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ABSTRACT The electrical and physical properties of atomic layer deposition high-k (Al,O3 and HfO;)
/In,Ga;_xAs (x = 0.53, 0.7, and 1) MOS interfaces with (NH4)Sy, BHF, and HF pretreatment are
examined. It is found that, as the In content (x) becomes higher, In,Ga;_,As MOS interfaces with BHF
and HF cleaning show better C—V characteristics and lower interface state density (Dj) than with (NH4)Sy
pretreatment. Also, the amounts of arsenic oxides, evaluated by X-ray photoelectron spectroscopy, at the
high In content Al,O3/In,Gaj_,As MOS interfaces are found to increase with BHF and HF cleaning
than with (NH4)Sy cleaning. These results suggest that arsenic oxides can contribute to passivation of
high-k/In,Ga;_,As MOS interface defects and the decrease in Dj; for x = 0.7 and 1. Finally, we propose
a physical model to explain the relationship between possible interface defects responsible for Dy and

the pretreatment effects with the different In contents.

INDEX TERMS
pre-treatment.

BHF, C-V, Dy, HF InAs,

InGaAs,

MOS interface, (NH4)Sx, pre-cleaning,

I. INTRODUCTION
Since 1960s, the scaling law for Si MOSFETs has con-
tributed to the integration of modern LSI. However, because
of the physical properties of Si, the performance enhance-
ment due to the scaling law is reaching its limitation [1].
As new methods which do not rely on the scaling law,
high-mobility semiconductor channels with high-k insula-
tors are attracting much attention. Especially, InyGajxAs
with x = 0.53 to 1 has high electron mobility, and so
it is expected as a channel material of future n-channel
MOSFETs. However, high-k/InyGaj_«As interfaces have the
much higher interface state density (Dj) than the SiO»/Si
interface due to some defects [2]-[4]. Interface states at
MOS interfaces degrade the drive current and the sub-
threshold swing of MOSFETs. Since this problem is very
serious, it is important to reduce the amount of Dj; [S] at
the high-k/InyGa;_xAs interfaces.

Several directions for reducing Dj at the high-
k/InsGaj.xAs interfaces have already been proposed. One
preferable direction for realizing better interfaces is the

removal of the native oxides of InyGaj_xAs, because the poor
InyGa;_xAs MOS interface quality is often attributed to the
low quality native oxides. In order to clean semiconductor
surfaces or reduce amounts of the native oxides, a pre-
cleaning treatment is usually performed before deposition
of gate insulators on substrates [6], [7]. Especially, S clean-
ing ((NH4)Sy pre-treatment) is commonly used for atomic
layer deposition (ALD) Al,O3/ Ings53Gag47As interface
formation [8]-[10]. This is because sulfur atoms passivate
the Ing 53Gag 47As surfaces after removing the native oxides
and prevent the surfaces from oxidation in the air [11], [12].
This is attributable to a strong surface passivation nature of
Sulfur atoms.

Furthermore, it is well recognized that TMA (Al(CH3)3),
which is commonly used in AlO3 ALD as a precursor, can
remove the native oxides in an early stage of Al,O3 ALD,
which is called the self-cleaning effect of TMA [13]. As
a result, the combination of Sulfur cleaning and Al,O3 ALD
using TMA have been considered as one of the optimum gate
insulator formation processes for realizing the native oxide
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free Ings3Gapa7As surfaces. Thus, this process has been
commonly used for Ing 53Gag 47As MOS interface formation
so far.

On the other hand, it has recently been reported that
BHF cleaning can produce lower Dj at HfO,/InAs [14]
and Al,O3/ultra-thin InAs/GaSb [15] MOS interfaces than S
cleaning. These results suggest that the optimum pre-cleaning
can be dependent on the In content (x) of InyGaj.xAs.
However, there is no systematic study on the pre-cleaning
effects of InyGaj.xAs with changing the In content. In addi-
tion to the technological importance, these data are expected
to be quite informative to better understanding of physi-
cal origins of Dj; at InyGaj;xAs MOS interfaces. Therefore,
in this paper, we examine the ALD high-k (Al,O3, HfO;)
/MnyGaj.x As MOS interfaces properties with different In con-
tents (x = 0.53, 0.7, and 1) by changing the pre-treatment
among (NH4)Sy, BHF, and HF [16]. Here, HF cleaning is
also examined in this work to discriminate the effects of
NH4F and HF on the MOS interface properties by comparing
the results of BHF and HF cleaning.

