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Atomic structure
of the Se-passivated GaAs(001)
surface revisited

Akihiro Ohtake!™, Takayuki Suga?, Shunji Goto?, Daisuke Nakagawa? & Jun Nakamura?

We present a combined experimental and theoretical study of the Se-treated GaAs(001)-(2 x 1)
surface. The (2 x 1) structure with the two-fold coordinated Se atom at the outermost layer and the
three-fold coordinated Se atom at the third layer was found to be energetically stable and agrees well
with the experimental data from scanning tunneling microscopy, low energy electron diffraction,

and x-ray photoelectron spectroscopy. This atomic geometry accounts for the improved stability of
the Se-treated surface against the oxidation. The present result allows us to address a long-standing
question on the structure of the Se-passivated GaAs surface, and will leads us to a more complete
understanding of the physical origin of the electrical and chemical passivation of Se-treated GaAs
surface.

The passivation of III-V semiconductor surface by group VI elements of S and Se is known to be effective in
improving the electrical properties of devices'~*. While the S/Se passivated surfaces have been extensively studied,
especially, in the early 1990s, the mechanism is still far from being well understood. The structure identification
of the S/Se-passivated GaAs surface is a key to understand the mechanism of the surface modification induced
by the passivation.

In this paper, we present a systematic study on the atomic structure of the Se-treated GaAs(001) surface.
Early studies have shown that the GaAs(001) surface treated by Se shows a (2 x 1) reconstruction®!, and a large
number of structure models has been proposed for the Se-induced (2 x 1) structure®=. In the most of the pro-
posed structure models, Se atoms are located on the GaAs surface and are also incorporated into the subsurface
layers® 3. It has been also suggested that Ga, Ses-like surface layers are formed on the Se-treated GaAs surface>*°.

Using first-principles calculations, Gundel and Faschinger'* have studied 11 structure models that satisfy
the electron counting rule'® and have found that three structure models shown in Fig. 1a—c are stable!®. The 1A
model has the Se-As dimer at the outermost layer, while the 6A model consists of the surface Se-Se dimer and
Ga vacancies at the fourth atomic layer. The existence of surface dimers in the 1A and 6A models is in good
agreement with the models proposed in refs.**°. On the other hand, in the 3B model, the Se atom is located at the
bridge site and is bound with two Ga atoms at the second layer. While the relative stability of the three structures
strongly depends on the surface composition*, only the 3B model could account for the experimental data from
scanning tunneling microscopy/spectroscopy (STM/STS) and photoemission spectroscopy'®!”.

Most of structure models proposed so far, including the models shown in Fig. 1a—c, have been based on the
experimental data from STM and photoemission spectroscopy measurements. Thus, the structure identification
of the Se-treated GaAs surface is not fully convincing: it is difficult to obtain detailed structure information,
such as atomic position, atom types, and bond length, from these experimental techniques. Here, we present the
quantitative low energy electron diffraction (LEED) analysis for the Se-treated GaAs(001)-(2 x 1) surface. We
found that there exist only one intrinsic (2 x 1) structure at least under the present experimental condition: the
(2 x 1) surface has the 0.5 ML of Se at the outermost layer and 1.0 ML Se at the third atomic layer (3B model in
Fig. 1b). The structure model accounts for the experimental results from LEED, STM and x-ray photoelectron
spectroscopy (XPS), and is found to be energetically stable. In addition, we found that the atomic geometry effec-
tively suppresses the formation of As oxides, providing a mechanism for the reduction of surface-state density.
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Figure 1. Possible structure models for the GaAs(001)-(2 x 1)-Se surface (a)-(c). d Phase diagram of the
GaAs(001)-(2 x 1)-Se structures as functions of the relative potentials of As and Se with respect to their bulk
phases. Vertical (horizontal) dashed line shows the chemical potential of Se (As) for the bulk Ga,Ses (GaAs).

