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In this reported work, comparison is made of a passivation treatment of a III–V compound semiconductor using ammonia and ammonium
sulphide solution. The treatment is applied on In0.53Ga0.47As which is chosen for its high mobility especially in high electron mobility
transistors. The samples were treated with various parameters such as precursor, vacuum condition and different chemical solutions. Then,
samples were deposited with the high k-dielectric Al2O3 (4 nm thickness) using the atomic layer deposition technique. Five different
passivation treatments were used to give proper comparison. Native oxide elements and contaminants were inspected at the interface of
the oxide layer and the substrate using X-ray photospectrometry in different angles (25° and 70°). The results indicate the effectiveness of
some treatments to eliminate the oxide of gallium and arsenic with a slight presence of indium oxide.
1. Introduction: The electrical properties and performance of
metal oxide semiconductor field effect transistors (MOSFETs) are
largely affected by the quality of the interface between the
insulator and the semiconductor surface. The presence of
interface defects, especially interface trapped charges (Dit), is
found to degrade the quality of the transistor’ performance by
allowing a leakage of gate current and the pinning of the Fermi
level [1]. Elimination of the surface charges by passivation
techniques has already been used to reduce the effect of the Dit.
Several passivation methods such as wet solution [2], plasma [3]
and UV-ozone [4] have been proposed as the solution for this
problem.

On the other hand, a requirement for higher mobility and trans-
conductance has diverted the attention of researchers to look for a
new material as a replacement for silicon base devices. III–V mate-
rials are believed to have enormous potential to be a proper replace-
ment, because their mobility is ten times higher compared with Si.
The performance of this material is already proven by its usage in
high electron mobility transistors (HEMTs) [5]. Among all the
III–V materials, In-enriched In0.53Ga0.47As is one of the most estab-
lished materials to replace Si in complementary metal oxide semi-
conductor (CMOS) technology, especially for high speed and low
power applications [6]. It has a smaller bandgap (Eg = 0.74 eV)
compared with Si which makes it more suitable to become a
channel material in a transistor. In addition, a search for a compat-
ible insulator for this material is boosted by the introduction of high
k-dielectrics materials [7] that have already helped further scaling of
Si [8]. The integration of III–V and high k-material in a device must
overcome the problem of the interface issue, such as native oxides
and thermally grown oxides.

The deposition technique of dielectric is also critical to determine
the quality of the interface to make it compatible with CMOS Si
technology, ex-situ atomic layer deposition (ALD) was suggested
by several resources [9, 10]. Previous research [11] showed a prom-
ising result for a III–V compound semiconductor to achieve a low-
interfacial density of states for an oxide deposition using ALD.
Several dielectric materials are suggested for In0.53Ga0.47As.
Ga2O3(Gd2O3) [GGO] [12], HfO2 [13] and Al2O3 [9] have
already been tested in previous works. In this study, Al2O3 is
chosen because it produces an excellent result of Dit based on the
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literature and many groups have employed it as a standard oxide
[14, 15]. In terms of thermal and electrical properties, Al is really
stable in high temperature (max = 1000°C) with high permittivity
(K = 8.6–9.0) and high bandgap value (9 eV).

Several methods for passivation have already been suggested for
In0.53Ga0.47As. Utilisation of silane and ammonia was proposed
[16] with the excellent result for Dit. A phosphorous passivation
on undoped In0.53Ga0.47As using in-situ metal organic vapour
phase epitaxy by flowing phosphine has demonstrated an excellent
result of Dit on InGaAs [17]. Passivation based on sulphur has also
been applied especially using ammonium sulphide (NH4)2S [18].
The effectiveness of (NH4)2S to remove the native oxide of InP,
InGaAs, GaAs has already been reported [19, 20].

In this Letter, a combination of the standard passivation method
with sulphur passivation is investigated by a double passivation
using NH4OH and (NH4)2S on a p-type In0.53Ga0.47As substrate.
First, NH4OH treatment is applied and is followed by
(NH4)2S. The samples are treated without any specific pretreatment
such as HCl. The passivation and the deposition of oxide are exe-
cuted in vacuum condition. The ALD process is applied in two dif-
ferent methods as thermal and plasma enhanced. During this
treatment, rinsing in ammonia plays a major role to suppress the un-
desirable components of the surface through a slight etching at the
surface.