Il. EXPERIMENTS
Al O3/IngGajxAs MOS capacitors (x = 0.53, 0.7, and
1) were fabricated with S, BHF, or HF cleaning. In addition,
HfO,/InsGajxAs MOS capacitors (x = 0.53 and 1) were
also prepared with S or BHF cleaning in order to exam-
ine the influence of the difference in gate insulators. The
treatment was carried out just by soaking the substrates
into each wet chemical solution. The each soaking time of
the substrates in the S, BHF, and HF cleaning was 5 min,
15sec, and 15sec after acetone cleaning. The concentration of
(NH4)Sy, BHF and HF were 0.6-1%, 22% and 50%, and the
temperatures of all solutions were room temperature (R.T.).
Fig. 1 shows the process flow of the MOS capacitors and the
schematic illustrations of the starting substrates. The three
types of the starting substrates were prepared. Two of them
had n-type epitaxial InyGaj.xAs layers on InP substrates,
grown by metal organic vapor phase epitaxy (MOVPE).
The structures were composed of 500-nm-thick Si-doped
(Np ~ 5 x 1015 cm_3) n- Ing53Gag47As grown on nt-
InP(001) and of 300-nm-thick Si-doped (Np ~ 3x10'©
cm’3) n- Ing7Gap3As grown on nt- InP(001). Since the
thickness of the Ing7Gag3As layer is thicker than the critical
thickness, strain is fully relaxed. According to the previous
results [17], [18], Ing7Gag3As n-MOSFETs fabricated on
fully-relaxed Ing7Gag3As/InP substrates have shown the
good electrical characteristics, suggesting that dislocations
or defects generated by fully relaxation of the Ing;7Gag3As
substrates could not have any significant influence on the
MOS interface properties. Also, the third starting substrates
were un-doped (Np ~ 2x 106 cm_3) n-InAs substrates.
90-cycle-Al,O3 (~ 9.4nm) was deposited by ALD at
200 °C on each substrate after S, BHF, or HF cleaning.
The precursors for Al,O3 were TMA and H,O as the liquid
sources. Also, 100-cycle-HfO;, (~ 9.3nm) was deposited by
ALD at 200 °C on n-Ing 53Gag47As and n-InAs substrates
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FIGURE 1. Process flow of InxGa;.As ((a) x = 0.53, (b) x = 0.7,
and (c) x = 1) MOS capacitors and the schematic illustrations of the
starting substrates.
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FIGURE 2. C-V characteristics of Au/Al,03/Ing 53Gag 47As MOS capacitors
with (a) S cleaning, (b) BHF cleaning, and (c) HF cleaning measured at R.T.
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FIGURE 3. C-V characteristics of Au/Al,03/Ing 7Gag 3As MOS capacitors
with (a) S cleaning, (b) BHF cleaning, and (c) HF cleaning measured at
180 K.

after S or BHF cleaning. The precursor and the oxidant of
ALD HfO, were Hf[N(C,H5)CH3]s (TDMAHY) and H>O,
respectively. Next, the Au gate electrode was formed and Al
was deposited as the back contact by thermal evaporation.
Finally, we performed post metallization annealing (PMA) at
350 °C for 1 min in Ny ambient for all the MOS capacitors
to improve the interface properties.

In order to examine the electrical properties of the
MOS interfaces, we performed C-V measurements and esti-
mated Dj; for all the MOS capacitors with a gate area ~
3%10™* cm? by using the Terman method and the con-
ductance method. Also, XPS analyses were performed to
investigate the MOS interface structures.

