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ABSTRACT Studies have shown that metal oxide semiconductor

ﬁeld-eﬀect transistors fabricated utilizing compound semiconductors as the channel are limited in their electrical performance. This is
attributed to imperfections at the semiconductor/oxide interface
which cause electronic trap states, resulting in ineﬃcient modulation of the Fermi level. The physical origin of these states is still
debated mainly because of the diﬃculty in assigning a particular
electronic state to a speciﬁc physical defect. To gain insight into the
exact source of the electronic trap states, density functional theory was employed to model the intrinsic physical defects on the InGaAs (2  4) surface and
to model the eﬀective passivation of these defects by utilizing both an oxidant and a reductant to eliminate metallic bonds and dangling-bond-induced
strain at the interface. Scanning tunneling microscopy and spectroscopy were employed to experimentally determine the physical and electronic defects
and to verify the eﬀectiveness of dual passivation with an oxidant and a reductant. While subsurface chemisorption of oxidants on compound
semiconductor substrates can be detrimental, it has been shown theoretically and experimentally that oxidants are critical to removing metallic defects at
oxide/compound semiconductor interfaces present in nanoscale channels, oxides, and other nanostructures.
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T

raditional metal oxide semiconductor
ﬁeld-eﬀect transistors (MOSFETs) utilized Si as the channel material, but in
an eﬀort to increase processing power in
logic devices, compound semiconductors
are being explored as an alternative channel
due to their intrinsically high mobilities.1,2
Studies over the past several decades have
concluded that a limiting factor to compound semiconductor-based MOSFET performance is the large density of interface
trap states at the semiconductor/oxide
interface.37 These electronic trap states
are hypothesized to be a result of physical
imperfections at the semiconductor/oxide
interface such as dangling bonds, highly
strained bond angles, and metallic bonds,
although this is still a topic of debate.8,9 In
order to develop eﬀective passivation techniques for compound semiconductor/oxide
interfaces, it is critical to deﬁnitively identify
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the physical origin of these electronic trap
states. Previous work has shown that the
deposition of a-Al2O3 on the InGaAs (2  4)
surface results in promising capacitance
voltage (CV) characteristics.10 Therefore,
the As-rich (2  4) reconstruction of InGaAs
is a viable choice for use as a surface channel, but there is a fundamental problem
with this surface for alloy compositions ranging from InAs to GaAs.
Edmonds et al. showed that GaAs (2  4)
or InAs (2  4) surfaces contain at least 8%
R2-(2  4) unit cells, and In0.53Ga0.47As
contains 71% R2-(2  4) unit cells, which
accentuates the need to eﬀectively passivate these defect unit cells.11 The R2-(2  4)
unit cell is missing an AsAs dimer on the
row, which results in metallic InGa
bonds.12 The metalmetal bonds directly
form valence band (VB) edge states and indirectly induce conduction band (CB) edge
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Figure 1. (a) Side view of relaxed DFT models of TMA passivated R2-(2  4) unit cell, with pink lobes showing the origin of VB
edge states. (b) Purple lobes showing the origin of CB edge states. (c) Density of states of the TMA passivated R2-(2  4) unit
cell, with arrows indicating the band edge states.