Methods
Experiments
The samples were prepared in a multi-chamber ultra-high vacuum (UHV) system consisting of molecular beam
epitaxy chambers for the growth of GaAs and for the Se treatment'®!°. The system is equipped with STM and
XPS apparatuses for on-line characterization. The clean GaAs(001)-(2 x 4) surfaces were obtained by growing
an undoped layer (0.5 um) on a thermally cleaned Si-doped GaAs(001) substrate. The clean GaAs samples were
transferred to another UHV chamber via UHV transfer modules (< 2 x 10~ Torr) for the Se treatments. The
beam equivalent pressure of Se is controlled to 5 x 10~° Torr. The Se-treatment processes were monitored by
in-situ reflection high-energy electron diffraction (RHEED) with electron beam energy of 15 keV. When the
GaAs(001)-(2 x 4) surface was exposed to the Se molecular beam at 300°C, a diffuse (2 x 1) RHEED patterns
were observed. After being annealed at 600°C under the Se flux, the sample showed the sharp (2 x 1) RHEED
pattern (Fig. 2a and b). Then the substrate temperature is decreased and the Se shutter was closed at 300°C. In
the present experiments, we prepared the Se-treated surfaces also on the more Ga-rich (4 x 6)* and As-rich
phases of c(4 x 4)a and c(4 x 4)8 surfaces* and confirmed that the initial surface reconstruction hardly affect
the structure of the Se-treated (2 x 1) surface.

The Se-treated (2 x 1) surface was analyzed by LEED (OCI LEED 600), STM (Omicron Micro STM), and
XPS (Surface Science Instrument M-Probe). The LEED patterns at room temperature were acquired with a 1
eV step in the energy range of 30 — 380 eV. The LEED intensity-voltage (I — V') curves for 11 non-equivalent
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Figure 2. RHEED patterns of the Se-treated GaAs(001)-(2 x 1) surface taken along the [110] (a) and [110] (b)
directions. (c) Typical filled-state STM image of the GaAs(001)-(2 x 1)-Se surface. The image was taken with a
sample bias of —3 V. d Magnified STM image. e Simulated STM image of the 3B model using a filled-state bias of
3V. f Se 3d photoelectron spectrum measured from the Se-treated (2 x 1) surface.
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beams (7 integral- and 4 fractional-order beams) were extracted from LEED patterns with the background being
subtracted. The total cumulative energy range was approximately 3190 eV (1976 and 1214 eV for integer- and
fractional- order beams, respectively).

All the STM images were collected at room temperature in the constant current mode with a tunneling
current of 0.1 nA and a sample voltage of —3 V. XPS measurements were performed using monochromatic Al
Ko radiation (1486.6 eV). Photoelectrons were detected at an angle of 35° from the surface. The Se 3d, As 3d,
and Ga 3d spectra were measured and fitted using a Voigt function with the ratio of Gaussian to Lorentzian
components fixed at 2.5. Peak separations of 0.85 eV, 0.68 eV, and 0.45 eV are assumed for the 5/2 and 3/2 spin-
orbit components of Se 3d, As 3d, and Ga 3d, respectively.

Calculations

We performed first-principles calculations*?* within the DFT?* in the generalized gradient approximation®.
The potentials are described by ultrasoft pseudopotentials in the Vanderbilt form?2. The valence electron
configurations are 4s%4p! for Ga, 4s?4p> for As, and 4s%4p* for Se. The calculated lattice constant of GaAs is 5.734
A, which is close to the experimental value of 5.6538 A. A slab geometry was used for the simple calculation,
which has the supercell consisting of 10 atomic layers and of vacuum region (20 A in thickness). The back side
of the slab is terminated with fictitious H atoms, which eliminate artificial dangling bonds and prevent it from
coupling with the front side. The wave functions were expanded by the plane wave basis set with a cutoff energy
of 36 Ry. 4 x 8 x 1k points were used for the integration in k space in the Brillouin zone for the (2 x 1) unit cell.