11l. RESULTS AND DISCUSSIONS

The C-V characteristics at the measurement frequencies of
1k, 10k, 100 k and, 1 MHz for the ALD Al,O3/InyGa;j xAs
MOS capacitors. Fig. 2 shows the C-V characteristics of
Al;O3/Ing 53Gag47As MOS capacitors with (a) S clean-
ing, (b) BHF cleaning, and (c) HF cleaning measured
at RT. Fig. 3 and Fig. 4 also show the C-V curves
of AlpO3/Ing7Gap3As and Al,O3z/InAs MOS capacitors,
respectively, with (a) S cleaning, (b) BHF cleaning,
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FIGURE 4. C-V characteristics of Au/Al,03/InAs MOS capacitors with (a) S
cleaning, (b) BHF cleaning, and (c) HF cleaning measured at 180 K.

and (c) HF cleaning. Here, the measurement tempera-
ture is 180 K. As the In content becomes higher, the
response frequency of minority carriers becomes higher
because of the narrower bandgap and, thus, the minority
carrier response more clearly appears with increasing the
In content. Therefore, the lower temperature is used for the
C-V measurements at x = 0.7 and 1. Here, we measured
the C-V characteristics at different low temperatures and
checked if the C-V characteristics under the high-frequency
limit can be obtained at IMHz. This is because the measured
C-V characteristics are analyzed by the Terman method for
extracting the energy distribution of interface states. The
maximum capacitance of ~ 0.6 uF/cm? for each sample
showed almost no differences. The hysteresis in the C-V
characteristics becomes larger with an increase in the In
content, suggesting that the amount of slow traps increases
as the In content becomes higher. At x = 0.53, there seems
no significant difference among these three types of cleaning.
The small frequency dispersions in the accumulation regions
and the depletion regions, and the steep capacitance changes
at 1 MHz indicate the good MOS interface properties for
In0,53Gao.47As.

At x = 0.7, the smaller frequency dispersion in the deple-
tion and inversion regions are observed with BHF and HF
cleaning than with S cleaning. The smaller humps in the
weak inversion region with BHF/HF cleaning than with
S cleaning also suggest smaller D;; for BHF/HF cleaning.
Furthermore, the capacitance of InAs (x = 1) with S clean-
ing does not change significantly, meaning that the surface
potential is almost pinned because of a large amount of Dj.
Since the capacitance value in the accumulation region with
S cleaning is close to the oxide capacitance, a large amount
of interface states locates around from the conduction band
edge to mid gap. In BHF cleaning and HF cleaning, on
the other hand, much larger capacitance change is observed.
These results clearly show that the interface properties with
BHF cleaning or HF cleaning are much better than those
with S cleaning. In addition, there is no difference between
BHF cleaning and HF cleaning.

Next, in order to further examine if the surface treat-
ment before ALD is the essential factor or not for the
difference in the interface properties, the gate insulator is
changed from ALD Al,O3 to ALD HfO,. Here, we evaluated
the C-V characteristics of the HfO,/InyGajxAs (x = 0.53
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FIGURE 5. C-V characteristics of Au/Hf0,/Ing 53Gag_47As MOS capacitors
with (a) S cleaning and (b) BHF cleaning measured at R.T.

and 1) MOS capacitors, treated by S cleaning and BHF
cleaning. Fig. 5 and Fig. 6 show the C-V characteristics
for HfO»/Ing 53Gag47As MOS capacitors measured at R.T.
and HfO,/InAs MOS capacitors measured at 150 K, respec-
tively, treated by (a) S cleaning and (b) BHF cleaning. In
the HfO,/Ing 53Gag.47As MOS capacitors, the C-V curves
with S cleaning are superior to those with BHF cleaning.
The difference seems to be more evident than that in the
AlyO3/Ing 53Gag 47As MOSCAPs, shown in Fig. 1. These
differences of the cleaning effect on Ing 53Gag.47As between
Al>O3 and HfO; are attributable to any difference of surface
chemistry in Al;O3 and HfO, ALD such as the reduction
power of the precursors or the reactions of Ings3Gaga7As
surface and the precursors. It is found, on the other hand,
in the HfO2/InAs MOS capacitors that the C-V curves with
BHF cleaning shows better characteristics in terms of the
interface properties than those with S cleaning in higher
In content, which is the same trend as observed in the
Al,O3 MOS capacitors. We can conclude from these results
that the present results and trends are inherent properties of
InyGaj_xAs surfaces treated by S, BHF and HF, irrespective
of the gate insulators.