states; the metalmetal bonds generate bond angle
strain in the edge As atoms which prefer to be in a
tetrahedral sp3 bonding conﬁguration. This bond strain
results in CB edge states as seen in density functional
theory (DFT) calculations of the (2  4) surface density
of states (DOS) and prevents the Fermi level (Ef) from
being eﬃciently modulated without proper passivation techniques. Therefore, the InGaAs (2  4) reconstruction requires passivation of at least three unique
sites: As dangling bonds, In/Ga dangling bonds, and In/
GaIn/Ga bonds.
Many passivation techniques have been explored
for compound semiconductor surfaces, but most rely
on external wet cleans, chemicals that are not ideal for
introduction into commercial atomic layer deposition
(ALD) tools, or temperatures that are not practical.1317
Another option would be to avoid the inherent problems of the InGaAs (2  4) surface by using another
crystallographic face such as the (110) surface, which
is defect-free.1820 While predosing with a reductant
such as trimethylaluminum (TMA) is well-known to
improve device characteristics and reduce native
oxides,10,21 the reductant (TMA) can only passivate
the dangling bonds on the As atoms since bonding
to a metal (Al) cannot passivate either In/Ga dangling
bonds or In/GaIn/Ga metallic bonds.22 To improve
IIIV (2  4)-based MOSFET device performance, it
may be possible to passivate the high density of defect
unit cells using in situ chemical processes which preferentially insert an oxidant species such as an OH
group into the metallic bonds and relieve the strained
As bonds. In this work, a passivation technique which
utilizes a reductant (TMA) and an oxidant (OH, SH, NH2)
to passivate defect unit cells on the InGaAs (001)-(2  4)
surface is modeled using DFT and experimentally tested
using scanning tunneling microscopy and spectroscopy
(STM, STS). To determine the chemical mechanism of
passivation, the order of TMA/oxidant dosing was reversed and two diﬀerent oxidants were studied.
RESULTS AND DISCUSSION
Density Functional Theory Simulations. Figure 1 shows a
DFT model of the InGaAs (001) R2-(2  4) defect unit
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cell with a missing As row dimer which had been
passivated with a full monolayer of dimethylaluminum
(DMA). In the calculated DOS (c), small VB and CB edge
states are observed, pink and purple arrows, respectively. The band decomposed charge density (left and
middle) shows the origin of these states in the structural models. Figure 1a shows the VB edge states (pink
lobes) that are predominantly concentrated on the
InGa metallic bonds. Figure 1b shows that the CB
edge states (purple lobes) originate mainly from the
edge sp3-hybridized As atoms that have a highly
strained bond angle of about 65°, which is much
smaller than the ideal tetrahedral angle of 109.5°.
To model the eﬀects of oxidant passivation, calculations were performed for O, S, and NH insertion into the metallic group III bonds to eliminate the
metalmetal bonds and relieve the strained As bonds.
Figure 2 shows the resulting bonding conﬁgurations
and calculated DOS after oxidant insertion. The electronic structures for O, S, and NH insertion are
nearly identical, consistent with their isoelectric properties. The O, S, and NH insertion reduced the
VB edge state by eliminating the InGa metallic bonds.
However, the edge As atoms still have nontetrahedral
bond angles (red arrows), consistent with negligible
reduction in the CB edge state density.
To test if a diﬀerent bonding angle might inﬂuence
the CB edge states, DFT was employed to model OH,
SH, and NH2 insertion into the metallic bonds, as
shown in Figure 3. Note that all three ligands give
nearly identical electronic structures. These hydride
insertion results have a less passivating eﬀect on the
VB edge states compared to simple atomic insertion,
but there is partial passivation of the CB edge states.
The DFT structural model shows the cause of the CB
edge state partial passivation. Although pairs of OH,
SH, and NH2 groups were inserted into the metalmetal bonds, DFT relaxation resulted in one of the
hydride groups moving out of the metalmetal bond
and eliminating a dangling bond of one of the tricoordinated In/Ga atoms. This conﬁguration satisﬁes the
electron-counting model, whereas having two bridging oxidant groups or two edge oxidant groups leads
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Figure 2. Side view of relaxed DFT models and DOS of TMA passivated (2  4) surface (a) with an O atom (b), S atom (c), and N
atom (d) inserted between group III atoms. Note that the electronic structures for passivation with O and S are nearly identical.
Both reduce the VB edge state by eliminating the InGa metallic bonds. However, the edge As atoms (arrow) still have
nontetrahedral bond angles. The N passivation leaves the edge As atoms with highly distorted bond angles (arrow) and halfﬁlled dangling bonds on N atoms which pin the Fermi level.

