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The impact of sulfur passivation on the structural and electronic properties of the HfO2 /GaAs
interface is investigated by density functional theory with a hybrid functional. The gap states at the
HfO2 /GaAs interface arise from three major contributions: Ga 3+ and partial oxidation, As–As
dimers, and Ga dangling bonds. By introducing S atoms at the interface, the removal of the gap
states within the lower half of the GaAs band gap is observed, while the gap states in the upper half
are pushed upward by �0.15 eV. © 2011 American Institute of Physics. �doi:10.1063/1.3597219�

The existence of a high density of states in the band gap
for metal-oxide-semiconductor �MOS� device interfaces
remains a key impediment to achieve high speed micro-
electronic device performance.1 In contrast to the well-
established SiO2 /Si interface, achieving a low interface state
density �Dit� for III-V MOS devices has encountered several
obstacles. The major issue is the lack of an atomically and
electronically abrupt interface, which attracts considerable
research on investigating the origin of the interfacial gap
states.2–5 Using x-ray photoelectron spectroscopy �XPS�,
Hinkle et al.6,7 showed that Dit is correlated with interfacial
Ga 3+ oxidation states. This finding is consistent with the
fact that when the interface is passivated by amorphous-Si,
the Ga 3+ oxidation state is reduced at the interface and a
significantly reduced Dit is observed.

To minimize the Dit, extensive work on the GaAs sur-
face and interface passivation have been performed during
the last decade.6,8–11 A passivation treatment using sulfur dur-
ing GaAs surface preparation was reported to improve elec-
trical performance of III–V MOS devices fabricated by a
subsequent atomic layer deposition of high-k dielectric.12,13

Nevertheless, the bonding configuration at the sulfur-
passivated interface is not fully revealed. Recently, Aguirre-
Tostado et al.14 observed that the GaAs surface treated by
�NH4�2S showed a decreased band bending, due to the reduc-
tion in interfacial space charge with respect to �NH4�OH.
This bending was attributed to a binding energy shift to
higher energies for S-passivated surfaces. However, the need
for a systematic fundamental knowledge of how S atomically
changes the interface bonding and thus passivates the
HfO2 /GaAs interface states remains. Our previous studies15

assign the gap states to As–As dimers, Ga partial and 3+ like
oxidation and Ga dangling bonds �db�. In this letter, we fur-
ther apply the Heyd–Scuseria–Ernerhof �HSE�16 hybrid func-
tional to obtain an accurate band gap and the locations of the
gap states. Furthermore, we show the S passivation effect on
the interface and provide an atomic level insight of gap state
removal mechanism.15

Our calculations are based on the density functional
theory with the generalized gradient approximation which
was proposed by Perdew, Burke, and Ernzerhof �PBE�,17

as implemented in the plane-wave basis code VASP.18 The
pseudopotential is described by the projector-augmented-
wave method.19 An energy cutoff of 400 eV and a 6�6
�1 k-point mesh are used. The geometry optimization is
terminated when the Hellman–Feynman force on each atom
is smaller than 0.01 eV/Å.16 Electronic structure calculations
are performed using a class of hybrid density functional, in
which a fraction � �15%� of PBE exchange is replaced with
Hartree-Fock exchange.20 In this work, a slab model with a
�0.3% planar strain at the HfO2 /GaAs interface is used �see
Ref. 20 for more details to generate the interface model�.

Figure 1�a� depicts the HfO2 /GaAs interface20 �labeled
as O9/Ga4 according to the numbers of interfacial O and Ga
atoms� at which two As–As dimers and one Ga dangling
bond �highlighted by a dashed circles� are formed. Interfacial
Ga atoms bond to different numbers of O atoms, indicating
various Ga oxidation states which may also result in Fermi
level pinning. To study how S can passivate the resultant
interfacial gap states, various S substitutions and interstitials
�up to four S atoms at the interface with different configura-
tions� are examined. Experimentally, Aguirre-Tostado et al.14

showed that S bonding peak was below the XPS detection
limit, indicating a low concentration of S at the interface was
observed. Moreover, Chen et al.8 observed Ga–S bonding at

a�Authors to whom correspondence should be addressed. Electronic ad-
dresses: weichao@utdallas.edu and kjcho@utdallas.edu.

