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 A B S T R A C T

The performance of InGaAs based transistors can be significantly affected by the presence of interface traps, 
particularly in the subthreshold regime. In this study, the role of such defects has been investigated through the 
fabrication and the characterization of MOSCAP structures and nanosheet transistors. TCAD simulations have 
been used to extract interface-trap densities. Results reveal that the distributed defect tail into the bandgap 
is ∼5 × 1011 cm−2 eV−1 and degrades the subthreshold slope of about 39%, while interface traps inside the 
conduction band limit gMAX

𝑚  to 561 μS/μm. The study emphasizes the need for improved interface engineering 
to unlock the full potential of nanoscale InGaAs-based devices.
1. Introduction

With the end of Moore’s Law, research efforts are directed to-
ward alternative solutions, including the use of new materials and 
advanced device architectures [1]. III–V compound semiconductors 
such as InGaAs are particularly attractive for low-power and high-
speed logic applications due to their higher electron mobility and 
injection velocity with respect to Si-based technologies, enabling im-
proved current drive capability [2,3]. But mere scaling down leads 
to serious performance degradation. By utilizing new geometries such 
as nanowires, promising results have been recently obtained showing 
than it is even possible to reach short-channel effect (SCE) immu-
nity [4,5]. As silicon technology is approaching the transition to stacked 
nanosheet field-effect-transistors, there is growing interest in studying 
the equivalent InGaAs-based nanosheets as potential candidates for 
next RF technologies due to their high effective electron velocity [6]. 
However, a significant challenge in their development lies in the ab-
sence of a high-quality interfaces with low trap density (𝐷𝑖𝑡) between 
the high-𝜅 dielectric insulator and the InGaAs. Various interface en-
gineering strategies have been explored to reduce 𝐷𝑖𝑡. These methods 
include atomic layer deposition (ALD) of the Al2O3 as gate dielectric 
and ammonia sulfide (NH4)2S treatment, showing the minimum 𝐷𝑖𝑡 in 
the midgap down to ∼1012 cm−2 eV−1 [7], additional InGaAs surface 
nitridation, reducing it to ∼2 × 1011 cm−2 eV−1 [8], and remote 
plasma treatment after high-𝜅/ Al2O3 gate oxide deposition for fur-
ther improvement [9]. Similar ALD process can be applied for HfO2, 
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stacked HfO2/Al2O3 or nanolaminated HfAlO𝑥 to reduce the equivalent 
oxide thickness down to 1–2 nm and the smallest 𝐷𝑖𝑡 was shown by 
the stacked structure [10]. Although high-performance InGaAs devices 
have recently been demonstrated, interface traps still significantly af-
fect device performance in terms of overall electrostatic control [5,
6]. In this study, InGaAs MOS capacitors (MOSCAPs) and nanosheet 
MOSFETs incorporating an ALD aluminum oxide (Al2O3) interlayer and 
hafnium dioxide (HfO2) barrier oxide, in combination with sulfur passi-
vation and N2 remote plasma treatment, were fabricated, characterized 
and simulated to investigate the impact of interface traps on device 
performance. The addressed geometries have been designed with large 
widths and heights in order to easily isolate the impact of the trap 
density at the Al2O3/InGaAs interface on the electrical performance, 
while minimizing the influence of SCEs and contact resistances. TCAD 
simulations have been performed to extract 𝐷𝑖𝑡 and model its impact on 
the DC electrical behavior of the nanosheet transistors. Such findings 
provide valuable insight for the performance scaling rules.

2. Device fabrication and characterization

The fabricated devices are shown in Fig.  1. The MOSCAP was fabri-
cated using the following process flow. The starting wafer consisted of 
an epitaxial InGaAs channel with doping concentration 5×1016 cm−3

grown on a (100)-oriented InP substrate by metal–organic chemical 
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Fig. 1. Schematic cross-sections of the realized (a) MOSCAP and (b) nanosheet 
MOSFET.