In order to quantitatively examine the interface proper-
ties, the energy distribution of Dj; was estimated by the
Terman method using the 1 MHz C-V curves. In the analy-
sis using the Terman method, we adopted the conventional
semi-classical model, where the Poisson’s equation and the
Boltzmann distribution under a parabolic band model con-
sidering only the I' valley for the conduction band were
employed for calculating the carrier concentrations and the
potentials. Also, the quantum effect in MOS accumulation
layers has not been taken into consideration. As a result,
the accuracy of Dj inside the conduction band would be
questionable in the present calculations.

Fig. 7 (a), (b), and (c) show the energy distributions of Dj
at the Al,O3/InxGa;_xAs MOS interfaces with the In content
of 0.53, 0.7, and 1, respectively. Here, the energy of the con-
duction band edge (E.) of Ing 53Gag 47As, Ing 7Gag 3As, and
InAs is positioned at 0.76eV, 0.59¢eV, and 0.36eV, respec-
tively. First, at x = 0.53, as shown in Fig. 7 (a), there is
no significant difference in Dj near the conduction band
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FIGURE 7. Energy distributions of D;; of Au/Al;03/InxGa;4As
((@a) x = 0.53, (b) x = 0.7, and (c) x = 1) with S cleaning, BHF cleaning, and
HF cleaning, evaluated by the Terman method.

edge among the three cleaning methods. Note that Dy eval-
uated by the conductance method is typically shown in this
energy range. On the other hand, BHF and HF cleaning
provide lower Dy around the mid gap and in the valence
band side than S cleaning. At x = 0.7, as shown in Fig. 4
(b), Djy with BHF and HF cleaning becomes lower even
near the conduction band edge than those with S clean-
ing. Furthermore, this trend becomes stronger for the In
content of 1, as shown in Fig. 7 (c). These results mean
that, as the In content (x) of InyGajxAs is higher, Dj; with
BHF/HF cleaning becomes lower than with S cleaning. The
same results were also confirmed in Dj; evaluated by the
conductance method. Fig. 8 shows the energy distributions
of Dy, evaluated by the conductance method, with (a) S
cleaning, (b) BHF cleaning, and (c) HF cleaning. Note that
Dj; for Al,O3/InAs MOS capacitors treated by S cleaning
could not be obtained by the conductance method because of
no detectable conductance peak. This is attributable to the
response frequency of interface states higher than 1 MHz
through the strong pinning of surface potential around the
conduction band edge. As a result, we can conclude that, with
increasing the In content, BHF and HF cleaning are more
effective in reducing Dj; at the InyGaj.xAs MOS interfaces
than S cleaning. However, it is also observed that the amount
of Dj itself becomes larger as a whole with an increase in
the In content.

It is found, on the other hand, that there is no significant
difference between BHF cleaning and HF cleaning, espe-
cially for the In content of 0.7 and 1. Thus, we can also
conclude from this result that HF-based species are playing
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a more essential role in the effects of the surface treatment
on Dj; than NHyF-based species.