Results and discussion

We first carried out the DFT calculations for several possible structure models to examine the relative stability.
Figure la-c show structure models proposed for the GaAs(001)-(2 x 1)-Se surface. Because of the different
numbers of Se and As atoms per unit cell, we have to take into account the chemical potentials of Se [A 4(Se)] and
As [Au(As)] to compare the total energies for different models. The phase diagram in dependence upon A u(Se)
and Au(As) is shown in Fig. 1d. While the 1A model is the most stable at lower and higher limits of A ;(Se) and
A (As), respectively, the 6A model becomes energetically favorable for higher A (Se) and lower A i(Se). The 3B
model is the most stable between the two regions. These results are in good agreement with earlier DFT results'.

Figure 2c shows a typical filled-state STM image of the Se-treated GaAs(001)-(2 x 1) surface. Bright lines
running along the [110] direction are separated by dark rows with a spacing of 8 A (corresponding to the 2x
periodicity). Such a feature has been also reported in earlier papers®®!!. In the magnified image (Fig. 2d), a
single bright feature per (2 x 1) unit cell is observed. This feature is reproduced in the simulated image (Fig. 2e)
extracted using the Tersoff-Hamann formalism?® for the 3B model. On the other hand, simulated images for
both 1A and 6A models show two bright features per unit cell (see Figure S1 in the Supplementary Material).
Thus, on the basis of the simple interpretation of STM images, the 3B model is most probable among the three
models shown in Fig. la-c, as discussed in ref.!°.

Here, we examined the electronic structure of the 3B structure in detail in order to investigate the origin of
the “cocoon-shaped” bright spots obtained by STM. Figure 3a shows the electronic band structure for the 3B
model. As indicated by the red line, the valence band edge forms an extremely flat band. To investigate the origin
of this flat band, the probability density of the wave function for this band at the S point is examined as shown in
Fig. 3b. It is clearly seen that the state is associated with the fully-occupied, localized py orbital on the topmost
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Figure 3. a Energy band structure of the 3B model. The energy of the top of the valence band is set to be 0 eV. b
The probability density of the wave function for the flat band (red line in (a)) at the S point.
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Sel atom, not with the dangling bond. The bright spots observed in Fig. 2c and d, extending in the [110] (x)
direction at the topmost surface, have been shown to originate from fully-occupied p, orbitals on the surface,
which are not engaged in bonding with any surrounding atoms.

The unique feature of the 3B structure is the existence of the two-fold coordinated Sel atom. The stability
of the structure is closely related with the localization of fully occupied py orbitals to Sel. In addition to this
orbital, there is a lone pair just above the Sel atom. As a result, the Sel atom has two remaining electrons which
are consumed to form the bonds with two second-layer Ga atoms. Thus, according to the electron counting
model®, the Sel atom at the outermost layer lacks 1/2 electrons per (2 x 1). On the other hand, the three-fold
coordinated Se2 atom located at the third layer has excess 1/4 electrons. Consequently, the 3B structure is elec-
tronically stabilized by transferring 1/4 x 2 electrons from two Se2 atoms to the Sel atom.

The validity of the 3B model was further confirmed by the LEED I — V curve analysis on the basis of dynami-
cal diffraction theory. LEED I — V curves were calculated using SATLEED package provided by Barbieri and
Van Hove??®, The present calculation used 10 phase shifts for the description of the electron-crystal interaction.
The inner potential Vo + iV;,, was set to be independent of energy: the real part V was initially set to be 10 eV
and adjusted during the fitting process and the imaginary part V;,, was set to be —4 eV. The isotropic thermal
vibrational amplitudes represented by Debye temperatures were also optimized to obtain good agreement with
the experimental I — V curves. The resultant Debye temperatures for the surface atoms are 160K (Sel), 230K
(Gal), and 220K (Se2) and those for bulk GaAs are 300K (Ga) and 310K (As). To quantify the agreement between
measured and calculated I — V curves, we use Pendry’s reliability factor Rp®.