Table 1
Geometrical parameters and doping concentration of the investigated struc-
tures.
 MOSCAP Nanosheet

 t𝐼𝑛𝑃 50 nm t𝑠ℎ 43 nm  
 t𝐼𝑛𝐺𝑎𝐴𝑠 30 nm W 140 nm  
 Area 100 × 100 μm2 Lg 150 nm  
 t𝐴𝑙2𝑂3 0.8 nm t𝐴𝑙2𝑂3 0.8 nm  
 t𝐻𝑓𝑂2 3 nm t𝐻𝑓𝑂2 2.25 nm  
 Na𝐼𝑛𝐺𝑎𝐴𝑠 5 ⋅1016 cm−3 Na𝑐ℎ 5 ⋅ 1016 cm−3  
 Na𝐼𝑛𝑃 1018 cm−3 Nd𝑆,𝐷 8.6 ⋅ 1018 cm−3 

vapor deposition (MOCVD). Following surface cleaning with ammo-
nium sulfide (NH4)2S, the sample was immediately transferred to the 
atomic layer deposition chamber for sequential deposition of thermal 
Al2O3, HfO2, and in-situ titanium nitride (TiN). After ALD, physical 
vapor deposition (PVD) of TiN and the subsequent definition of the top 
metal pad and back contact pad were carried out via a lift-off process. 
The nanosheet devices followed a similar fabrication process, with 
the addition of source/drain (S/D) ion implantation using silicon at a 
dose of 1×1014 cm−2 and an energy of 15 keV. After fin formation by 
inductively coupled plasma (ICP) etching, the InP sacrificial layer was 
selectively wet etched using a HCl solution to release the suspended In-
GaAs channel layer. Following nanosheet formation, the gate stack was 
deposited by ALD and the contact pads were defined. The geometrical 
parameters and the doping concentrations for both structures are listed 
in Table  1. A Keysight B1500 A semiconductor parameter analyzer, 
equipped with multi-frequency capacitance measurement units (CMU) 
and source measurement units (SMU), was used to extract both the AC 
and DC characteristics of the devices.

3. TCAD setup

Synopsys SDevice was used to extract the main features of the 
devices by adopting their corresponding 2D structures in order to 
balance computational efficiency and accuracy [11]. Geometries are 
large enough to make the transport effects on the lateral walls of the 
nanosheet MOSFET negligible. The TCAD 2D domains are reported in 
Fig.  2. They reproduce the gate-to-channel stack of the fabricated ones. 
The HfO2 features a high dielectric constant (𝜅 = 22), significantly 
higher than that of Al2O3 (𝜅 = 9), which allows for the formation 
of a physically thicker dielectric layer while maintaining the same 
equivalent oxide thickness (EOT = 0.88 nm). This results in negligible 
gate leakage. The work function of the gate electrode was set to 4.5 eV, 
corresponding to the TiN metal contact, ranging from approximately 
4.3 eV to 4.7 eV, depending on composition, purity and deposition 
method [12]. MOSCAP simulations of the small-signal AC regime are 
carried out adopting accurate physical models for the InGaAs (Fig.  3).

The drift–diffusion approach is used with the Fermi statistics. Quan-
tum confinement effects are accounted for using the density gradient 
(DG) model with the correction parameter gamma (𝛾) fixed to 1.776, 
following [4]. A significant increase of the capacitance value at positive 
biases is observed by including also the multi-valley model (MV), as 
2

Fig. 2. 2D TCAD structures of (a) MOSCAP structure and (b) nanosheet 
MOSFET (not to scale).