In order to examine the physical origin of the In content
dependence of the pre-cleaning effects, x-ray photoemission
spectroscopy (XPS) was conducted at a take-off angle of
90° for the Al,O3/InyGa;4As (x = 0.53, 0.7, and 1) MOS
interfaces. AlKa was used for this measurement. Al;O3
films with the thickness of around 1 nm were deposited
on InxGajxAs substrates after each cleaning by ALD, in
order to analyze the interface structure. PMA was performed
at 350 °C for 1 min in N> ambient after ALD deposition.
Fig. 9, 10, and 11 show the In 3d, the Ga 2p, and the As 2p
spectra, respectively, of Al,O3/InsGaj.xAs MOS interfaces
with (a) x = 0.53, (b) x = 0.7, and (¢) x = 1 under the
different cleaning treatments. Here, the In 3d core level can
be regarded as composed of the three components, In 3d3,2
(451.7eV), In 3ds;; (444.3eV), and In,O3 (445.3eV). Also,
the Ga 2p core level can be regarded as composed of the two
peaks, Ga (1118.0eV) and Gay03 (1119.0eV). As shown in
Fig. 9 and Fig. 10, the In 3d and the Ga 2p peaks have asym-
metric shapes as a function of the binding energy, indicating
the existence of In and Ga oxides. However, there is no sig-
nificant difference for the In 3d and the Ga 2p spectra among
the three different In contents and the three different surface
treatments. These results mean that the chemical bonding
conditions of In and Ga atoms at the MOS interfaces are not
significantly modulated by the surface treatment, irrespective
of the In or Ga content.

Fig. 11 shows the As 2p spectra for the Al,O3/InxGaj_xAs
MOS interfaces with (a) x = 0.53, (b) x = 0.7, and (¢) x = 1.
Here, the As 2p core level can be regarded as composed of
the two spectra from As (1323.5eV) and As>O3 (1327.0eV).
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It is found in the As 2p spectra, on the other hand, that
the amount of arsenic oxides (As;O3) increases in BHF and
HF cleaning with an increase in the In content, while the
amount of arsenic oxides is much smaller in S cleaning.
Judging from the correlation of the XPS data with the C-V
characteristics and the Dj; results, we can interpret that this
As>03 could work for the passivation of AlpO3/InyGajxAs
MOS interface states. Also, the difference in the InyGa;_xAs
surface conditions, observed in the XPS results, among the
different surface treatments can be explained as follows. In
S cleaning, S atoms terminate the InyGajxAs surface, and
protect the surface, particularly, surface As atoms from oxi-
dation prior and during Al>Os3 deposition [12]. Thus, the
amount of oxides at the interface is smaller. On the other
hand, BHF cleaning or HF cleaning just cleans the surface
and does not cap the surface with anything, resulting in easy
oxidation of the surface in the air and/or during ALD. As
a result, the amount of As oxides can be larger with BHF
or HF cleaning than with S cleaning.

As described in the introduction, the removal of “native”
oxide has been regarded as important for reduction in Dj; at
InyGa;.xAs MOS interfaces. However, there have also been
some recent reports on low Dj; at oxide-rich InyGaj.xAs
MOS interfaces like this paper. For the HfO»/Ing s3Gag 47As
MOS interfaces [19], AsyOs-rich Ings53Gag 47As interfaces
formed at lower HfO, ALD temperature of 150-200 °C,
where higher amounts of As oxides are observed in
the XPS spectra, exhibit lower Dj. Also, the HfO,/InAs
MOS capacitors [20] have been reported to show the good
characteristics for InAs surfaces exposed to oxygen and
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intentionally terminated with oxygen atoms before HfO,
deposition. Here, very low Dj; (~ 2.2x10'" cm™2eV~!) has
been obtained over the whole bandgap of InAs. Additionally,
it has recently been found that crystalline-like oxides grown
on III-V surfaces would have a great potential to improve
the MOS interface [21], [22], and that stable (3 x 1) crys-
talline oxide layers on InAs can be combined with ALD
HfO, growth at 100°C [23]. Actually, this group also
have succeeded in lowing Dj; of HfO2/Ing 53Gag.47As MOS
interfaces by intentionally forming crystalline-oxide-rich sur-
faces before depositing HfO, [24]. As a result, these reports
suggest that oxide-rich InyGa;_xAs MOS interfaces can yield
low Dj under a specific condition. In addition, these results
imply that the physical origin of Dj at InsGaj.xAs MOS
interfaces is not unique, but multiple origins of Dj; may
exist and, thus, that several factors can affect each origin in
a different way.

