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ABSTRACT
In this work, we demonstrated considerable enhancement of the transport characteristics of n-type Al2O3/In0.53Ga0.47As metal-oxide-
semiconductor field-effect transistors (n-MOSFETs) with the assistance of in situ NH3/N2 remote-plasma (RP) treatment. According to the
measurement and simulation results, the RP treated sample shows superior device performances as compared to the control sample with-
out plasma treatment including (a) improved on-current (Ion) from 8.5 mA/mm to 17 mA/mm, (b) improved transconductance (Gm) from
16.05 mS/mm to 28.52 mS/mm, (c) suppressed subthreshold swing from 189 mV/dec to 170 mV/dec, (d) suppressed drain induced barrier
lowering from 36 mV/V to 28 mV/V, (e) intensified peak effective mobility (μeff) from 1896 cm2 V−1 s−1 to 2956 cm2 V−1 s−1, and (f) reduced
acceptor-type density of interface trap state (Dit,A) to 44%. By using TCAD simulation, device output performance is found to be dramatically
impacted by the trap state (especially acceptor-type) at the Al2O3/InGaAs interface.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0037378

I. INTRODUCTION

InxGa1−xAs materials featuring light effective electron mass
(me), high injection velocity (Vinj), and electron mobility (μe)
(Refs. 1 and 2) are considered as remarkable channel materi-
als in fabricating n-type metal-oxide-semiconductor field-effect
transistors (n-MOSFETs) for the advanced digital, analog, and
high-speed electronic devices (Ref. 3). With the continuous down-
scaling of device critical dimension, high-κ gate dielectrics are inte-
grated into the technology nodes to suppress the leakage current
(Ref. 4). Among the enormous diversity of high-κ dielectrics, Al2O3
is widely used for InxGa1−xAs MOSFET due to its outstanding prop-
erties including high thermal stability, high breakdown voltage, and
proper band-offset (Ref. 5). Although Al2O3 has much lower dielec-
tric permittivity compared to Hf-based dielectrics, which are exten-
sively used in silicon technology, it possesses a more favorable inter-
face quality. However, several obstacles need to be addressed in the

Al2O3/InGaAs system. For instance, a high density of interface state
(Dit) gives rise to Fermi level pinning (Ref. 6) and induces a scat-
tering potential to the mobile channel charge, which is known as
Coulomb scattering (Ref. 7). In addition, surface roughness scatter-
ing (Ref. 8), which originates from the surface irregularity, induces a
perturbation potential to the channel charges and results in mobil-
ity degradation. Moreover, fixed oxide charge (Nfix) shifts the device
flat-band voltage (VFB) from the ideal value (Ref. 9), causing a long-
term reliability issue. The above-mentioned issues consequently
cause degradation in device performance and reliability. Besides
these deteriorating effects due to the interface and the gate dielec-
tric, the low conduction band density of states (DOS) also limits the
device performance (Ref. 10). As a result, the on-current (Ion) and
the transconductance (Gm) of the InGaAs transistors can be even
lower than its silicon counterpart (Refs. 11 and 12), which limits
the device performances. Many groups have been devoted to the
optimization of the growth of high-κ dielectric and the interface

AIP Advances 11, 015050 (2021); doi: 10.1063/5.0037378 11, 015050-1

© Author(s) 2021

https://scitation.org/journal/adv
https://doi.org/10.1063/5.0037378
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0037378
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0037378&domain=pdf&date_stamp=2021-January-28
https://doi.org/10.1063/5.0037378
http://orcid.org/0000-0003-0256-9404
http://orcid.org/0000-0003-1616-5240
mailto:edc@mail.nctu.edu.tw
https://doi.org/10.1063/5.0037378