FIG. 1. �Color online� �a� and �b� represent side view of the GaAs:HfO2

interface �O9/Ga4 and O9/S/Ga4 models�. Ga, As, Hf, S, and O atoms are
depicted by gray, purple, light blue, yellow, and red balls, respectively. The
Ga atoms with dangling bonds and an As dimer atom are highlighted by
green dashed circles.
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the HfO2 /GaAs interface from surface S treatments. There-
fore, the best stability for the interface with one S interstitial
is consistent with experiment, and we chose our model with
one S interstitial located between the Ga and As, forming
Ga–S and As–S bonds. Figure 1�b� shows the final relaxed
configuration with only Ga–S bond formed without breaking
As–As dimers, which agrees well with XPS observations.14

Figure 2 illustrates the Dit distribution with and without
interfacial S atoms. The valence band edges of bulk GaAs
are used as reference to line up these two Dit distributions.
By performing the HSE correction, a bulk GaAs band gap of
1.40 eV was obtained, which agrees well with the experi-
mental value 1.42 eV.21 At the interface, three interfacial
peaks labeled as P1, P2, and P3 are found. The partial charge
density within the band gap states is plotted to explore the
origin of these gap states. Figure 3�a� clearly shows that P1,
P2, and P3 correspond to Ga partial oxidation �Ga3�, As–As
dimers and Ga �Ga5� dangling bonds, respectively. Accord-
ing to the Bader charge22 calculation �in units of electron
charge, e�, Ga1, Ga2, Ga3, and Ga4 contain 1.64, 1.65, 2.19,
and 1.55, respectively. Ga1, Ga2, and Ga4 oxidation states
are close to the Ga charge of 1.30 e in bulk Ga2O3. However,
Ga3 �bonded to three O and two As atoms� has 2.19 e which
is neither close to that of Ga2O3 or GaAs, and this state
corresponds to a partial oxidation state leading to gap states.
The contribution of Ga1, Ga2, and Ga4 to the gap states are
less than that of Ga3, which are not shown in Fig. 3�b� be-
cause a high electron density value was used to only visual-
ize Ga3’s contribution and avoid the difficulty to identify the
partial charge distribution. As a result, we conclude that Ga

3+ and Ga partial charge states are responsible for the gap
states P1.

With the presence of S at the interface, the Ga3 charge
state is reduced from 2.19 e to 1.81 e while the Ga1 �bonded
to three O and one As atoms� charge state is increased from
1.64 e to 1.69 e without changing the Ga–O bonding envi-
ronment. The Ga dangling bond is removed by forming a
Ga–S bond, but the associated Ga atom �with 2.23 e� is not
fully saturated by S. Moreover, the As–As dimers survive
after S is introduced into the interface. Consequently, states
located in the lower half region of the gap are removed �P1
in Fig. 2�, and two upper half trap peaks �P2 and P3� move
upward slightly toward the conducting band. This partial
passivation effect is also observed in experimental studies.23

Therefore, the main effect of S passivation is to remove the
P1 gap state near the valance band edge. Under the S passi-
vation, newly formed Ga �Ga1� partial oxidation states and
Ga–S bonding contribute to the gap states in the upper half
region of the gap. As S cannot fully eliminate As–As dimers
and recover Ga partial oxidized states, S has a limited passi-
vation capability at HfO2 /GaAs interface.

For further device scaling potential with low gate leak-
age current, the dielectric layer is required to have sufficient
barrier heights for both electron and hole tunneling which are
determined by conducting band offsets and valence band off-
sets �VBO�. The VBO is accurately predicted by the refer-
ence potential method.24,25 For the interface O9/Ga4, the
VBO is 1.81 eV compared to experimental values of 2.00,26

2.10,27 and 2.85 eV.28 The variation in experimentally deter-
mined VBOs indicates diversity among the samples ana-
lyzed, and the VBO difference between theoretical prediction
and experimental measurement likely results from the variety
of bond configurations due to the interfacial oxygen concen-
tration. At the O9/S/Ga4 interface, we obtain a VBO of 1.98
eV. This finding confirms large enough tunneling barriers
between HfO2 and GaAs.