Fig. 3. Simulated C–V curves of the MOSCAP with different physical models, 
compared with experiments at 10 kHz. The fully classical approach is com-
pared with the density-gradient (DG) and the density-gradient and multi-valley 
(DG+MV). Symbols: Experiments. Lines: TCAD simulations.

available in the Synopsys tool. MV accounts for the density of states 
including the two lowest-lying conduction band valleys (𝛤  and 𝐿) and 
incorporates the nonparabolicity of the band structure. A clear increase 
of the capacitance at positive biases is found in the C–V curve, with 
a larger capacitance induced by the charge density in the 𝐿 valley 
at voltages larger than 1 V. The additional 𝑋 valley is omitted as 
it was found to have negligible effects in the analyzed regimes. The 
band parameters were obtained from the literature [13]. By comparing 
the predicted C–V against experiments, the numerical predictions with 
negative gate-bulk voltage (𝑉𝑔𝑏 < 0) show a sharper variation, which 
can be associated with donor-type 𝐷𝑖𝑡 in the bandgap. Viceversa, for 
𝑉𝑔𝑏 > 𝑉𝑡ℎ, with 𝑉𝑡ℎ the threshold voltage, TCAD C–V is smaller than the 
measured one, indicating the presence of acceptor-type 𝐷𝑖𝑡 located in 
the conduction band [14]. 

4. Results and discussion

The 𝐷𝑖𝑡 distribution is extracted by adding the trap contributions 
in the TCAD setup so to fit the C–V experiments. A table-based im-
plementation of the 𝐷𝑖𝑡 is adopted, which can be used to add donor 
or acceptor traps at specific energies located in the gap and in the 
conduction band of the InGaAs/Al2O3 interface. Their contribution in 
the generation–recombination term is accounted for consistently along 
with the Shockley–Read–Hall (SRH) term for the bulk material [11]. 
The value for the interface-trap cross-section is fixed to the default 
one as it is in accordance with the experiments in [8] and no rele-
vant sensitivity was further observed. Fig.  4 shows the full set of the 
extracted 𝐷𝑖𝑡. The adoption of the donor-type traps in the gap allows 
for a nice prediction of the C–V curves with 𝑉𝑔𝑏 < 0. For 𝑉𝑔𝑏 > 𝑉𝑡ℎ, 
a density of acceptor traps is implemented in the conduction band as 
discussed in [14]: the extracted distribution quantitatively represents 
the experimental curves. It is worth pointing out that the frequency 
dependence is mostly due to the role of the bulk SRH term. The 
lifetime parameter 𝜏 in the SRH model is fixed to 1.6 × 10−14 s, which 
can be ascribed to high defect density. The extracted trap density is 
similar or lower than those reported in previous works [8,14]. A nice 
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Fig. 4. (a) Extracted 𝐷𝑖𝑡 as implemented in the TCAD simulator: vertical 
lines at 𝐸𝑉  and 𝐸𝐶 correspond to the valence and conduction band edges, 
respectively. (b) Experimental and simulated C–V curves of the MOSCAP 
for two different values of the small-signal frequency. Symbols: Experiments. 
Lines: TCAD simulations carried out by incorporating the extracted 𝐷𝑖𝑡.

Table 2
TCAD mobility parameters of the InGaAs nanosheet device.
 Parameter Value Units  
 𝜇𝑏 400 cm2/V s 
 B 3.11 ⋅ 108 cm/s  
 𝛿 6.11 ⋅ 1018 cm2/V s 
 A 3 1  
 𝛽 2.7 1  
 v𝑠𝑎𝑡 8.9 ⋅ 106 cm/s  

agreement is obtained on the whole bias range (Fig.  4, bottom), the 
slight discrepancy in the intermediate region (depletion regime) could 
be attributed to the absence of additional bulk traps in the InGaAs.