Figure 4 shows measured LEED I — V curve together with calculated ones for the 3B model. The structure
parameters of the 3B models (Fig. 3b) obtained from the DFT calculations are listed in Table 1. This structure
yields the R factor of Rp = 0.31, showing a good agreement with the LEED experiments. When the structural
parameters were optimized, the agreement was slightly improved (Rp = 0.28). The LEED analysis was carried out
also for other structure models of 1A and 6A. These models gave R factors larger than 0.6 even after the structure
optimization. From these LEED results, it is most likely that the Se-treated GaAs surface has the 3B structure.

The structure parameters in the optimized model (Fig. 3b) are listed in Table I: the atomic coordinates
obtained from the LEED analysis agree well with those from the DFT calculations: deviations in absolute coor-
dinates are less than 0.05 A. The bond lengths between surface atoms in the optimized 3B model are 2.38 A for
Gal-Sel, 2.48 A for Gal-Se2, and 2.46 A for Ga3-Se2, which are close to the bond length in bulk GaAs (2.45 A)
and Ga,Se; (2.39 A)*.

Figure 2f shows the Se 3d spectrum measured from the (2 x 1) surface. The spectrum is composed of two
components denoted S1 (53.9 V) and S2 (54.9 eV). While the two Se components with the same energy differ-
ence have been reported earlier®”'>1¢17, two different interpretations have been made. Maeda et al.” and Gon-
zarlez et al.'® have assigned the lower and higher binding-energy components to the Se atoms at the outermost
layer and subsurface layers, respectively, which is contrary to the assignment reported in refs.® and'2

In the 3B structure (Fig. 3b), the amount of Sel and Se2 atoms are 0.5 ML and 1.0 ML, respectively, in good
agreement with the intensity ratio of Sel/Se2 components (~0.5). Thus, it is likely that lower (higher) binding-
energy component corresponds to the Se atoms at the outermost layer (third layer). The present peak assignment
agrees with those discussed in refs.” and'®, and is consistent with the stabilization mechanism of the 3B model:
as discussed earlier, the charge transfer from Se2 to Sel occurs in the 3B structure, which causes the peak shifts
of the Se 3d spectra of Sel and Se2 atoms to lower and higher binding energies, respectively.

Next, we examined the chemical stability of the Se-treated (2 x 1) surface under ambient conditions. Fig-
ure 5 shows Ga 3d and As 3d XPS spectra measured before and after the Se-treated-(2 x 1) surface (a) and the
clean (2 x 4) surface (b) were exposed to air for 24h. When the (2 x 4) surface was exposed to air, additional
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Figure 4. Experimental (solid lines) LEED I — V curves measured from the Se-treated GaAs(001)-(2 x 1)
surface at room temperature. Dashed lines show I — V curves calculated for the 3B model using the atomic
coordinates obtained from the DFT calculations.
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Atom DFT LEED

in Fig. 3b x z x z

Sel 0.000* +1.217 0.000* +1.219
Gal 0.000* —0.073 0.000* —0.075
Se2 +2.082 —1.421 +2.085 —1.241
Ga2 +1.975 —2.849 +2.020 —2.856
Asl 0.000* —4.232 0.000* —4.217
As2 +3.998* —4.268 +3.998* —4.268

Table 1. Atomic coordinates in the optimized 3B model in A. Atomic displacement in the y direction is not
considered. The origin of the z-coordinate is at the outermost Ga layer of the bulk-terminated GaAs(001)
surface. The values obtained from DFT calculations are normalized to the experimental lattice constant of
GaAs (5.6538 A). * bulk value.

components corresponding to As; O3, As;Os and Ga, O3 phases were observed, and the sharp (2 x 4) RHEED
patterns changed to weak (1 x 1) ones (Figure S2(b) in the Supplementary Material). On the other hand, the
Se-treated surface show weak (2 x 1) RHEED patterns even after being exposed to air (see Figure S2a in the Sup-
plementary Material). While Ga, O3 was formed also on the Se-treated surface, the formation of arsenic oxides
was not confirmed. Early studies have shown that the surface states which pin the Fermi level are associated
with arsenic oxides®*2. Since, as can be seen in Fig. 3b, the 3B model has no As atoms exposed to vacuum, it is
likely that the atomic geometry is effective in suppressing the oxidation of As, leading to the improved electrical
properties of GaAs-based devices.