2. Methods: Fig. 1 shows the process flow for this study. First, two
layers of p-type In0.53Ga0.47As were epitaxially grown using
molecular beam epitaxy (MBE-Riber32P) on an InP substrate.
Carbon P-type doping was used on both layers with different
concentrations, the first layer with a concentration of 1019 cm−3

and the second layer or the top layer with the concentration of
1017 cm−3. Prior to the ALD deposition, surface treatment or
passivation is required to eliminate native oxides on the surface
by immersing the wafer into a specific solution. We used five
different passivation treatments to give a better comparison for
the achieving optimised passivation method. In Table 1, more
details about the parameters used for each treatment are shown.
The solution of NH4OH was prepared by a dilution of 4 ml of
NH4OH (30%) in 100 ml of deionised (DI) water. A standard
treatment by NH4OH was chosen for four samples. For the last
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Table 1 Passivation parameter for each sample

Parameter Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

H2O
rinsing

no yes yes yes yes

solution NH4OH NH4OH NH4OH NH4OH NH4OH
+

(NH4)2S
oxidising
agent

plasma
O2

plasma
O2

H2O H2O H2O

type of
ALD

plasma
enhanced

plasma
enhanced

thermal thermal thermal

atmosphere vacuum vacuum ambient vacuum vacuum

Figure 1 Schematic of process flow for passivation treatment on
In0.53Ga0.47As

Figure 2 XPS spectra for As3d
a For samples 1 and 2
b For samples 3–5
sample, The (NH4)2S passivation was added during 30 min after the
same NH4OH treatment. The (NH4)2S solution was prepared by
mixing 5 ml of (NH4)2S (20%) in 5 ml of DI water. The next
step, was rinsing with DI water for all samples (except sample 1),
was applied to remove the solution from the surface before the
drying process (with dry nitrogen). To prevent an external
contamination in the air ambient and native oxide regrowth, the
whole process of passivation was done in the glove box in
vacuum condition except for sample 3. Then, from the glove box
all the samples were inserted directly into the ALD chamber
without any contact with ambient.
A 4 nm layer of aluminium oxide was deposited onto the wafer

by ALD (BENEQ-TFS200) using two liquid precursors [trimethyl-
aluminium (TMA) and H2O]. However, the depositions for samples
1 and 2 were slightly different because plasma O2 was used as the
precursor to react with aluminium to form the Al2O3 thin layer. The
ALD used in our case had two operating modes, the first is thermal
ALD using H2O as oxidising agent, and the second is plasma
enhanced ALD (PEALD) with plasma O2 as the oxidising agent.
The interest of coating using plasma is the capability of low tem-
perature deposition of the metal, especially for oxides and nitrides.
It has already been reported that Al2O3 layer properties were not
influenced by the oxidant source at the temperature from 100 to
300°C [21]. However, to facilitate proper comparison, an identical
temperature was applied for both cases. During the process, the
chamber was heated up to 300°C. Prior to the deposition, an inter-
facial self-cleaning through the ligand exchange can remove the
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oxides from InGaAs substrate. The effectiveness of oxide
removal from the surface relied on the choice of metal organic pre-
cursor. By using TMA as a precursor, the oxide elimination was
successfully done in InGaAs, demonstrating a good performance
in term of static measurements for the III–V MOSFET [22].

The interfaces for all samples were analysed in a Vacuum
Science Workshop (VSW) surface analysis chamber equipped
with VSW 150 XPS to quantify the oxides detected from the
InGaAs interface. The spectra of As3d, In4d, In3d and Ga3d
were analysed with a monochromatic Al Kα X-ray source. From
these spectra, the presence of conductive native oxides, such as
As2O5, As2O3, Ga2O3 and In2O3, as well as contamination from
the environment could be quantified. Two different angles (25°
and 70°) were used to measure the elements cited above at different
depths.
3. Result and discussions: Our focus on XPS measurement is to
study the main bulk sensitive states of As, Ga and In such as
As3d, Ga3d, In3d and In4d spectrums. These states will give
significant signals compared with others since they are located at
the valence band. Recent study has demonstrated that some of
these bulk peaks are not sensitive enough to be measured with
XPS using a normal angle [23]. As a precaution, the maximum
angle for our measurement is 70°.

