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Abstract—In this work, we present a density functional
theory (DFT) based method to calculate the electrical
properties of crystalline IGZO channel material. The
effects of cation disorder are captured by atomic-level
random cation pair switching within the DFT-generated
structures. The cation disorder limited mobilities are
calculated without resorting to any parameters, i.e., by
directly utilizing DFT-generated samples and their
Hamiltonians, yet the calculation results show remarkable
agreement with experimental data. Our method enables
rigorous and efficient evaluation of electrical properties for
IGZO of various compositions, covering both Zn-rich and
In-rich cases.

Keywords—density functional theory, crystalline 1IGZO, cation
disorder-limited mobility

I. INTRODUCTION

Indium gallium zinc oxide (IGZO) has emerged as a
promising candidate for future semiconductor devices owing to
its high mobility, extremely low off-current and feasibility for
3D stackable DRAM configurations [1, 2]. In particular,
crystalline IGZO (c-IGZO), which is crystalline in the c-axis but
has randomly positioned cations in the perpendicular a-b planes,
exhibits a wunique electrical characteristic of mobility
enhancement with the increase in carrier density [3]. Previous
studies have attempted to model this unusual electrical property
focusing on the cation disorder as the dominant scattering
mechanism, but they were limited to the In:Ga:Zn = 1:1:1
structure considering only Zn and Ga atoms, or showed an order
of magnitude difference in mobility compared to experimental
data [4, 5]. Moreover, these studies applied the semiclassical
Fermi’s golden rule to a single disorder without disorder-to-
disorder interaction, whereas in actual c-IGZO structures, the
cation disorder scattering rate depends on the complex interplay
between the randomly distributed cation disorders. In this work,
we utilize a density functional theory (DFT) based method to
calculate the cation disorder limited mobility for various c-
IGZO compositions. The distribution of cation disorders is
captured by atomic-level random cation pair switching within
the DFT-generated structure. Multiple cation configurations are
sampled to obtain the statistically averaged scattering effect for
a given disorder density. Using DFT, IGZO structures with
composition ratios of In: Ga: Zn = 1:1:1, 1:1:2, 7:5:6, and 4:2:3
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Fig. 1. Schematic of the simulation flow for calculating the cation disorder
limited mobility of c-IGZO.

are generated, and the corresponding cation disorder limited
mobilities are calculated.

II. APPROACH
A. DFT Method

As cation disorder is known to be the dominating scattering
mechanism in c-IGZO [3], it is essential to compute the cation
disorder limited mobility to elucidate its electrical
characteristics. To uncover the cation disorder limited mobility
of ¢c-IGZO, we follow the simulation flow shown in Fig. 1. For
the generation of atomic structures and cation disorders, the
SIESTA package is used [6], which employs norm-conserving
pseudo-potentials [7], along with the generalized gradient
approximation (GGA) and the Perdew, Burke and Ernzerhof
(PBE) exchange-correlation functional [8]. First, the atomic
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Fig. 2. Example of a DFT supercell (In:Ga:Zn = 1:1:1) with 3 nm channel
length. (a) Unit cell, (b) DFT supercell, and (c) structure for transmission
calculation. The ordered blocks (grey box) are used as source and drain
blocks, while the disordered blocks (yellow box) are used in the channel
region. Random switching of cation pairs is illustrated in the red circled
region.

structure of c-IGZO with the target composition is relaxed to
obtain the bulk properties. Monkhorst-Pack k-grid is set to 8 X
8 X 2 for the primitive unit cell optimization, and the atomic
structures are fully relaxed until the maximum force becomes
less than 0.05 eV/A. IGZO primitive unit cells with
compositions of In:Ga:Zn = 1:1:1, 7:5:6, and 4:2:3 belong to the
space group R3m, while the composition In:Ga:Zn = 1:1:2
belongs to the space group P65 /mmc.

After optimization, a unit cell is defined which would later
serve as the base building block for the source, channel, and
drain regions. This unit cell consists of 3 X 4 X 1 primitive unit
cells as illustrated in Fig. 2(a), which is sufficiently large to
accommodate various random configurations of cations (In, Ga,
and Zn) at the cation sites between the indium layers. The
ordered unit cell is defined as the one made from the primitive
unit cells with the lowest energy. To generate cation disorder,
we employ two different methods: the nearest neighbor
switching and complete random distribution method. Starting
with the ordered unit cell, disorder unit cells according to the
nearest neighbor switching method are generated by switching
adjacent cation positions of Zn and Ga atoms until the desired
disorder density is reached. For the In rich case, switching
between Zn, Ga, and In atoms is also possible. The complete
random distribution method involves randomly distributing
cations at the cation sites between the indium layers. This
method is analogous to the nearest neighbor switching method
when the switching rate reaches 50%.

After preparing the ordered and disordered unit cells, the
DFT supercell is formed by relaxing a structure that connects
ordered unit cells to disordered unit cells as illustrated in Fig.
2(b). For the supercell relaxation, Monkhorst-Pack k-grid is set
tobe 1 X4 X 1orl X4 X2, and the atomic structures are fully
relaxed until the maximum force becomes less than 0.07 ~ 0.12
eV/A, depending on the supercell size.