AIP Advances ARTICLE scitation.org/journal/adv

passivation techniques to improve the device performance. Atomic-
layer-deposition (ALD), which controls the growth of the gate
dielectric within a single atomic layer, is well known for its “self-
cleaning” effect (Refs. 13 and 14). The self-cleaning effect in ALD
assists in removing the surface dangling bonds on the InGaAs sur-
face and in decreasing the number of interface traps. Interface engi-
neering such as chemical solution treatment (Refs. 15–18) or plasma
treatment (Refs. 19–25) as the pre-/post-gate deposition helps in
removing the InGaAs native oxides (As2O3, As2O5, Ga2O3, and
In2O3) and the interface traps. In this work, we applied an in situ
remote-plasma treatment (RP treatment) using the NH3/N2 gas
mixture while depositing the Al2O3 through ALD to further improve
the quality of the high-κ/InGaAs interface. In addition, a control
sample (Ctrl) without RP treatment is fabricated as a reference. With
the assistance of the measurement and simulation results, the origin
of the enhanced device performance is clearly elaborated. This paper
is organized as follows: the device fabrication and simulation setup
are described in Sec. II and the measurement results are shown in
Sec. III. TCAD simulations are carried out to elucidate the physical
phenomena behind the measured results. Therefore, Sec. IV will be
devoted to the combination of TCAD simulations and discussion.
Finally, the conclusions will be given in Sec. V. It is noteworthy that
these results can be extensively applied to other categories of high-κ
gate dielectrics as well.

II. DEVICE FABRICATION AND SIMULATION SETUP
A. Device fabrication

The epitaxial layers used in this work were grown by molec-
ular beam epitaxy (MBE) consisting of a 2-in. p+-InP substrate, a
100 nm p-InP buffer layer (1 × 1018 cm−3 doped by beryllium), and a
50 nm p-InGaAs channel layer (5 × 1016 cm−3 doped by beryllium).
The device fabrication begins with field oxide deposition followed by
mesa isolation through photolithography to define the active area.
Next, the samples were soaked in dilute HCl and (NH4)2S solution,
which is known as chemical pre-treatment, to remove the native
oxide. Then, 5 nm Al2O3 accompanied by NH3/N2 remote-plasma
treatment with a power of 150 W with a duration time of 120 s was

TABLE I. Sample conditions and treatment methodologies.

(NH4)2S NH3/N2 remote-plasma
chemical treatment

Ctrl sample Yes No
RP treatment sample Yes Yes

TABLE II. Device critical dimension.

Symbol Quantity Unit

L Gate length 6 μm
W Gate width 100 μm
Lext S/D extension length 20 μm
Tox Gate oxide thickness 5 nm
ℇox Gate oxide dielectric constant 8.9

deposited as a gate dielectric using Ultratech Fiji G2 ALD. Mean-
while, the control sample (Ctrl) without NH3/N2 RP treatment was
also fabricated. Both of the samples were annealed at N2 ambient in
the condition of 400 ○C, 2 min sequentially. Moreover, 150-nm TiN
was deposited as a gate electrode by physical vapor deposition (PVD)
followed by the formation of source/drain (S/D) regions through Si
implantation with a dose of 1 × 1014 cm−2 at 20 keV and activa-
tion with rapid thermal annealing (RTA) in the condition of 650 ○C,
15 s. Furthermore, Au/Ge/Ni/Au and AuBe were deposited by elec-
tron beam evaporation as the source/drain and the backside elec-
trodes, respectively. Finally, post-metallization annealing was per-
formed in the condition of 270 ○C, 30 s to achieve a preferable ohmic
contact. Figures 1(a) and 1(b) show the device structure and process
flow for the fabricated MOSFET, while the sample treatment con-
ditions, as well as device critical dimension, are listed in Tables I
and II, respectively.

