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The reduction in III–V interfacial oxides by atomic layer deposition of Al2O3 on InGaAs is studied
by interrupting the deposition following individual trimethyl aluminum �TMA� and water steps �half
cycles� and interrogation of the resultant surface reactions using in situ monochromatic x-ray
photoelectron spectroscopy �XPS�. TMA is found to reduce the interfacial oxides during the initial
exposure. Concentrations of Ga oxide on the surface processed at 300 °C are reduced to a
concentration on the order of a monolayer, while AsOx species are below the level of detection of
XPS. © 2008 American Institute of Physics. �DOI: 10.1063/1.3033404�

Engineering the chemistry at the substrate/dielectric
interface is critical to the manufacturing of a high perfor-
mance metal-oxide-semiconductor �MOS� device on III–V
substrates.1–3 Controlling the oxidation state and the relative
amount of Ga–O and As–O have been shown recently to be
directly related to the accumulation capacitance frequency
dispersion phenomenon.4 A Si-interfacial passivation layer
�IPL� can be used to control surface oxidation,5–8 although it
is currently unclear if this compromises some of the perfor-
mance potential of the MOS device.9,10 Ideally the dielectric
deposition process itself, combined with appropriate surface
preparation, might remove the need for an IPL. In a previous
atomic layer deposition �ALD� study, it has been reported
that both precursor and oxidation state dependent reactions
effect interfacial oxide formation on GaAs.11 This “clean-up”
effect indicates that the interfacial bonding type can be con-
trolled by varying the deposition conditions, as seen in pre-
vious ex situ studies on GaAs.12–14 Previous ex situ analysis
of the InGaAs interface has reported similar clean-up effects
for HfO2 deposited by ALD.15 In this work, we examine the
ALD dielectric deposition process in detail by interrupting
the growth cycle �referred to here as “half cycles” of the
ALD process� with in situ monochromatic x-ray photoelec-
tron spectroscopy �XPS� analysis to characterize the surface
reactions associated with the ALD of trimethyl aluminum
�TMA� on In0.2Ga0.8As.

The samples used in this study were n-type �Si,
1�1018 /cm3� epitaxial16 In0.2Ga0.8As. The In0.2Ga0.8As
structure was grown by starting with a semi-insulating GaAs
substrate on top of which a 150 nm buffer layer of n-GaAs
�Si, 4�1017 /cm3� followed by growth of a 130 nm layer of
n-GaAs �Si, 1�1017 /cm3�. Finally a 13.5 nm thick active
layer of In0.2Ga0.8As was grown with a 1:4 In to Ga ratio
confirmed by XPS.

Samples were initially degreased for 1 min in each
of acetone, methanol, and isopropyl alcohol. The native
oxides were etched using HCl:de-ionized water �DIW� �1:1�
for 10 min followed by a rinse in flowing DIW for �10 s.
The final treatment involved a 10 min dip in �NH4�2S �22%�

and a DIW rinse.17 Samples were then mounted and intro-
duced into an ultrahigh vacuum �UHV� system in less than
10 min. A dual chamber ALD reactor18 integrated to an UHV
multitechnique deposition/characterization system was used
for this in situ study.19 TMA was used as the Al precursor
for subsequent Al2O3 formation using water deposition
chemistry. Prior to the first ALD deposition, the unloaded
reactor was baked at 400 °C and exposed to 300 cycles �1
cycle�0.1 s �TMA /N2�+4 s N2+0.1 s �H2O /N2�+4 s N2�
in order to encourage reproducible reaction behavior and re-
duce any spurious wall deposition/reaction effects due to re-
sidual precursor components from previous depositions.20

High purity �99.999%� N2 is used as the purging gas. Two
separate sets of film depositions were performed at sample/
reactor temperatures of 200 and 300 °C. The ALD chamber
pressure was �7.6 Torr during deposition, and was con-
nected to the sample analysis module through a UHV trans-
port tube by a buffer chamber. The pressure of the UHV
transport tube during wafer transfer between half-cycles was
�2�10−10 mbar, enabling surface characterization without
spurious ex situ atmospheric exposure or contamination from
the vacuum as determined by control experiments �not
shown�. Analysis of the deposited films was done using an
in situ monochromatic XPS using an Al K� x-ray source
�1486.7eV� �Ref. 21� with a linewidth of �0.25 eV and pass
energy of 15 eV.22 XPS data were taken following each half
cycle �TMA /N2+XPS, then H2O /N2+XPS�. The take-off
angle from the substrate surface was 45°, with an analyzer
acceptance angle of 16°. Binding energy calibration is per-
formed regularly to accepted procedures.23

