; Hallmark J.A.; Ooms W.J. Phases of Ba adsorption on Si(100)-(2x1) studied by LEED and AES. Surf. Sci. 1999, 426, 69-74.

(20) Hu X.; Yao X.; Peterson C.A.; Sarid D.; Yu Z.; Wang J.; Marshall D.S.; Droopad R.; Hallmark J.A.; Ooms W.J. The (3x2) phase of Ba adsorption on Si(001)-(2x1). Surf. Sci. 2000, 445, 256-266.

(21) Ojima K.; Yoshimura M.; Ueda K. STM observation of the 2x3 and c(2x6) structures on Ba/Si(100). Surf. Sci. 2001, 491, 169-174.

(22) Herrera-Gómez A.; Pianetta P.; Marshall D.; Nelson E.; Spicer W.E. Geometrical structure of the 1/2-ML (2x1) and 1/3-ML (2x3) Ba/Si(001) interfaces. Phys. Rev. B 2000, 61, 12988-12991.

(23) Ciani A.J.; Sen P.; Batra I.P. Initial growth of Ba on Si(001). Phys. Rev. B 2004, 69, 245308-1 – 245308-11 (2004).
(24) Hu X.; Yu Z.; Curless J.A.; Droopad R.; Eisenbeiser K.; Edwards J.L. Jr.; Ooms W.J.; Sarid D. Comparative study of Sr and Ba adsorption on Si(100). Appl. Surf. Sci. 2001, 181, 103-110.

(25) Bakhtizin R.Z.; Kishimoto J.; Hashizume T.; Sakurai T. Scanning tunneling microscopy of Sr adsorption on the Si(100)-(2x1). J. Vac. Sci. Technol. B 1996, 14, 1000-1004. Bakhtizin R.Z.; Kishimoto J.; Hashizume T.; Sakurai T. STM study of Sr adsorption on Si(100) surface. Appl. Surf. Sci. 1996, 94/95, 478-484. 

 (26) Herrera-Gómez A.; Aguirre-Tostado F.S.; Sun Y.; Pianetta P.; Yu Z.; Marshall D.; Droopad R.; Spicer W.E. Photoemission from the Sr/Si(100) interface. J. Appl. Phys. 2001, 90, 6070-6072.

(27) Goodner D.M.; Marasco D.L.; Escuadro A.A.; Cao L.; Tinkham B.P.; Bedzyk M.J. X-ray standing wave study of the Sr/Si(100)-(2x3) surface. Surf. Sci. 2003, 547, 19-26.

(28) Choi M.; Posadas A. B.; Seo H.; Hatch R. C.; Demkov A. A. Charge transfer in Sr Zintl template on Si(001). Appl. Phys. Lett. 2013, 102, 031604-1 – 031604-4.
 (29) Du W.; Wang B.; Xu L.; Hu Z.; Cui X.; Pan B.C.; Yang J.; Hou J.G. Identifying atomic geometry and electronic structure of (2x3)-Sr/Si(100) surface and its initial oxidation. J. Chem. Phys. 2008, 129, 164707-1 – 164707-7. 

(30) Wang J.; Arias T.A.; Joannopoulos J.D. Dimer vacancies and dimer-vacancy complexes on the Si(100) surface. Phys. Rev. B 1993, 47, 10497-10508.

(31) He J.; Zhang G.; Guo J.; Guo Q.; Wu K. Atomic structure of Sr-induced reconstructions on the Si(100) surface. J. Appl. Phys. 2011, 109, 083522-1 – 083522-3.

(32) Horca I.; Fernández R.; Gómez-Rodríguez J. M.; Cochero J.; Gómez-Herrero J.; Baro A. M. WSXM: A software for scanning probe microscopy and a tool for nanotechnology. Rev. Sci. Instrum. 2007, 78, 013705-1 – 013705-8.

(33) Kresse G.; Hafner J. Ab initio molecular dynamics for liquid metals. Phys. Rev. B 1993, 47, 558-561. Kresse G.; Hafner J. Ab initio molecular-dynamics simulation of the liquid-metal–amorphous-semiconductor transition in germanium. Phys. Rev. B 1994, 49, 14251-14269. Kresse G.; Furthmüller J. Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set. Comput. Mat. Sci. 1996, 6, 15-50. Kresse G.; Furthmüller J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys. Rev. B 1996, 54, 11169-11189.

(34) Blöchl P.E. Projector augmented-wave method. Phys. Rev. B 1994, 50, 17953-17979. Kresse G.; Joubert D. From ultrasoft pseudopotentials to the projector augmented-wave method. ibid. 1999, 59, 1758-1775.

(35) Ceperley D. M.; Alder B.J. Ground State of the Electron Gas by a Stochastic Method. Phys. Rev. Lett. 1980, 45, 566-569.

(36) Perdew J.P.; Zunger A. Self-interaction correction to density-functional approximations for many-electron systems. Phys. Rev. B 1981, 23, 5048-5079.

(37) Tersoff J.; Hamann D. R. Theory and Application for the Scanning Tunneling Microscope. Phys. Rev. Lett. 1983, 50, 1998-2001. Tersoff J.; Hamann D. R. Theory of the scanning tunneling microscope. Phys. Rev. B 1985, 31, 805-813.

(38) Lång J. J. K.; Punkkinen M. P. J.; Laukkanen P.; Kuzmin M.; Tuominen V.; Pessa M.; Guina M.; Väyrynen I. J.; Kokko K.; Johansson B.; Vitos L. Ab initio and scanning tunneling microscopy study of an indium-terminated GaAs(100) surface: An indium-induced surface reconstruction change in the c(8x2) structure. Phys. Rev. B 2010, 81, 245305-1 - 245305-9.

(39) Johansson L.S.O.; Uhrberg R.I.G.; Mårtensson P.; Hansson G.V. Surface-state band structure of the Si(100)2×1 surface studied with polarization-dependent angle-resolved photoemission on single-domain surfaces. Phys. Rev. B 1990, 42, 1305-1315.
(40) Pehlke E.; Scheffler M. Evidence for Site-Sensitive Screening of Core Holes at the Si and Ge (001) Surfaces. Phys. Rev. Lett. 1993, 71, 2338-2341. 

(41) Kuzmin M.; Punkkinen M. P. J.; Laukkanen P.; Perälä R. E.; Tuominen V.; Lång J. J. K.; Ahola-Tuomi M.; Dahl J.; Balasubramanian T.; Johansson B.; Vitos L.; Väyrynen I. J. Atomic structure of Yb/Si(100)(2×6): Interrelation between the silicon dimer arrangement and Si 2p photoemission line shape. Phys. Rev. B 2010, 82, 113302-1 – 113302-4.

(42) Kuzmin M.; Punkkinen M. P. J.; Laukkanen P.; Lång J. J. K.; Dahl J.; Tuominen M.; Tuominen V.; Adell J.; Balasubramanian T.; Vitos L.; Kokko K. Dimer-T3 reconstruction of the Sm/Si(100)(2x3) surface studied by high-resolution photoelectron spectroscopy and density functional theory calculations. Phys. Rev. B 2011, 84, 245322-1 – 245322-10.
1
1