Figure 3. Side view of relaxed DFT models and DOS of TMA passivated (2  4) surface (a) with an OH group (b), SH group
(c), and NH2 group (d) inserted between group III atoms. Note that the electronic structures for passivation with OH, SH,
and NH2 are nearly identical. In all cases, one-half of the ligands migrated out of the InGa bonds to passivate a Ga dangling
bond, resulting in an increase of VB edge states and a decrease of CB edge states. All cases reduced the CB edge state by
eliminating the InGa metallic bonds and partially relieving bond angle strain in the edge As atoms.

to excess charge or a charge deﬁciency, respectively.
The lack of passivation of the VB edge states is consistent with one of the metalmetal bonds remaining
intact, while the partial passivation of the CB edge state
is consistent with the dangling bonds on the tricoordinated In/Ga atoms being a source of the bond angle
strain which induced CB edge states. As shown in
Figure 1, the empty dangling bonds on the tricoordinated In/Ga atoms do not directly induce CB edge
states; instead, they induce bond angle strain on the
neighboring As atoms (red arrows), which causes the
CB edge states.
To eliminate both the metalmetal bonds and the
group III dangling bonds in the DFT model, OH, SH,
or NH2 groups were inserted into the metallic bonds
and bonded to the edge tricoordinated In/Ga atoms.
Note that all three ligands give nearly identical
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electronic structures. One of the methyl groups from
the DMA molecule migrated and bonded to the left
surface Ga atom. This conﬁguration satisﬁes the electron-counting rule and results in a neutral unit cell.
Additionally, this double passivation restored the edge
As atom bond angles to sp3 tetrahedral geometry with
an angle much closer to the ideal 109.5°, and the CB
edge states were completely suppressed as shown in
Figure 4bd. The models are consistent with the eﬀect
of dual passivation: a reductant (TMA) is used to
eliminate the dangling bonds on the tricoordinated
As atoms, while an oxidant (OH, SH, or NH2) is
used to eliminate both the metalmetal bonds and
the group III dangling bonds.
STM/STS. After the sample was decapped, STM was
used to verify that the InGaAs (001)-(2  4) surface was
free of contaminants (Figure 5a). The zigzag pattern of
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Figure 4. Side view of relaxed DFT models and DOS of TMA passivated (2  4) surface (a) with two OH groups (b), SH
groups (c), and NH2 groups (d) inserted between group III atoms and on the edge of group III atoms. The electronic
structures for passivation with OH, SH, and NH2 are nearly identical. The ligands have removed the dangling bonds on
the In and Ga atoms, resulting in the edge As atoms (arrows) being restored to bulk-like tetrahedral bonding angles, which
eliminates the CB edge states.