B. Simulation setup
The Sentaurus TCAD S-process and S-device tools (Refs. 26

and 27) were used to measure the device characteristics and study

FIG. 1. (a) In0.53Ga0.47As MOSFET device structure, Lg is the physical gate length (6 μm) and Lext is the source/drain extension length (20 μm). This figure is not to scale.
(b) Process flow of inversion mode In0.53Ga0.47As MOSFET.
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the physical mechanisms. The accuracy of the simulation is veri-
fied through the comparison between measurement and simulation
results. The physical models used in the simulation are summa-
rized as follows: (a) Fermi–Dirac statistics for low conduction band
DOS semiconductors, which means that the Fermi level could be
very close to or even beyond the conduction band edge, with the
density-gradient quantum correction model that was used to cap-
ture the carrier and electrical potential distributions in InGaAs. (b)
The inversion-and-accumulation-layer mobility model was used to
describe the doping-dependence of the mobility and the mobility
degradation at the high-κ/InGaAs interface due to acoustic phonon
and surface roughness scattering. (c) The interface trap scatter-
ing model was included to describe the Coulomb scattering of the
channel mobile carriers by the interface traps. (d) A multi-valley
model with conduction band non-parabolicity was used to depict
the band structure of InGaAs precisely. (e) Shockley–Read–Hall
with doping-dependent carrier lifetimes, band-to-band tunnel-
ing, and Auger recombination models were all included to
describe the device characteristics in the sub-threshold and off-state
regions.

III. MEASUREMENT RESULTS
A. Split-CV measurement

The principle of split-CV measurement can be found in Ref. 28.
In this measurement, a DC bias from −2 V to 2 V combined with a
small amplitude (=25 mV) AC signal (frequency from 10 kHz to 1
MHz) was applied to the gate electrode using a 4284A LCR meter.
Typically, the drain to source voltage (Vds) is kept as low as possi-
ble to obtain uniform carrier distribution in the inversion channel.
The split-CV measurement results are shown in Figs. 2(a) and 2(b),
where Cgc refers to channel capacitance. From these results, we can
easily observe that the “humps,” located at the gate to source volt-
age (Vgs) = −1 V to −0.5 V, were suppressed after RP treatment.
These humps are attributed to the interaction between the inter-
face states and the channel carriers. In addition to the inhibition of
the “humps,” the results also show that VFB, extracted according to
(Ref. 29), shifts from −0.14 V to −0.43 V after RP treatment. Fre-
quency dispersion observed in the inversion region is not discussed
in this paper since it relates to the long life-time traps inside the gate
dielectric, not the interface states (Ref. 30).

FIG. 2. Cgc vs Vgs measured at Vds = 0.05 V for (a) the Ctrl and (b) RP treatment
samples. The measurement frequency range is from 10 kHz to 1 MHz. The sup-
pression of the humps indicates the successful reduction of interface states. The
extracted flat-band voltage, VFB, according to Ref. 27 is −0.14 V and −0.43 V for
the Ctrl and the RP treatment samples, respectively.

FIG. 3. DC characteristics of In0.53Ga0.47As MOSFET with physical channel length
= 6 μm and channel width = 100 μm for Ctrl and RP treatment samples, respec-
tively: (a) Ids–Vgs and (b) Gm–Vg curves. The devices were biased at linear
(Vds = 0.05 V) and saturation (Vds = 1 V) regions.

B. DC measurement
DC characteristics including drain current (Ids) and transcon-

ductance (Gm) vs Vgs shown in Figs. 3(a) and 3(b) was measured by
using a Keysight HP 4156 precision semiconductor parameter ana-
lyzer. For the measurement conditions, Vgs is swept from −2 V to
2 V, while Vds is biased in the linear region (Vds = 0.05 V) and the
saturation region (Vds = 1 V). After RP treatment, on-current (Ion)
increases from 8.5 mA/mm to 17 mA/mm, and off-current (Ioff)
decreases from 5.3 × 10−3 mA/mm to 2.1 × 10−3 mA/mm at Vds
= 1 V. The sub-threshold swing (SS) was improved from 189 mV/dec
to 170 mV/dec, and the drain induced barrier lowering (DIBL) was
improved from 36 mV/V to 28 mV/V. In Fig. 3(b), Gm increases dra-
matically from 1.51 mS/mm to 2.76 mS/mm and from 16.05 mS/mm
to 28.52 mS/mm in linear and saturation regions, respectively.