B. Mobility calculation using the DFT Hamiltonians

The full DFT Hamiltonian of the supercell is extracted and
used directly in calculating the transmission using the non-
equilibrium Green’s function (NEGF) formalism. For the
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Fig. 4. The dependence of mobility on temperature and carrier density from (a)
DFT calculations for 50 % disorder density and (b) experimental results
(reprinted with permission from Ref. [10]).

transmission calculation, the DFT supercell is utilized to form a
structure with source, channel and drain regions by sequentially
linking ordered and disordered blocks up to a total of 8 blocks.
The source and drain regions are constructed by repeating Block
1 of the DFT supercell, which is essentially the same as the
ordered unit cell, while the channel region is constructed using
the disordered blocks as illustrated in Fig. 2(c). This device
structure enables the observation of disorder-induced scattering
within the channel regions, and the length of the scattering
region can be varied by the channel length. Since each block
consists of 252 atoms with a Hamiltonian size of 3852 x 3852,
the total Hamiltonian size of the device structure can reach up to
~30000%30000. (For the In:Ga:Zn = 1:1:2 case, each block
consists of 216 atoms with a Hamiltonian size of 3336 x 3336.)
Such massive Hamiltonian sizes require extensive computation
time; the transmission calculation would take a minimum of a
week per sample. In this work, using the novel heterostructure
Hamiltonian reduction method in Ref. [9], the DFT Hamiltonian
size is reduced to less than 5 % of its original size without losing
accuracy. This approach reduces the NEGF computation time
from days to a few minutes, thereby enabling a framework for
the statistical analysis of random ¢-IGZO samples (400 in total).
The aforementioned steps are iterated across randomly sampled
disordered structures to obtain the average transmission for the
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(a) effective mass and (b) transmission function.

desired disorder density at a specific channel length.
Subsequently, the average transmission is calculated for
different channel lengths, allowing the calculation of the
corresponding resistance R using the Landauer formula:

1 o 2¢e? Af (E,T)
T dE

R A < T, (E)> (—

) dE (1)
where G is the conductance, E is the energy, T is the
temperature, e is the elementary charge, h is the Plank constant,
f is the Fermi-Dirac distribution function, and < T (E) > is the
average transmission for a given channel length L [11]. The
cation disorder-limited mobility in then calculated by
considering the variation in resistance with respect to channel
length using the dR/dL method:

1 drR\"' 1
p=—= (_) — @)
enp dL) enA

where n is the carrier density, p is the bulk resistivity, and A is
the channel cross-sectional area [12]. The linear relationship
between R and L is crucial to ensure the validity of Eq. 2.

III. RESULTS

We have conducted DFT calculations for the In:Ga:Zn =
1:1:1 ratio IGZO structure for a total of 220 samples; 20 samples
each for channel lengths of 1, 2, 3, 4 and 5 nm with cation
disorder generated by the complete random distribution method
(50 % disorder density) and 10-15 samples each for channel
lengths of 1, 2, and 3 nm for 16 %, 25 %, and 33 % disorder

densities. Upon performing the sample average, we have
examined the linear relationship between the resistance and
channel length. IGZO supercell samples with 50 % disorder
density and channel lengths ranging from 1 nm to 5 nm are used
to calculate the channel resistance. A linear relationship is
observed across various carrier densities as shown in Fig. 3(a),
confirming the validity of our mobility calculation using the
dR/dL method. Then, mobility calculations are performed for
disorder densities ranging from 16 to 50 %. The unique
characteristic of mobility enhancement with increasing carrier
density is successfully captured as shown in Fig. 3(b).
Furthermore, the calculated mobilities depending on
temperature and carrier density for 50 % disorder density
samples are in well agreement with high-quality bulk IGZO
single crystal experimental data, showing similar magnitudes as
shown between Fig. 4 (a) and (b) [10]. Additionally, a
comparison of the total energy of the IGZO samples reveals that
those with higher disorder densities exhibit lower energies. This
observation indicates that cations between the indium layers
favor disorder formation, resulting in a more energetically stable
configuration.

Similar DFT calculations have been performed for the Zn-
rich and In-rich IGZO structures with cation disorder generated
by the complete random distribution method (50 % disorder
density), including a total of 60 samples for each case. In the Zn-
rich case (In:Ga:Zn = 1:1:2), a slight increase in mobility is
observed compared to the In:Ga:Zn = 1:1:1 ratio case as shown
in Fig. 5 (a). This suggests reduced Ga-Zn scattering as an
additional zinc oxide layer is added to the IGZO structure. For
the In-rich cases (In:Ga:Zn = 7:5:6 and 4:2:3), the effective mass
decreases and transmission rate increases with the increase in the
In ratio as shown in Fig. 6 (a) and (b). This tendency suggests
that the increased overlap of In 5s orbitals reduces the effective
mass, and the scattering rate between Ga-Zn atoms is higher than
that between In-Zn and In-Ga atoms. The reduced scattering
further enhances IGZO mobility, resulting in In-rich (In:Ga:Zn
= 4:2:3) IGZO having the highest mobility among the studied
cases as illustrated in Fig. 5 (b).

IV. CONCLUSION

In summary, we have evaluated the electrical properties of
crystalline IGZO with various composition ratios using the DFT
method. We were able to observe the mobility enhancement
with increasing temperature and carrier density which are in well
agreement with experimental results. This suggests that the
proposed DFT-based mobility calculation method, which does
not require any fitting parameters, successfully captures the
cation disorder scattering effect in IGZO. Furthermore, we have
found that the effective mass decreases and transmission
probability increases under In-rich conditions. Mobility is also
improved when additional zinc oxide layers are added to the
IGZO structure. Our methodology can further be expanded to
identify optimal IGZO compositions with superior electrical
properties, and it can also be readily applied to simulate IGZO
channel transistors.
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