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Abstract—The growing interest in 2D materials for
novel electronic devices has sparked extensive research
into their properties. These atomically thin materials, such
as graphene and transition metal dichalcogenides, possess
unique properties that make them highly appealing for
various applications. In this context, our study focuses on
investigating the material and non-ideal properties of the
2D layered semiconductor bismuth oxyselenide (Bi2O2Se)
and its native oxide Bi2SeO5. Through a multi-scale simu-
lation approach combining density functional theory (DFT)
with technology computer-aided design (TCAD), we extract
critical parameters and simulate transfer characteristics,
demonstrating the potential of these materials in nano-
electronics.

Index Terms—Bi2O2Se, Bi2SeO5, defects, 2D materials,
reliability, TCAD, DFT, FET, MOSFET

I. INTRODUCTION

As it offers higher integration density and lower
energy consumption, scaling down electronic devices has
always been desirable. Field-effect transistors (FETs),
which are at the heart of modern electronics, likewise
benefit from lower switching times [1]. In recent years,
there has been a growing interest in finding new materi-
als that can serve as alternatives to silicon technology [2]
due to the challenges faced in scaling down silicon-based
transistors into the nanometer regime, such as severe
loss of mobility or short channel effects [3]. Utilizing
materials with high dielectric constants as gate insulators
helps to scale the insulator down to a smaller equivalent
oxide thickness, resulting in reduced leakage current
[4,5] and suppressed short-channel effects due to the
reduced transistor characteristic length [6].”

Among the aforementioned materials, a promising
group of candidates are 2D materials, which exhibit
atomically thin layers and promising behavior [6]. How-
ever, exploiting the full potential of 2D materials is
challenging due to obstacles such as the lack of high di-
electric constant oxides with perfectly flat and dangling-
bond-free interfaces [7]. Contrary to other 2D semicon-

ductors with a native oxide (such as HfSe2 with HfO2),
the atomically thin layered gate dielectric of Bi2SeO5
can be fabricated through layer-by-layer oxidization of a
high-mobility two-dimensional semiconductor, Bi2O2Se
[8,9]. Moreover, while HfSe2 is not stable in air [10],
Bi2O2Se is a chemically stable compound. Recently it
has been demonstrated that slabs of Bi2O2Se can be
grown vertically and oxidized from the side for the
fabrication of high-quality finFETs based on layered
materials [11]. Given their promising intrinsic properties,
a thorough understanding of the non-idealities of the
Bi2O2Se/Bi2SeO5 material system becomes essential.
Since these materials are new and have not yet been
studied in detail, many of their parameters are currently
unknown.

Here, we investigate non-idealities in planar layered
Bi2O2Se FETs such as interface traps and Schottky
contact barriers by employing a multi-scale modeling
approach. We conducted a combination of DFT and
TCAD simulations, where some experimentally not eas-
ily accessible quantities like the effective masses and
band gaps are calculated within DFT and then used
in our TCAD model to create a physically meaningful
device description which can be later employed to study
the additional impacts of defects (causing a hysteresis,
BTI, and RTN) to extract defect parameters based on
experimental data [12].

II. METHODOLOGY

In this investigation focused on Bi2O2Se and its native
oxide, we performed DFT simulations with the Quantum
ESPRESSO suite to analyze their structural, optical, and
electronic properties. The crystal structures of Bi2O2Se
and Bi2SeO5 were optimized using plane-wave basis sets
within the Mega Generalized Gradient Approximation
(MGGA) framework, employing the PBE functional for
Bi, Se, and O atoms. To overcome the tendency of
conventional GGA functionals to underestimate the band
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Figure 1: The geometry of the device designed in TCAD
and the triangular grids utilized for the simulations are
shown, with a focus on the channel and the insulator.

gap, we employed Hybrid GGA functionals to achieve a
more accurate assessment of the electronic structure of
the investigated materials.

Device simulations were performed by employing the
drift-diffusion transport model [13] that is proven to be
computationally efficient [14]. That approach is justi-
fied since the charge carriers transport in the available
micrometer-scaled prototype devices with a large number
of potential scattering centers in the channel is domi-
nated by scattering at ambient temperatures, which leads
to diffusive transport. We conducted our simulations
using Minimos-NT [15,16].

The device geometry and mesh used in our simulations
is shown in Fig. 1. The device under investigation in
this study was a top-gated field effect transistor that has
the following dimensions: width (W ) = 7.9 μm, length
(L) = 6 μm, source-drain spacing (LS−D) = 4.9 μm,
gate length (LG) = 3.2 μm. The channel of the device
consists of Bi2O2Se and has a thickness of 5.6 nm,
while β-Bi2SeO5 with the same thickness was grown
as the gate insulator. In this context, β-Bi2SeO5 refers
to the low-temperature oxide phase of Bi2SeO5 which
was grown in a UV-assisted intercalative oxidation step,
described in [8]. Furthermore, the device was fabricated
on a SrTiO3 (STO) substrate with a thickness of 500 μm.

Simulations were performed at room temperature
(25 °C) and two higher temperatures (90 °C and 120 °C)
to ensure obtaining the best agreement with the exper-
imental measurements. We used the L-BFGS algorithm
[17] to extract the unknown parameters such as the
electron mobility in the channel, the Schottky barrier
height at source and drain contacts, and the interface
trap energy levels. The Shockley-Read-Hall model [18]
was used for modeling the interface traps.