The overall results of XPS show quite a similarity for samples
3–5 on the one hand and samples 1 and 2 on the other hand,
where no significance difference exists between them. In this
matter, the XPS results are depicted here for samples 3–5 all
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Figure 3 XPS spectra for Ga3d and In4d
a For samples 1 and 2
b For samples 3–5

Figure 4 XPS spectra for In3d
a For samples 1 and 2
b For samples 3–5
together as well as for samples 1 and 2. Regarding to the treatment
methods for samples 1 and 2 (Table 1), it seems that the presence or
absence of the H2O rinsing step is unable to make a significant
effect on results. Samples 3–5 give promising results where Ga
and As oxide totally disappeared with a small presence of In
oxide. However, results from samples 1 and 2 are not really encour-
aging because the quantity of oxide is quite abundant after the treat-
ment and deposition.

Fig. 2 shows the comparison for spectrum As3d core level lines
for all samples at 70°. Fig. 2a is representative for the samples 1
and 2 and Fig. 2b is related to samples 3–5. The native oxides of
As exist in two different forms, namely As2O3 and As2O5, corre-
sponding to As3+ and As5+ as shown in Fig. 2a. As can be seen
for samples 3–5 in Fig. 2b, the passivation method was successfully
able to remove native oxide of As to be below the detection limit of
XPS. A previous report by Hinkle et al. [24] stated that ammonia is
effective to react against As2O5 and eliminate it from the surface. To
remove As2O3, a self-cleaning mechanism by ligands exchange of
TMA is the main element to excite As3+ to leave the interface.

Figs. 3a and b demonstrate the XPS results for Ga3d core level
lines for all samples at 70°. As can be seen in Fig. 3a, samples 1
and 2 still indicate a presence of Ga and In oxide from spectrum
Ga3d and In4d, respectively. The explication of mediocre result
from samples 1 and 2 is probably because of the influence of the
used oxidising agent, which was plasma O2 compared to samples
3–5 where H2O was used. It is worth noting that the choice of
oxidant is determined by the type of ALD used.

According to our experiment, thermal ALD has the more suitable
result compared with PEALD. A comparative study by Jinesh et al.
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[25] of Al2O3 deposition on silicon by PEALD and thermal ALD
shows an improvement of electrical properties for the oxide layer
(i.e. lower oxide trap charges, higher tunnel barrier and better di-
electric permittivity, k = 8.8) in PEALD. The explanation for this
contrary result is probably related to the metal organic precursor
used, and the choice of substrate that lead to a diverse mechanism.
An improvement by plasma is possible through a correct choice of
precursor and wafer.

The Ga3d spectrum in Fig. 3b indicates a total removal of Ga
oxide essentially by NH4OH for samples 3–5. Osakabe and
Adachi [26] have reported the same result for native oxide
removal for GaAs by NH4OH where the surface was transformed
into hydrophilic.

The In3d XPS spectra in Fig. 4 indicates the existence of In oxides
along with the bulk of In for samples 1 and 2 (Fig. 4a) and less of it
in samples 3–5 (Fig. 4b). Fig. 4 shows that the passivation is not suf-
ficient to suppress In oxide in all samples. To remove In oxide, we
propose a consecutive treatment by NH4OH and (NH4)2S which was
realised in sample 5. In this case, NH4OH will essentially be able to
remove native oxides of Ga and As, and after that the sulphide
(NH4)2S can eliminate In oxides. As mentioned before, for
samples 1 and 2 (as well as samples 3–5), the XPS interpretation
indicates no remarkable difference. The quantity of native oxide
after the treatment is quite similar for these samples.