the rows in the STM image is due to the presence
of two different unit cells on the (2  4) surface, the
R2-(2  4) and the β2-(2  4) unit cells.12 Details of the
different unit cells are given in a previous study which
has shown that In0.27Ga0.73As contains 42% missing
dimer unit cells and In0.53Ga0.47As has 78%.11 DFT
simulations (Figures 14) show that the defect unit
cells cannot be fully passivated by TMA and require an
oxidizing agent to suppress the remaining CB edge
states. Two passivation experiments were performed
to achieve dual passivation.
In the ﬁrst experiment, 1000 L of HOOH vapor was
dosed onto the clean (2  4) surface at 25 °C and was
followed by anneals at 210, 250, 350, and 410 °C, each
for 30 min. A STM image of the ﬁnal surface is shown
in Figure 5b. By manually counting the number of
R2-(2  4) unit cells in the STM image, it was determined that the percentage of R2-(2  4) unit cells was
decreased from 78 to 24%, consistent with selective
insertion of OH groups into the metallic group III
bonds. The HOOH dosed InGaAs (001)-(2  4) sample
was subsequently annealed to 460 °C for an additional
30 min, as shown in Figure 5c. The characteristic zigzag
pattern of the clean surface is visible, indicating that
the adsorption of OH is reversible and there is no
subsurface oxidation for low-temperature dosing even
with a high-temperature anneal since this would irreversibly change the surface structure. In a separate
experiment, 3000 L of HOOH was dosed followed by
the same series of anneals in an attempt to reduce the
number of R2 unit cells. No high-resolution images
were obtained after several days of scanning. It is
believed that the oxidant was regularly reacting with
the tip, eﬀectively limiting the resolution of the image.
Figure 6 shows a sample that was initially
dosed with 1500 L of HOOH, annealed to 320 °C, and
subsequently dosed with 500 L of TMA at 25 °C and
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annealed to 280 °C. The HOOH dosing is manually
controlled, hence the variation in total dose between
Figure 5 and Figure 6 is limited by the ability to control
the extent of manual dosing in real time. There are
atomically ordered rows in the (110) direction with row
spacing of 1.68 ( 0.09 nm, the same as the clean (2  4)
surface (Figure 6 inset). This suggests the lack of
subcutaneous oxidation, but the zigzag pattern observed for both the clean (2  4) surface and the TMAonly dosed surface is not visible, indicating preferential
insertion of the OH groups into the metallic bonds.22
Growth of Al2O3 has been nucleated in each unit cell
because the TMA selectively reacted with the AsAs
dimers and the HOOH reacted with the group III bonds.
An STS study was performed to determine the
eﬀects of dosing TMA only (green curve), HOOH only
(red curve), and dual passivation with HOOH and TMA
(pink curve) (Figure 7). The Ef, deﬁned as the 0 V
position in STS, is located near the CB edge for the
clean surface (blue curve), meaning the Ef is unpinned.
Previous studies on clean n-type and p-type InGaAs
(2  4) and on TMA dosed n-type and p-type InGaAs
(2  4) demonstrated that the Ef remained near the VB
for p-type samples and near the CB for n-type samples,
indicating an unpinned Fermi level.22 After being
dosed with 1000 L of TMA (green curve) at 280 °C with
a 280 °C anneal, the Ef shifts slightly toward midgap,
indicating a partially pinned surface. After the clean
(2  4) surface was dosed with 1000 L of HOOH (g) (red
curve) at 25 °C with a 310 °C anneal, the Fermi level
position remains unchanged from the clean surface
position, which is in contrast to several publications,
indicating that oxidant dosing of IIIV surfaces results
in a pinned Ef.6,2325 Dosing 1000 L of HOOH at 25 °C
with a 300 °C anneal and subsequently 1000 L of TMA
at 280 °C followed by an anneal at 280 °C for 30 min
(pink) results in further unpinning of the Ef when
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Figure 5. (a) Filled state STM images of a clean (2  4) surface with a β2 double As dimer unit cell (blue arrow) and an R2 single
As dimer unit cell (red arrow). (b) A 1000 L dose of HOOH followed by a series of anneals; notice that a majority of unit cells
appear wide, indicating selective insertion of OH groups into the metallic InGa bond. (c) Same sample after annealing up
to 460 °C; notice the restoration of the characteristic zigzag pattern indicating reversible chemisorption of OH groups on the
(2  4) surface.

Figure 6. STM image of a 100  100 nm2 ﬁlled state of the
InGaAs (2  4) surface initially dosed with HOOH and
subsequently dosed with TMA. Ordered rows appear in
the vertical direction, indicating that a high degree of
surface order is maintained (inset), but the zigzag pattern
of a typical (2  4) surface is not observed, indicating
selective insertion of OH groups into metallic InGa
bonds. Al2O3 ALD is nucleated in each unit cell since TMA
reacted with As dimers and OH groups reacted with In/Ga
atoms.

compared to the TMA-only dose. Although the DFT
calculations showed that reacting the clean (2  4)
surface with both TMA and OH groups should
KENT ET AL.

Figure 7. STS spectra of the clean (2  4) surface (blue)
showing the Fermi level near the CB edge, indicating an
unpinned Fermi level, the TMA dosed surface (green) which
shows a slight shift of Fermi level toward midgap due to
unpassivated metallic bonds, the HOOH dosed surface (red)
which is nearly identical to the clean surface, and the TMA þ
HOOH dosed surface (pink) which has a Fermi level near the
CB edge, consistent with unpinning.