Figure 2: Transition between the crystal structure of
Bi2O2Se and β-Bi2SeO5. Bi2O2Se can be oxidized layer-
by-layer to form a crystalline Bi2SeO5 oxide.

Figure 3: Electronic band structure of Bi2O2Se and
Bi2SeO5. Bi2O2Se has an indirect band gap, while it
is direct for β-Bi2SeO5.

III. RESULT AND CONCLUSION

Table I compares the calculated structural parame-
ters of Bi2O2Se and β-Bi2SeO5 using DFT with the
experimental values [8,9,11]. As shown, the calculated
lattice parameters and the distance between two nearby
Se atoms are consistent with the experimental data.
Fig. 2 displays the resulting crystal structures of Bi2O2Se
and Bi2SeO5. Note that each layer (Se-Se) of Bi2O2Se
occupies 6.2 Å of space, but the thickness of a single
layer after oxidation is about 7.4 Å. Fig. 3 shows the
electronic band structure of the materials, as obtained
from DFT calculations. It can be observed that the
semiconductor has an indirect band gap, while the ox-
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Figure 4: Transfer characteristics at three different tem-
peratures (25◦C, 90◦C, 120◦C) on logarithmic (a) and
linear (b) scales. The red lines represent simulated values
and the blue circles represent the experimental data. The
difference in SS at 120◦C seems to exist because of ad-
ditional interface trap formation as the device apparently
degraded during heating.

ide has a direct band gap. We calculated permittivity,
band gap, and effective mass of electrons for Bi2O2Se
and β-Bi2SeO5, these extracted material parameters are
summarized in Table II. We obtained 35.3ϵ0 for the
permittivity of β-Bi2SeO5 which confirms Bi2SeO5 as a
high-κ material. Note that even though the band gap of
Bi2SeO5 is relatively small, extremely low gate leakage
currents have been demonstrated experimentally [8,11]
as the high permittivity (>30) allows for physically thick
insulator layers.

The transfer characteristics for the device obtained
from TCAD simulations at different temperatures
(25 ◦C, 90 ◦C and 120 ◦C) are shown in Fig. 4. We
can see that the on-state currents exhibit good agreement
with the experimental data at all three temperatures. The
sub-threshold slope also agrees well with the experi-
ments, more specifically, the room temperature (the dif-
ference in slopes ∆SS = 39 mV/dec) and 90 ◦C (∆SS =
32 mV/dec) curves agree with the experiments well, and

Experiment DFT

Bi2O2Se ∆Z(Se-Se) [Å] 6.1 6.2
Bi2SeO5 ∆Z(Se-Se) [Å] 7.8 7.4

Bi2SeO5 Lattice parameters [Å] a = 3.90, a = 3.81,
b = 4.06,

c = 15.50 c = 14.77

Table I: Comparing essential structural parameters from
experimental measurements and DFT for two materials
used in our device: Bi2O2Se and its native oxide β-
Bi2SeO5.

Bi2O2Se β-Bi2SeO5

Permittivity [ϵ0] 99.48 35.3
Band gap [eV] 1.13 3.13

Effective mass [m0] 0.08 0.2

Table II: Calculated material parameters using DFT that
has been used to perform TCAD simulations for Bi2O2Se
and its two native oxides α-Bi2SeO5 and β-Bi2SeO5. The
values for permittivity are calculated along the out of
plane direction while the effective masses are calculated
along the in plane direction

in the 120 ◦C curve the sub-threshold slope is sloppier
than expected (∆SS = 92 mV/dec.), it seems that the
creation of additional interface traps is responsible for
the difference. The threshold voltages at all three tem-
peratures also show good agreement. Having achieved a
high degree of accuracy in our model and confirmed its
validity, we were able to extract the mobility and non-
ideality parameters, which are summarized in Table III.
As illustrated, the mobility of the material is consistent
with experimentally reported values and the agreement
in the sub-threshold slope confirms the extracted value
for Schottky Barrier Height. Fig. 5 demonstrates how the
transfer characteristics of the devices at 25 °C vary with
mobility among the calculated range. The experimental
curve is sandwiched between the curves corresponding
to the assumed maximum and minimum values of the
mobility.

TCAD Experimental

Electron mobility 112 270 [11]
µ [cm2/Vs]

Schottky barrier height 0.09 −
for electrons [eV]

Interface charge traps 1.25 −
level Et [eV]

Table III: Optimized TCAD parameters obtained after
parameter fitting. The interface trap levels are referenced
to the semiconductor valence band edge. Except for the
mobility, other parameters are investigated for the first
time and no experimental values are available.
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Figure 5: Impact of mobility on the full transfer curve
(top) and on the threshold and on-state area (bottom).
The experimental curve is sandwiched between the
curves corresponding to the maximum and minimum of
the extracted mobility.

In conclusion, our model has demonstrated its capa-
bility to accurately capture the ID-VG characteristics,
as evidenced by the good agreement observed between
the TCAD simulation results and the experimental data.
This agreement holds true for both logarithmic and
linear scales, highlighting the accuracy of our model in
reproducing the electrostatics and behavior of the de-
vices under investigation. The extracted material param-
eters obtained from our model provide valuable insights
for further analysis and design of devices using these
promising new materials.
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