The present results indicate that Ga oxides are preferentially formed, but the oxidation of Se and As is
suppressed on the Se-treated (2 x 1) surface (see Figure S3 in the Supplementary Material for the result of Se).
While the results are broadly consistent with those reported by Scimeca et al.”?, their results showed the onset
of the oxidation of Se and As for the shorter exposure time of 3h. Such a discrepancy could be ascribed to the
quality of the Se-treated surface: the samples in ref.** were prepared by exposing the GaAs(001) surface to the
Se flux at a low temperature of 450°C. We confirmed that the (2 x 1) surface prepared at 450°C is disordered
and that the annealing at a higher temperature of 600°C is necessary to form well-ordered (2 x 1) surface. Since
disordered surfaces contain more defects, it is likely that the defects act as the sites for the oxidation reaction.

As mentioned earlier, DFT calculations have shown that the 6A and 1A structures are the most stable under
more and less Se-rich conditions. To check the possible formation of structures other than the 3B model, such
as 1A and 6A, the GaAs(001) surfaces were treated with Se under more Se-rich and Se-deficient conditions. The
(2 x 1) surface with the 3B structure are formed by closing the Se shutter at temperatures ranging from 300 to
580 °C after the sample was annealed at 600°C under the Se flux. To prepare Se-deficient surfaces, the sample was
prepared by closing the Se shutter at a slightly higher temperature of 610°C. The surface showed weak 1/3-order
reflections in the RHEED pattern taken along the [110] direction (see Figures S4a and b, in the Supplementary
Material). In the STM image of the (2 x 3) surface (Fig. S4c in Supplementary Material), bright but discontinuous
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Figure 5. XPS spectra of Ga3d and As 3d measured from the Se-treated GaAs(001)-(2 x 1) (a) and clean
GaAs(001)-(2 x 4) (b) surfaces before and after the surface was exposed to air.
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lines are observed along the [110] direction. Since the Se 3d photoemission intensity is one third of that from the
(2 x 1)-Se surface, the (2 x 3) surface has a Se-deficient structure. On the other hand, as can be seen in Fig. 1a
and b, the 1A structure contains more As atoms in the surface layer as compared with the 3B structure. Since
the annealing of the GaAs samples without supplying As molecules usually results in the As-deficient surfaces,
the more As-rich 1A model is unlikely to be a structure component of the (2 x 3) surface. This is supported by
the LEED analysis: the LEED I — V curves measured from the (2 x 3) surface could not be reproduced by the
1A model. In addition, we confirmed that the 1A structure could not be formed by exposing the (2 x 1) and
(3 x 2) surfaces to As molecular beams.

The 6A structure is more Se-rich and As-deficient: as shown in Fig. 1, the As atoms at the first, third and fifth
layers are replaced by Se atoms. Thus, to promote the exchange reaction between Se and As for the formation of
the 6A structure, the Se molecular beam cracked at 650°C with a higher beam equivalent pressure of 2 x 1077
Torr was used. After the sample was annealed at a higher temperature of 650°C under the Se flux, the temperature
was decreased to below 250°C and the Se shutter was closed. The LEED and STM results obtained from the
resultant surface are almost the same with those for the 3B structure. Thus, it is plausible that the amount of excess
Se on the surface is not enough to form the Se-rich 6A structure under the present experimental conditions.