The obtained 𝐷𝑖𝑡 is implemented in the simulation setup for the 
nanosheet MOSFET. The additional calibration of transport models is 
carried out by fitting the corresponding current–voltage experiments. 
Specifically, electron tunneling through the gate oxide stack is consid-
ered as the primary mechanism contributing to the drain current (𝐼𝑑) in 
off state. The electron tunneling mass is set to 0.32 m0 by fitting 𝐼𝑑 at 
negative gate–source biases (𝑉𝑔𝑠 < 0) with large drain–source voltage 
(𝑉𝑑𝑠 = 0.5 V) (Fig.  5(a)). The sub-threshold slope is nicely reproduced 
by the implemented interface-trap density, confirming the validity of 
the proposed extraction. The low-field mobility model incorporates 
the Masetti formulation for the doping dependence and the Lombardi 
model for the combination of bulk mobility with surface phonon and 
surface roughness scattering mechanisms [11]. The effective low-field 
mobility was carefully fitted against the 𝐼𝑑 − 𝑉𝑔𝑠 at 𝑉𝑑𝑠 = 0.05 V. The 
resulting bulk mobility (𝜇𝑏 in Table  2) is relatively low, but is consistent 
with previous studies, where the reduced mobility has been attributed 
to degradation of the Al2O3/InGaAs interface properties [15] in ad-
dition to high-𝜅 remote Coulomb scattering effects [16]. To account 
for high-field velocity saturation effects, the Canali model is also inte-
grated. The effective saturation velocity is fixed to the value extracted 
by delay-time analyses [6]. The nice agreement of the simulated 𝐼𝑑−𝑉𝑑𝑠
curves with the experiments validates the overall model (Fig.  5(b)).
3

Fig. 5. Comparison between experimental and simulated (a) 𝐼𝑑 − 𝑉𝑔𝑠 and (b) 
𝐼𝑑 −𝑉𝑑𝑠 curves of the nanosheet MOSFET. Symbols: Experiments. Lines: TCAD 
simulations.

Fig. 6. Simulated Id-Vg curves of the nanosheet MOSFET with and without 
interface traps, highlighting (a) the subthreshold swing (SS) and (b) the 
transconductance.

The mobility parameters used for calibration are provided in Table 
2. Default parameters for InGaAs are used for parameters not reported 
in the Table.

In Fig.  6(a), the simulated 𝐼𝑑 − 𝑉𝑔𝑠 curves are compared with those 
of a transistor with the same mobility parameters but no traps at 
the Al2O3/InGaAs interface. It can be observed that the performance 
degradation in the subthreshold slope can be mostly attributed to 
trapping effects. In the figure, the minimum values of the SS for 𝑉𝑑𝑠 =
0.5 V are reported. SSmin is 66 mV/dec without interface traps (close 
to the ideal SS) and 92 mV/dec with interface traps, corresponding to 
39% degradation. In addition, the average SS values at 𝑉𝑑𝑠=0.5 V are 
extracted, showing 70 mV/dec without interface traps and 97 mV/dec 
with interface traps, again reflecting the same amount of degradation. 
The average values are extracted over a 𝑉𝑔𝑠 window from −0.3 V to 
−0.2 V in the ideal case, and from −0.35 V to −0.25 V in the case with 
interface traps to account for the threshold voltage shift. In Fig.  6(b), 
it is also shown that the maximum transconductance (gMAX

𝑚 ) degrades 
with interface traps of about 5%. This limited effect might be due to 
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the adopted mobility model, which is kept constant in the two cases: as 
explained above, the resulting 𝜇𝑏 value simply includes interface-trap 
and remote Coulomb scattering effects by fitting the I–V curves without 
assuming a specific model for such contributions.

5. Conclusions

In this work, InGaAs based nanosheet transistors have been fab-
ricated and characterized to investigate the impact of interface traps 
on device performance. By performing TCAD simulations it has been 
possible to understand that the subthreshold slope degrades of about 
39% due to traps at the oxide/semiconductor interface, and effective 
mobility is limited to 400 cm2/Vs. This implies that the intrinsic 
potential of InGaAs-based nanosheets has not yet been fully exploited if 
compared to the fin-based MOSFETs, primarily due to the immaturity 
of the current fabrication technology which limits the effective electron 
velocity. The choice of the best high-𝜅 stack is still under analysis along 
with improved post-deposition annealing treatments. Although these 
devices require further optimization, they hold strong promise as viable 
candidates for next-generation applications in the post-CMOS era.
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