In conclusion, we used first principles methods with a
hybrid functional to study the origin of gap states of at the
HfO2 /GaAs interface and the S passivation effect on the in-
terface. We find that Ga dangling bonds, Ga partial oxidation
states �including Ga 3+ like� and As–As dimers contribute to
the gap states. S passivation helps to remove the gap states
within the lower half of the GaAs band gap and push the
states in the upper half of the band gap upward toward the
conducting band.

This research is supported by the FUSION/COSAR
project and the MSD Focus Center Research Program and by
the NSF under Award No. ECCS-0925844. Calculations
were done on Texas Advanced Computing Center.

1G. D. Wilk, R. M. Wallace, and J. M. Anthony, J. Appl. Phys. 89, 5243
�2001�.

2C. Kim, S. Cho, M. Cho, K. Chung, C. An, H. Kim, H. J. Lee, and D. Ko,
Appl. Phys. Lett. 93, 192902 �2008�.

3H. Song, P. Ye, and A. Ivanisevic, Langmuir 23, 9472 �2007�.
4M. M. Frank, G. D. Wilk, D. Starodub, T. Gustafsson, E. Garfunkel, Y.
Chabal, J. Grazul, and D. A. Muller, Appl. Phys. Lett. 86, 152904 �2005�.

5J. Robertson, Appl. Phys. Lett. 94, 152104 �2009�.
6C. L. Hinkle, A. M. Sonnet, E. M. Vogel, S. McDonnell, G. J. Hughes, M.
Milojevic, B. Lee, F. S. Aguirre-Tostado, K. Choi, H. C. Kim, J. Kim, and
R. M. Wallace, Appl. Phys. Lett. 92, 071901 �2008�.

7C. L. Hinkle, M. Milojevic, B. Brennan, A. M. Sonnet, F. S. Aguirre-
Tostado, G. J. Hughes, E. M. Vogel, and R. M. Wallace, Appl. Phys. Lett.
94, 162101 �2009�.

FIG. 2. Calculated interface state density Dit of interface HfO2 /GaAs and
HfO2 /S /GaAs. VBM �CBM� is valence �conduction� band edge maxima
�minima�. P1, P2, and P3 are the Dit distributions within the GaAs band gap
region without S passivation.

FIG. 3. �Color online� �a� and �b� represent the side view of the partial
charge density of the interface O9/Ga4 and O9/S/Ga4 models. The Ga, As,
Hf, S, and O atoms are depicted by gray, purple, light blue, yellow, and red
balls, respectively. Light yellow color indicates partial charge distribution.
The O9/Ga4 and O9/S/Ga4 model electron densities are 4�10−2 e Å−3 and
6.5�10−2 e Å−3, respectively.

232113-2 Wang et al. Appl. Phys. Lett. 98, 232113 �2011�

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

136.152.37.60 On: Sun, 05 Apr 2015 01:56:56

http://dx.doi.org/10.1063/1.1361065
http://dx.doi.org/10.1063/1.2996261
http://dx.doi.org/10.1021/la700979r
http://dx.doi.org/10.1063/1.1899745
http://dx.doi.org/10.1063/1.3120554
http://dx.doi.org/10.1063/1.2883956
http://dx.doi.org/10.1063/1.3120546


8P. T. Chen, Y. Sun, E. Kim, P. C. McIntyre, W. Tsai, M. Garner, P. Pi-
anetta, Y. Nishi, and C. O. Chui, J. Appl. Phys. 103, 034106 �2008�.