Conclusions

We have studied the atomic structure of the Se-treated GaAs(001) surface. On the basis of DFT calculations and
complementary experimental techniques of LEED, STM, and XPS, we found that the Se treated GaAs surface
has the atomic structure consisting of two-fold coordinated Se atom at the outermost layer and the three-fold
coordinated Se atom at the third layer. This atomic geometry is effective in suppressing the oxidation of As atoms
in the surface layers of Se-treated GaAs(001).

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.

Received: 30 August 2023; Accepted: 16 October 2023
Published online: 24 October 2023

References
1. Sandroff, C. J., Nottenburg, R. N., Bischoff, J. C. & Bhat, R. Dramatic enhancement in the gain of a GaAs/AlGaAs heterostructure
bipolar transistor by surface chemical passivation. Appl. Phys. Lett. 51, 33-35 (1987).
2. Carpenter, M. S., Melloch, M. R., Lundstrom, M. S. & Tobin, S. P. Effects of Nay S and (NHy); S edge passivation treatments on
the dark current-voltage characteristics of GaAs pn diodes. Appl. Phys. Lett. 52, 2157-2159 (1988).
3. Sandroff, C. J. et al. Enhanced electronic properties of GaAs surfaces chemically passivated by selenium reactions. J. Appl. Phys.
67, 586-588 (1989).
4. Xu, H., Belkouch, S. & Attik, C. Se chemical passivation and annealing treatment for GaAs Schottky diode. Appl. Phys. Lett. 66,
2125-2127 (1995).
5. Chambers, S. A. & Sundaram, V. S. Passivation of GaAs(001) surfaces by incorporation of group VI atoms: a structural investiga-
tion. J. Vac. Sci. Technol. B9, 2256-2262 (1991).
6. Takatani, S., Kikawa, T. & Nakazawa, M. Reflection high-energy electron diffraction and photoemission spectroscopy study of
GaAs(001) surface modified by Se adsorption. Phys. Rev. B 45, 8498-8505 (1992).
7. Maeda, F,, Watanabe, Y., Scimeca, T. & Oshima, M. Surface structure of Se-treated GaAs(001) from angle-resolved analysis of
core-level photoelectron spectra. Phys. Rev. B 48, 4956-4959 (1993).
8. Pashley, M. D. & Li, D. Control of the Fermi-level position on the GaAs(001) surface: Se passivation. J. Vac. Sci. Technol. A 12,
1848-1854 (1994).
9. Biegelsen, D. K., Bringans, R. D., Northrup, J. E. & Swartz, L.-E. Selenium- and tellurium-terminated GaAs(100) surfaces observed
by scanning tunneling microscopy. Phys. Rev. B 49, 5424-5428 (1994).
10. Takatani, S., Nakano, A., Ogata, K. & Kikawa, T. Evidence of Ga,Se;-related compounds of Se-stabilized GaAs surfaces. Jpn. J.
Appl. Phys. 31, L458-460 (1992).
11. Li, D. & Pashley, M. D. Interaction of selenium with the GaAs(001)-(2x4)/c(2x8) surface studied by scanning tunneling microscopy.
Phys. Rev. B 49, 13643-13649 (1994).
12. Scimeca, T., Watanabe, Y., Berrigan, R. & Oshima, M. Surface chemical bonding of selenium-treated GaAs(111)A, (100), and (111)
B. Phys. Rev. B 46, 10201-10206 (1992).
13. Scimeca, T., Watanabe, Y., Maeda, F, Berrigan, R. & Oshima, M. Controlled passivation of GaAs by Se treatment. Appl. Phys. Lett.
62, 1667-1669 (1993).
14. Gundel, S. & Faschinger, W. First-principles simulation of Se and Te adsorbed on GaAs(001). Phys. Rev. B 59, 5602-5611 (1999).
15. Pashley, M. D. Electron counting model and its application to island structures on molecular-beam epitaxy grown GaAs(001) and
ZnSe(001). Phys. Rev. B 40, 10481-10487 (1989).
16. Gonzalez, C. et al. Selenium passivation of GaAs(001): a combined experimental and theoretical study. J. Phys.: Condes. Matter.
16, 2187-2206 (2004).
17. Kampen, T. U. et al. Surface properties of chalcogen passivated GaAs(100). Appl. Surf. Sci. 212-213, 850-855 (2003).
18. Ohtake, A. Surface reconstructions on GaAs(001). Surf. Sci. Rep. 63, 295-327 (2008).
19. Ohtake, A. & Sakuma, Y. Effect of substrate orientation on MoSe,/GaAs Heteroepitaxy. J. Phys. Chem. C 124, 5196-5203 (2020).
20. Ohtake, A., Kocén, P, Seino, K., Schmidt, W. G. & Koguchi, N. Ga-rich limit of surface reconstructions on GaAs(001): Atomic
structure of the (4 x 6) Phase. Phys. Rev. Lett. 93, 266101 (2004).
21. Ohtake, A., Kocan, P.,, Nakamura, J., Natori, A. & Koguchi, N. Kinetics in surface reconstructions on GaAs(001). Phys. Rev. Lett.
92, 236105 (2004).
22. Vanderbilt, D. Soft self-consistent pseudopotentials in a generalized eigenvalue formalism. Phys. Rev. B 41, 7892-7895 (1990).
23. Yamauchi, J., Tsukada, M., Watanabe, S. & Sugino, O. First-principles study on energetics of c-BN(001) reconstructed surfaces.
Phys. Rev. B 54, 5586-5603 (1996).
24. Hohenberg, P. & Kohn, W. Inhomogeneous electron gas. Phys. Rev. 136, B864-B871 (1964).
25. Perdew, J. P, Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 3865-3868 (1996).
26. Tersoff, ]. & Hamann, D. R. Theory of the scanning tunneling microscope. Phys. Rev. B 31, 805-813 (1985).