passivate CB edge states, this experiment shows that
dosing both TMA and HOOH does not completely
unpin the Fermi level. To achieve a fully unpinned
surface Ef, it may be necessary to decrease the number
of R2-(2  4) unit cells below 23% by further optimizing the dosing conditions. However, in gate oxide
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pinned near the CB due to In surface segregation,26
n-type and p-type samples were compared (Figure 8).
A p-type sample was dosed with 1000 L of HOOH at
25 °C and subsequently dosed with 1000 L of TMA at
280 °C. The Ef is located near the VB for the p-type
sample and near the CB for the n-type sample, indicating that the Ef is not pinned near the CB.
CONCLUSION

Figure 8. (Red curve) STS of n-type InGaAs dosed with 1000
L of HOOH followed by 1000 L of TMA. To ensure the Ef is
fully unpinned, p-type InGaAs was dosed with 1000 L HOOH
and 1000 L of TMA. Ef is clearly located near the VB for the
p-type sample, indicative of unpinning.

deposition, there will be subsequent exposure to H2O
during ALD, which is likely to remove most remaining
metalmetal bonds. To ensure that the Ef was not

METHODS
The samples contained 0.2 μm of molecular beam epitaxy
grown In0.53Ga0.47As (001) with 1  1018 cm3 Si dopant
concentrations on commercially available InP wafers. The samples were capped with ∼50 nm of As2 to protect the InGaAs
surface from contaminants and oxidation. Samples were loaded
into an Omicron variable-temperature ultrahigh vacuum system with a base pressure of <1  1010 Torr. The As2 cap was
thermally desorbed at 350 °C, and the (2  4) surface reconstructions were obtained by annealing the samples to 400 °C.
Samples were transferred in situ to the scanning probe microscopy chamber with a base pressure of 1  1011 Torr, where
STM and STS were performed on the clean (2  4) surfaces. STM
experiments were performed in constant current mode with a
sample bias of 3 V and a tunneling current set point of 100 pA.
All images have been reproduced at least twice. The distance
between rows was determined by averaging 10 separate line
traces and calculating the standard error. STS was performed in
varied-z mode while ramping the sample bias from 1.5 to 1.5 V
and concurrently moving the tip toward then away from the
surface. All STS curves are an average of at least eight individual
curves. After being dosed with TMA and/or an oxidant, STM
was used to determine the atomic conﬁguration of the surface
while STS was used to measure the electrical quality of the
surface.3,27,28 Speciﬁc dosing conditions for each experiment
are given in the corresponding results section.
All DFT calculations were performed with the Vienna Ab
Initio Simulation Package29,30 using projector-augmented wave
(PAW) pseudopotentials (PP)31 and the PBE (PerdewBurke
Ernzerhof) exchange-correlation functional.32,33 The choice of
PBE functional and PAW PPs was validated by parametrization
runs that demonstrated good reproducibility of experimental
lattice constants, bulk moduli, and formation energies for bulk
crystalline GaAs and InAs. The three bottom layers of InGaAs
were permanently ﬁxed in their bulk-like positions and passivated
by pseudo-H atoms with 1.25 |e| charge to simulate continuous
bulk. The systems were DFT-relaxed by a conjugate-gradient
geometry optimization algorithm with a force tolerance level of
0.05 eV/Å at the 4  8  1 Γ-centered K-point set.
Conflict of Interest: The authors declare no competing
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This study has identiﬁed the physical origins of
electronic trap states present at the InGaAs/oxide
interfaces and presented an eﬀective dual passivation
scheme using an oxidant and a reductant which
eliminates metallic bonds, dangling bonds, and dangling-bond-induced strain. Employing this passivation
technique will result in superior electrical performance
due to suppression of electronic defects and is applicable to a wide range of devices containing compound
semiconductor/oxide junctions.

Supporting Information Available: The supporting material
addresses a few key issues including the possibility of utilizing
H2O as the oxidant and the temperature dependence of this
passivation, proving the Ef is truly unpinned and located near
the CB and not pinned near the CB due to In surface segregation, the eﬀect of In/Ga ordering on the DOS, identifying the
bulk vs surface states, and exploring alternate bonding conﬁgurations of the oxidant species. This material is available free of
charge via the Internet at http://pubs.acs.org.
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