Figure 1�a� shows the Al 2p feature, which indicates
fully oxidized Al after each TMA pulse, and is consistent
with the O 1s peak in Fig. 1�b�, which compares the O 1s
peak before and after the first TMA pulse at 300 °C. The
primary components prior to TMA exposure are attributed to
As–O, Ga–O, and In–O bonding.24,25 Importantly, the total O
1s peak intensity does not change following the first TMA
pulse, indicating that the Al is oxidized at the expense of
the interfacial substrate oxides. Both remaining Ga–O and
In–O bonding features are reduced in intensity and appear
at a lower binding energy ��530.8 eV� than Al–O bonds
��531.3 eV�.26 Therefore as these surface oxides are re-
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duced and Al–O bond formation ensues, the O 1s peak ap-
pears to shift to higher binding energy, with possible Al–OH
bond formation as well.27 The C 1s intensity �not shown� is
near the limit of detection and appears unaffected by the
subsequent ALD cycles, suggesting that the C incorporated
originates with the TMA precursor.

Figure 2 shows the Ga 2p3/2 peak following surface
preparation, after the first TMA pulse, and further after a
1 nm thick Al2O3 film �ten full cycles� is grown. We note
that the surfaces prepared for the subsequent 200 °C ALD
experiments have slightly higher initial oxide content at the
surface and are attributed to surface preparation variations.
The higher binding energy peak ��1118.4 eV� corresponds

to Ga3+ bonding while the bulk Ga–As bonding is contained
in the primary peak at ��1117.3 eV�. The position of the
Ga–O suboxide peak ��1117.9 eV� has been derived by
Hinkle et al.28 from detailed photoelectron studies.29–31 A
peak corresponding to a Ga–S bond is difficult to resolve
from this suboxide peak.32 After the first TMA exposure, the
Ga3+ oxidation state is dramatically reduced for both depo-
sition temperatures. This indicates that the initial metal pre-
cursor TMA pulse is primarily responsible for the clean up of
interfacial oxides. The area ratio of residual gallium oxides
to the Ga–As is found to be 0.15, which is calculated by
taking into account the escape depth of a 360 eV electron to
correspond to signal on the order of a monolayer.

We also compare the As 2p3/2 features �Fig. 3�, where
the surface-sensitive high binding energy peak is attributed
to an As3+ oxidation state ��1326 eV�, As–S bonding33

��1324.5 eV�, and As–As bonding ��1323.5 eV�.24,32 The
first TMA pulse is effective at reducing arsenic oxide and
sulfide bonding below the level of detection of XPS at
300 °C but not at 200 °C. This behavior likely stems from
the relatively weak bonding34 and as well as the relatively
high vapor pressure of elemental As.35 Since the native ox-
ides of III–V compounds may be thought of as a glassy net-
work connected by oxygen atoms,30 increasing the tempera-
ture from 200 to 300 °C would aid in destabilizing the entire
structure, even though As–O bond scission dominates at such
deposition temperatures.

The tendency of reducing agents such TMA to preferen-
tially attack trivalent oxides is confirmed by the dramatic
reduction in trivalent gallium and arsenic oxides and the con-
stant Ga–O/Ga–As intensity ratio with growth. The In 3d
peaks �not shown� show much lower levels of initial oxida-

FIG. 1. �Color online� �a� Al 2p region following the first �TMA1, DIW1�
and second �TMA2, DIW2� half-cycle exposures as well as after ten full
cycles �1 nm� at 300 °C on In0.2Ga0.8As. �b� O 1s peak before and after the
first TMA pulse showing a shift toward a higher binding energy but no
change in total area.

FIG. 2. �Color online� Ga 2p3/2 spectra showing the reduction in gallium
oxides following the first four half cycles and the subsequent spectra upon
completion of the 1 nm ALD Al2O3 film at 200 and 300 °C.

FIG. 3. �Color online� As 2p3/2 spectra showing the removal of arsenic
oxides following the first four half cycles and the subsequent spectra upon
completion of the 1 nm ALD Al2O3 film at 200 and 300 °C.
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tion than the Ga 2p spectra. It is reasonable to expect that the
extent of interfacial oxide reduction depends on temperature
as well as the surface concentration of reducing species �i.e.,
TMA�. It has been shown that the surface concentration of
adsorbed TMA is inversely proportional to the substrate
temperature,36 which would cause a diminished clean-up ef-
fect at higher substrate temperatures due to a lower surface
concentration of TMA. We observe the opposite, however,
which suggests that the kinetics of the reaction depend pri-
marily on temperature.

In conclusion, the results show that for TMA/water
based alumina ALD, the first TMA half cycle pulse is re-
sponsible for the interfacial oxide reduction. At 300 °C,
As–O bonding is reduced below the XPS level of detection
and Ga–O bonding is reduced to the order of monolayer
concentration at the interface demonstrating a sharp
substrate/oxide interface. Similar measurements of the ALD
reactions performed at 200 °C indicate that the clean-up ef-
fect was less effective.
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