Based on the above discussions, we propose a physical
interpretation of the relationship between pre-treatment and
possible interface defects responsible for Dj;. Fig. 12 shows
a schematic view of the energy distributions of Dj; to explain
this physical model. It should be noted here that, as the In
content (x) of InyGaj.xAs becomes higher, the energy of the
conduction band bottom is shifted toward to lower energy,
while the energy of the valence band top is almost the same,
independent of x.

Meanwhile, according to the theoretical calculations of
the energy levels of possible defects responsible for Dj; at
InyGaj_xAs MOS interface [25], As-As dimer states locate
near the conduction band edge of Ings53Gag47As, while As
dangling bond (DB) states locates near the valence band
edge of Ings3Gap47As and InAs, as indicated in Fig. 12. The
continuous energy distribution of Dj; could be interpreted as
a spread of discrete defect levels due to the variations in
bond lengths and bond angles around the defects [26]. As
a result, we can assume the observed continuous U-shaped
energy distribution of Dj; as superposition of multiple peak
distributions with a spread, originating in specific discrete
defect levels. The downward-convex Dj; distribution near the
conduction band edge has been confirmed by many previous
works including [27].

Under the above interpretation of the energy distribu-
tion of Dj, the interface states near the conduction band of
Ing 53Gag 47As can be attributed to As-As defect bonds, while
those in the midgap and valence band side can be ascribed to
As dangling bonds. Here, when the In content (x) increases,
the InyGaj.xAs conduction band edge moves to the lower
energy, as indicated in Fig. 12. Then, in the present
assignment of the physical origins of Dj, the dominant
origin of Dj; can change from As-As dimer bonds to As
dangling bonds.

This interpretation can explain the experimental results,
obtained in this study, appropriately as follows. The effec-
tiveness of BHF/HF cleaning on Dj; reduction with higher
In content indicates that BHF/HF cleaning is contributing to
reduction in the density of As dangling bonds, which can be
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FIGURE 12. The model of the energy distribution of D;; around InxGa;_xAs
energy level with possible origin of D;; such as As dangling bond or
Ga dangling bond.

a dominant origin of Dj; with higher In content. As a result,
the dependence of the effective surface treatment on the In
content can be explained by the change in the dominant
physical origin of Dj;. Also, the existence of higher amounts
of As;0O3 observed in BHF/HF cleaning suggests that this
AsyO3 can passivate As dangling bond states through oxy-
gen termination of dangling bonds. In addition, higher Dj
observed in higher In content even with BHF/HF cleaning is
attributable to the increase in Dj; due to As dangling bond
states with the energy closer to the valence band edge, shown
in Fig. 12.

IV. CONCLUSION

We studied the electrical and physical properties of the high-
k (Al,O3, HfO,) /InyGa;xAs (x = 0.53, 0.7, and 1) MOS
interfaces with (NH4)Sy, BHF, and HF treatments. It was
found from the C-V characteristics and the Dj; result that,
as the In content (x) in InyGa;.xAs becomes higher, BHF/HF
cleaning is more effective in reducing Dj; at the InyGajxAs
MOS interfaces than S cleaning. There was no essential dif-
ference in the MOS interface properties between BHF and
HF cleaning, revealing that HF-based species play a main
role in BHF cleaning. It was found from the XPS analyses
that the amount of As;O3 becomes larger in BHF/HF clean-
ing with increasing the In content. This result suggests that
As>O3 can work for the reduction in Dy at the InyGaj_xAs
surfaces. Finally, we propose a physical interpretation of
D;i; and its physical origin to explain the present exper-
imental results. With an increase in the In content, the
dominant origin of Dj; can change from As-As dimers to
As dangling bonds, which can be a reason of the change
in the effective surface treatment with higher In content.
Also, the lower Dj; with BHF/HF cleaning is attributable to
the effective passivation of As dangling bonds with oxygen
atoms, which can be supported by the formation of AsyOs,
observed in XPS.
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