9G. He, L. D. Zhang, and M. Liu, Appl. Phys. Lett. 95, 112905 �2009�.
10H. Kim, I. Ok, M. Zhang, C. Choi, T. Lee, F. Zhu, G. Thareja, L. Yu, and

J. C. Lee, Appl. Phys. Lett. 88, 252906 �2006�.
11J. Robertson and L. Lin, Tech. Dig. - Int. Electron Devices Meet. 2010,

744.
12M. Zhu, C. Tung, and Y. Yeo, Appl. Phys. Lett. 89, 202903 �2006�.
13H. Kim, I. Ok, M. Zhang, T. Lee, F. Zhu, L. Yu, and J. C. Lee, Appl. Phys.

Lett. 89, 222903 �2006�.
14F. S. Aguirre-Tostado, M. Milojevic, K. J. Choi, H. C. Kim, C. L. Hinkle,

E. M. Vogel, J. Kim, T. Yang, Y. Xuan, P. D. Ye, and R. M. Wallace, Appl.
Phys. Lett. 93, 061907 �2008�.

15W. Wang, G. Lee, M. Huang, R. M. Wallace, and K. Cho, J. Appl. Phys.
107, 103720 �2010�.

16J. P. Perdew, M. Ernzerhof, and K. Burk, J. Chem. Phys. 105, 9982
�1996�.

17J. Perdew, K. Burke, and M. Ernerhof, Phys. Rev. Lett. 77, 3865 �1996�.
18G. Kresse and J. Furthmüller, Comput. Mater. Sci. 6, 15 �1996�.

19P. E. Blöchl, Phys. Rev. B 50, 17953 �1994�.
20W. Wang, K. Xiong, R. M. Wallace, and K. Cho, J. Phys. Chem. C 114,

22610 �2010�.
21C. Kittel, Introduction to Solid State Physics, 7th ed. �Wiley, New York,

1996�.
22G. Henkelman, A. Arnaldsson, and H. Jónsson, Comput. Mater. Sci. 36,

354 �2006�.
23M. Caymax, G. Brammertz, A. Delabie, S. Sioncke, D. Lin, M. Scarrozza,

G. Pourtois, W. Wang, M. Meuris, and M. Heyns, Microelectron. Eng. 86,
1529 �2009�.

24C. G. Van de Walle and R. M. Martin, Phys. Rev. B 35, 8154 �1987�.
25H. M. Al-Allak and S. J. Clark, Phys. Rev. B 63, 033311 �2001�.
26V. V. Afanas’ev, M. Badylevich, A. Stesmans, G. Brammertz, A. Delabie,

S. Sionke, A. O’Mahony, I. M. Povey, M. E. Pemble, E. O’ Connor, P. K.
Hurley, and S. B. Newcomb, Appl. Phys. Lett. 93, 212104 �2008�.

27G. Seguini, M. Perego, S. Spiga, M. Fanciulli, and A. Dimoulas, Appl.
Phys. Lett. 91, 192902 �2007�.

28G. K. Dalapati, H. Oh, S. J. Lee, A. Sridhara, A. See, W. Wong, and D.
Chi, Appl. Phys. Lett. 92, 042120 �2008�.

232113-3 Wang et al. Appl. Phys. Lett. 98, 232113 �2011�

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

136.152.37.60 On: Sun, 05 Apr 2015 01:56:56

http://dx.doi.org/10.1063/1.2838471
http://dx.doi.org/10.1063/1.3229922
http://dx.doi.org/10.1063/1.2216023
http://dx.doi.org/10.1063/1.2388246
http://dx.doi.org/10.1063/1.2396912
http://dx.doi.org/10.1063/1.2396912
http://dx.doi.org/10.1063/1.2961003
http://dx.doi.org/10.1063/1.2961003
http://dx.doi.org/10.1063/1.3369540
http://dx.doi.org/10.1063/1.472933
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1021/jp107880r
http://dx.doi.org/10.1016/j.commatsci.2005.04.010
http://dx.doi.org/10.1016/j.mee.2009.03.090
http://dx.doi.org/10.1103/PhysRevB.35.8154
http://dx.doi.org/10.1103/PhysRevB.63.033311
http://dx.doi.org/10.1063/1.3021374
http://dx.doi.org/10.1063/1.2805811
http://dx.doi.org/10.1063/1.2805811
http://dx.doi.org/10.1063/1.2839406