Scientific Reports |

(2023) 13:18140 | https://doi.org/10.1038/s41598-023-45142-y nature portfolio



www.nature.com/scientificreports/

27. Rous, P.]. et al. Tensor LEED: A Technique for high-speed surface-structure determination. Phys. Rev. Lett. 57,2951-2954 (1986).

28. Rous, R. J. & Pendry, J. B. The theory of tensor LEED. Surf. Sci. 219, 355-372 (1989).

29. Pendry, J. B. Reliability factors for LEED calculations. J. Phys. C 13, 937-944 (1980).

30. Peressi, M. & Baldereschi, A. Structural and electronic properties of Ga,Ses. J. Appl. Phys. 83, 3092-3095 (1998).

31. Ives, N. A, Stupian, G. W. & Leung, M. S. Unpinning of the Fermi level on GaAs by flowing water. Appl. Phys. Lett. 50, 256-258
(1987).

32. Huang, M. L. et al. Surface passivation of III-V compound semiconductors using atomic-layer-deposition-grown Al, O3. Appl.
Phys. Lett. 87, 252104 (2004).

33. Scimeca, T., Watanabe, Y., Maeda, E, Berrigan, R. & Oshima, M. Surface oxidation of selenium treated GaAs(100). J. Vac. Sci.
Technol. B 512, 3090-3094 (1994).

Acknowledgements
This work was partially supported by JSPS KAKENHI Grant Number JP23K04592. Helpful discussions with T.
Mano are gratefully acknowledged.

Author contributions
A.O. designed the research, conceived the growth experiments, and performed STM, XPS, and LEED analysis.
T.S., S.G., D.N,, and J.N. carried out the DFT calculations. All authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-45142-y.

Correspondence and requests for materials should be addressed to A.O.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:18140 | https://doi.org/10.1038/s41598-023-45142-y nature portfolio


https://doi.org/10.1038/s41598-023-45142-y
https://doi.org/10.1038/s41598-023-45142-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Atomic structure of the Se-passivated GaAs(001) surface revisited
	Methods
	Experiments
	Calculations

	Results and discussion
	Conclusions
	References
	Acknowledgements