C. Extraction of effective mobility
The effective mobility of electron, which is important in char-

acterizing the device transport properties, can be calculated from the
results of split-CV and DC measurements according to Eqs. (1) and

FIG. 4. Effective mobility (μeff ) vs inversion carrier density for Ctrl and RP samples,
respectively. The results are extracted at Vds = 0.05 V and frequency = 100 kHz.
The result of the RP treatment sample improved by 56% and 44% at Ninv = 4
× 1012 cm−2 and 1 × 1013 cm−2, respectively, as compared to that of the control
sample.
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(2) from Ref. 31,

Ninv = 1/q × ∫
Vgs

−∞

Cgc(Vgs) × dVgs, (1)

μeff = (Ids/Vds) × (L/W)/(q ×Ninv), (2)

where Ninv is the inversion carrier density in the channel and q is the
elemental charge of the electron. The extracted effective mobility, at
Vds = 0.05 V and frequency = 100 kHz, is shown in Fig. 4. It can be
seen that after the RP treatment, peak mobility increases from 1896
cm2 V−1 s−1 to 2956 cm2 V−1 s−1 around Ninv = 4.5 × 1012 cm−2, and
the mobility near 1 × 1013 cm−2 increases from 1366 cm2 V−1 s−1 to
1935 cm2 V−1 s−1.

IV. SIMULATION RESULTS
A. Pre-processing of simulation works

In order to understand the mechanism of the influences of RP
treatment on the device characteristics in depth, we applied TCAD
simulation to reproduce the measurement results with the help of
physical models as mentioned in Sec. II B. Prior to the reproduc-
tion of the measurement results, some critical parameters need to
be determined including (a) Ohmic contact resistance of the S/D
region and (b) doping profile of the silicon implantation. The device
contact resistance was obtained by transmission line measurement
(TLM) with the assistance of the Keysight HP 4156 precision semi-
conductor parameter analyzer, and the implantation profile were
obtained by a point to point correction Secondary Ion Mass Spec-
trometry (PCOR-SIMSSM) measurement. These parameters were
subsequently inserted into the TCAD tool to obtain reliable results.
TLM results are shown in Fig. 5(a), the extracted contact resistiv-
ity (Rc) values are equal to 4.5 × 10−6 Ω cm2/5 × 10−6 Ω cm2,
and the sheet resistance (Rsh) are equal to 130 Ω/sq/117 Ω/sq for
the Ctrl/RP treatment samples, respectively. On the other hand, the
SIMS profiles are shown in Fig. 5(b) in log and the linear scale. The
negligible difference in the resistance value can be attributed to the
slight migration of Si dopants toward the Al2O3/InGaAs interface.

B. Split-CV simulation and interface trap extraction
We brought about the fitting results of the split-CV measure-

ment through physical models according to the measurement shown
in Figs. 2(a) and 2(b). The fitting steps are described below, first

FIG. 5. (a) TLM results for Ctrl and RP treatment samples. The light blue region
in the lower-right figure is covered by Al2O3. (b) SIMS measurements of the Si28
profile for the Ctrl and RP treatment samples. The dopant profiles start from the
Al2O3/InGaAs interface.

of all, the doping profile of the MOSFET needs to be determined
from SIMS; second, the thickness of the Al2O3 was obtained from
the JEOL JEM-F200 transmission electron microscopy (TEM), and
the dielectric constant was calculated to be 8.9 from the CV mea-
surement; finally, Dit was input into the TCAD tool to simulate the
effect of interface traps. According to the measurement methodol-
ogy, the AC signal that is applied to the gate electrode induces a
periodic change in the surface potential (Φs) of InGaAs and mod-
ifies the occupancy of the carrier in the interface states. The interface
states, hence, contribute to an additional parallel capacitance, which
is a function of Φs, to the split-CV measurement results (Ref. 32),

Cit = dQit/dΦs, (3)

where Cit is the capacitance induced by interface states and Qit is
the charge density of interface traps. The amount of Qit is given by
(Ref. 33)

Qit = q × (∫
+∞

Φs

Dit,D × dE − ∫
Φs

+∞

Dit,A × dE), (4)

where Dit,D is the donor-like interface trap density and Dit,A is the
acceptor-like interface trap density. This increase in the total gate to
channel capacitance brings in overestimation of the channel charge
density and leads to an underestimation of the effective mobil-
ity. The simulation results of split-CV measurements are shown in
Figs. 6(a) and 6(b). Two measurement conditions were selected to
obtain the response of interface states in both high (1 MHz) and low
(10 kHz) frequency regions.