One possible reason for this similarity is related to the formation
of the monolayer of the hydroxyl group bonded at the surface after
NH4OH treatment [27]. This layer reacts as a protective layer to
prevent any chemical reaction of (NH4)2S with the surface,
Micro & Nano Letters, 2013, Vol. 8, Iss. 11, pp. 836–840
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Figure 5 Comparison demonstration of the ratio of oxide/bulk in all examined samples for two angles
a 25°
b 70°
especially with sulphur bonds. For sample 5, the absence of air
ambient will preserve this OH bonding before a second treatment.
We suggest that a stronger concentration of (NH4)2S would be
more effective to obtain a positive result (for sample 5).
In addition to the effect of precursor and (NH4)2S, the impact of

air ambient exposure was also investigated through a comparison
between samples 3 and 4. Yet, the difference between the XPS
results for two samples is unnoticeable. The reason can be regarded
as the short exposure time for sample 3 (3 min), which can be
longer (≥10 min) to make significant difference compared to
sample 4 (vacuum). In reported cases [27], in comparison with
the air ambient, the vacuum condition has shown a preferable
result for NH4OH etching to remove native oxides, when exposure
to the air would cause oxides regrowth back to the surface.
For XPS results, by tilting the sample with respect to the axis of

the analyser, since the sampling depth is changed for a given tran-
sition, the different data can be detected in different angles because
of various compositions with depth.
To investigate the impact of the angle variation on XPS results,

two different angles (25° and 70°) were used to measure the
Micro & Nano Letters, 2013, Vol. 8, Iss. 11, pp. 836–840
doi: 10.1049/mnl.2013.0560
elements at different depths. The angles are associated with the tra-
jectory of the sample surface and the emitted photoelectrons. The
summarised details about the ratio of the oxide to bulk for all exam-
ined samples for two angles (25° and 70°) are demonstrated in
Fig. 5. The ratio of oxide to bulk is determined by calculation of
the peak’s area of native oxides divided by the area of the bulk
substrate peak. Fig. 5 indicates the absence of the oxide ratio of
Ga3d, In4d and As3d in samples 3–5, as it is already addressed
before for XPS result, where the ratio of oxide to bulk is nearly
similar and independent from increasing the angle for all states.
Moreover, the results for samples 1 and 2 show that the Ga3d
was detected and As3d is decreased in angle 70°. Our observations
are in agreement with previous work of InGaAs [28] for Ga
concentration reduction near the surface with respect to In and
As. In this angle (70°), emitted photoelectrons they are originated
from the deeper part close to the interface region while for 25°
photoelectrons they are originated from the deposited oxide layer
at the surface. The effect of high temperature during the ALD
process is more pronounced at the 70° result, since it is originated
from the region closer to the InGaAs substrate where the ALD
839
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deposition begins from. This effect will increase the Ga and In
oxide, whereas As oxide is decreasing because of oxygen transfer [20].

In this study, the effect of rapid thermal annealing (RTA) is
neglected, since the annealing would regrow certain oxides at the
interface. For example, As–S bonds start to disappear when the
temperature attains 300°C, and at this point the As oxides are
likely to be formed [29]. However, Ga–S is really stable at high
temperature and can stand up to 500°C [23]. Some studies have
already reported the influence of RTA on reduction of the oxide
amount [20]. As a matter of fact, a deep consideration of tempera-
ture is required before we apply any annealing to the structure. The
recent study for investigation of the RTA effect on the performance
of self-aligned InGaAs MOSFETs [30] revealed that when the
applied temperature was higher than 400°C, a significant negative
shift of threshold voltage and degradation in off state performance
were extracted. The origin of this problem is the diffusion of the
sulphur layer into InGaAs by post-deposition annealing for the tem-
perature more than 400°C, which leads to increment of Dit. For
further development based on this work for implementing
In0.53Ga0.47As MOSFETs, we suggest the last gate process for a
better electrical performance. Some considerations have to be
taken into account for determination of the process parameter to
conquer the effect of undesired doping, such as lowering the
thermal budget, sidewall requirement etc.

4. Conclusion: The effect of different passivation treatments were
examined on the In0.53Ga0.47As surface with 4 nm Al2O3 oxide
thickness. From the results, the sample treated with NH4OH
using thermal ALD presents the best result compare with the
others. This method has successfully remove oxide of Ga and As
with a slight quantity of In oxide remaining. To eliminate the
remaining In oxide, an additional treatment is advised along with
a further study on the stability of the hydroxyl bonding on the
surface. A vacuum condition during the transfer should also be
maintained to avoid external contamination.
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