The profile of interface trap distribution is shown in Fig. 7,
where Et is the energy position of the interface trap, Ev is top of the
valence band, and Ec is the bottom of the conduction band. The dis-
tribution of the Dit profile is very similar to what was reported in Ref.
34. Acceptor traps distributed near the conduction band and donor
traps are close to the valence band. Peak positions of donor-like and
acceptor-like traps are located at Et–Ev = 0.05 eV and 1.2 eV, respec-
tively. It can be observed that Dit,A is dramatically reduced (44%
lower), while there is only a negligible change in the Dit,D after RP
treatment. This does make sense since the donor-like interface traps
mainly affect the subthreshold region in the transistor and not much
difference is observed in the SS after RP treatment. The consider-
able reduction in the acceptor traps is from the passivation of As–As
antibonding states as reported in Refs. 35 and 36, which shows the
same region of the trap position as in this work.

FIG. 6. Reproduction of the split-CV measurement at Vds = 0.05 V, frequency
= 10 kHz, and 1 MHz for Ctrl (a) and RP treatment (b) samples using TCAD
simulation.
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FIG. 7. Distribution of interface traps used in the reproduction of split-CV measure-
ment. Black curves stand for donor-like interface traps, while red curves stand for
acceptor-like interface traps. There is a considerable decrease in the acceptor-like
traps for 44% lower at Et–Ev = 1.2 eV after RP treatment.

C. Simulation and fitting of DC measurement results
Combining the above-mentioned measurements and the simu-

lations of the CVs, we performed a TCAD to fit the DC performance
of the Ctrl sample. The results are shown in Figs. 8(a) and 8(b).
Applying the Dit profile (Ctrl) shown in Fig. 7 allows us to obtain a
good agreement with the measurement results in both sub-threshold
and on-state regions. The device off-state region can be fitted by
adjusting the carrier lifetime in the simulations.

D. Simulation of effective mobility results
According to the good fitting results of split-CV as well as DC

measurement results using TCAD, we demonstrated the fitting of
the effective mobility curve of the Ctrl sample from the simulation.
Figure 9 shows the good effective mobility overlaps between mea-
surements and simulations. Since we have carefully fitted the split-
CV and DC measurement results for the Ctrl sample, it is clear that
we could obtain a good match between simulations and measure-
ments presented as the red curve. Then, we simply modify the Dit
profile from the Ctrl to RP treatment sample as shown in Fig. 7 to
obtain a new effective mobility curve presented as the blue curve.
The comparison between measured and simulated Ids–Vgs curves of
the RP sample at Vds = 0.05 V, at which we extracted the effective

FIG. 8. (a) and (b) Ids–Vgs and Gm–Vgs TCAD reproduction results for the Ctrl
sample in the linear (Vds = 0.05 V) and saturation (Vds = 1 V) regions. Symbols
stand for the measurement results, while solid lines stand for the simulation results.

FIG. 9. Reproduction of the effective mobility measurement. The open symbols
show the extracted effective mobility from measurements, and the curve lines
are the TCAD results. The inset shows the comparison between measured and
simulated Ids–Vgs curves of the RP treatment sample at Vds = 0.05 V.

mobility, is shown in the inset in Fig. 9 in the linear scale. Interest-
ingly, the simulations of the RP treatment sample show good agree-
ment with the measured results. This suggests that the improvement
in the effective mobility is mainly coming from the reduction of
interface trap scattering, especially the acceptor traps (As–As anti-
bonding states) inside the conduction band. This result is consistent
with the research result in Ref. 37. Besides, the small discrepancy
ineffective mobility of the simulated RP sample could indicate that
interface trap scattering is not the only degradation factor in the
channel. However, it is worth noting that the enhanced simulated
mobility is correctly captured without the introduction of additional
parameters in the TCAD simulations. We could observe from the
inset in Fig. 9 that there is a mismatch between the measurement
result and the simulation. This indicates that other components
might affect the transfer characteristics. According to Ref. 38, the
shift of the peak mobility position toward higher inversion carrier
density is either coming from the reduced remote phonon scattering
or surface roughness scattering. These additional scattering effects
could also be responsible for the mismatch in the peak μeff. In this
paper, we only focus on the interface trap scattering since it is the
dominating factor in determining effective mobility. More specific
experiments (e.g., atomic force microscope for the surface rough-
ness) or measurements (temperature variation) must be done to sup-
port the further calibration of the theoretical models. In the TCAD
simulation, the total mobility of the device consists of several terms
according to Matthiessen’s rule shown in the following equation:

1/μeff = 1/μdop + 1/μph + 1/μsr + 1/μit, (5)

where μdop is the mobility term from the impurity scattering, μph
is the lattice phonon scattering mobility, μsr is the surface rough-
ness mobility, and μit is the interface trap scattering mobility. In
this work, interface trap scattering is the dominant effect in causing
mobility degradation. The formula for μit is shown in Eq. (6) from
Refs. 39 and 40,

μit = (T/300 K) × (1/E�) × (1/Nit
2) × exp(d/K), (6)
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where T is the transistor temperature in kelvin, E� is the electric field
normal to the current flow in the channel, Nit is the interface trap
density, d is the distance of the channel carrier from the interface,
and k is the fitting parameter. This model treats the interface trapped
charges as 2D-Coulomb scattering centers.

E. Simulation of traps-free interface
Supported by the good agreement in the simulation results

while changing only the Dit profile, we can obtain an estimation of
the device effective mobility after removing all the interface traps
using the TCAD tool as a design guideline for the researchers. Effec-
tive mobility considering no interface traps (No_Dit) in the TCAD
simulations is shown in Fig. 10(a). After removing all the interface
traps, we can obtain a peak mobility of 6180 cm2 V−1 s−1 at Ninv = 2.1
× 1012 cm−2. In Fig. 10(b), the simulated electron carrier density at
the cut line x–x′ in the middle of the channel region at Vgs = 2 V and
Vds = 0.05 V for conditions including Ctrl, RP treatment, and No_Dit
is shown. It can be seen that the interface traps capture the channel
mobile carriers during the device operation, leaving fewer conduct-
ing carriers in the channel. These captured electrons hence form
scattering centers, which results in the deterioration of the device
performance.

However, in reality, it is impossible to reach an ultrahigh effec-
tive mobility value by removing all the interface traps. Deep acceptor
traps have been proved to dominate the mobility degradation in

FIG. 10. (a) Effective mobility of InGaAs MOSFET extracted from simulations of
Ctrl, RP treatment, and No_Dit samples. The peak value of effective mobility with-
out Dit is 6180 cm2 V−1 s−1 and (b) simulated electron carrier density at the cut
line x–x′ in the middle of the channel region.

FIG. 11. The increase in effective mobility following the reduced Dit,A′ /Dit,A ratio.
The blue line is the effective mobility for the sample without Dit.

previous paragraphs; therefore, we reveal a guideline in improving
effective mobility by merely reducing the number of acceptor traps.
The result is shown in Fig. 11, where Dit,A

′ is the number of reduced
acceptor traps and Dit,A is the number of acceptor traps refers to
the RP treatment sample in Fig. 7. We can see that by reducing the
number of acceptor traps to one order of magnitude lower, we can
obtain effective mobility that is already very close to the “ideal” value
(without Dit). This gives us the possible solution that by focusing
on the removal of acceptor traps, we can greatly improve the device
effective mobility.

V. CONCLUSIONS
In situ remote-plasma NH3/N2 treatment is proved to pro-

vide beneficial effects for enhancing the device electrical charac-
teristics including (a) on-current, (b) transconductance, and (c)
effective electron mobility. We have used TCAD simulations with
a consistent set of model parameters and two different profiles
of interface traps to explain the physical mechanisms behind the
split-CV, DC, and effective mobility results observed in the mea-
surements. The main factor affecting the device characteristics after
the RP treatment is the reduction of the acceptor-like interface
traps (As–As antibonding states). We have estimated that by fur-
ther suppressing the acceptor Dit by one order of magnitude, the
effective mobility can be significantly enhanced. The decreased
donor-like interface traps are responsible for the improved sub-
threshold swing in the MOSFET and the suppressed humps in
the CV curve. This study provides a guideline for fabricating
more robust device transport characteristics for future III–V CMOS
electronics.
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