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Abstract - In order to investigate various properties of
hydrogenated amorphous silicon (a-Si:H) for improvement of
low conversion efficiency and stability of solar cells, a series of
quantum simulations based on the density functional theory
combined with the tight binding model were performed for a-
Si:H with various hydrogen concentrations and cooling rates.
The radial distribution function (RDF) for Si-Si pairs indicates
that samples with higher H concentration (20% and 25%) give
a structure in better agreement with experiments, but the RDF
of Si-H pairs suggests that samples with lower H concentration
(14%) may give more appropriate structure. The coordination
number (N.) analysis indicates that more defects (dangling
bonds and floating bonds) exist in 20% and 25% H
concentration samples. Overall, a-Si:H with 14% H
concentration gives most preferable structure. The cooling rate
has also much effect on the structure. Sample with the slowest
cooling rate is slightly more structured based on Si-Si pair RDF
and N.. The electron transport of a-Si and a-Si:H were
evaluated and the superiority of a-Si:H was confirmed.
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1. Introduction

Hydrogenated amorphous silicon (a-Si:H) is a
low-cost and excellent light-absorbing material and has
attracted much attention in the field of thin-film solar
cells since the first report by Carlson et al. in 1976 [1]. It
still has shortcomings, however, such as low efficiency
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of photo-conversion and light-induced degradation
(Staebler-Wronski effect) [2]-[3], limiting its application
in wide fields. In order to improve its total performance,
further research is still needed on microscopic
structure and basic performance. The disorder in the
microstructure of hydrogenated amorphous silicon has
led to the complexity of its structure. In the past 40
years, tremendous amount of experimental and
theoretical investigation has been reported. For
example, for the role of hydrogen atoms passivating
some defect states, Wronski and Collins [4] reported
single-cell nano-amorphous silicon thin film solar cells
with a stable conversion rate of 9-10% under high
hydrogen dilution ratio conditions. More recently Luo et
al. adopted molecular dynamics methods to simulate
the influence of different substrate temperatures on the
structure of a-Si:H [5], showing that the surface
roughness of the film decreases with the increase of the
substrate temperature. Czaja et al. reported the
structure, electronic and optical properties of different
sizes of a-Si:H based on a first-principle density
functional theory (DFT) [6]. Zhang et al. also executed
first-principle DFT calculations to study a network
growth in films [7], showing a continuous disorder-
order phase transition.

Among various key factors to improve the
performance, hydrogen concentration is one of the most
relevant ones [8]. It has been shown that the
hydrogenation of a-Si has a beneficial effect in reducing
the overall strain energy of the a-Si network [9].
Legesse et al. investigated the optical gap and the
electron mobility with VASP [10] and proposed three
regimes of the hydrogen concentration; in the
unsaturated regime, both the optical gap and the
mobility increase with the increase of hydrogen



concentration until they converge to some constant
values in the saturated regime. Ukpong et al. also found
with tight-binding (TB) quantum simulations [11] that
the local order and the intrinsic stress are much
affected by the hydrogen concentration, suggesting the
existence of optimal concentration. In the fabrication of
a-Si:H through quenching the melt silicon, the annealing
rate is of course another relevant factor. Many studies
have shown that a-Si samples for practical use can be
obtained by annealing, but their electronic properties
strongly depend on the cooling rate. Jarolimek et al. [12]
conducted a first-principles molecular-dynamics
simulations study using VASP, showing that the cooling
rate of 0.138 K/fs = 1.38 x 10'* K/s is slow enough to
obtain low defect concentration samples with realistic
amorphous structures. Santos et al. [13] also studied
larger atomic systems with a wider range of cooling rate
(from 3.3 x 10'° to 8.5 x 10* K/s), indicating that
samples prepared with cooling rate below 101! K/s
have similar structural parameters to experiments.
Recent machine learning-driven molecular dynamics
simulations also give similar results [14].

As for the stability of a-Si:H, the Staebler-Wronski
effects are still problematic [15, 16]. Another
perspective to be considered is the low values of
electron transport in amorphous materials. Liu et al.
examined the electron transport of a single silicon atom
or atomic chain sandwiched between Au electrodes,
which is the elementary part of the nanoscale junctions
[17,18].

In order, to look into the atomic scale structures
and electronic properties of a-Si:H depending on
various factors, we have carried out quantum molecular
simulations. In this paper, we report the effects of the
two relevant factors, i.e., the hydrogen contents and the
cooling rates.

2. Methods

We investigated the silicon-hydrogen systems
based on the density functional (DF) theory with the
tight binding (TB) model, by utilizing the DFTB+
package [19] with the matsci-0-3 parameter set [20].

2.1 Sample preparation

To generate the atomic configuration of a-Si:H at a
given hydrogen concentration, we employed the heat-
and-quench method similar to Ref. [21]. First, a cubic
super-cell of Si crystal with 64 atoms in 10.862 A x
10.862 A x 10.862 A is prepared and a given number of
randomly selected Si atoms are replaced by H atoms.

Figure 1. Example of a-Si:H configuration. The cell
contains 64 atoms; (brown) Si, (white) H.

Table 1. Simulation conditions.

Name Number of atoms
Si H
0%H 64 0
8%H 59 5
11%H 57 7
14%H 55 9
17%H 53 11
20%H 51 13
25%H 48 16
Name Cooling rate
K/fs K/s
vl 2.07 2070 x 102
v2 1.035 1035 x 1012
v3 0.414 414 x 1012
v4 0.1035 103.5 x 1012
v5 0.05175 51.75 x 102
The system is heated well above the melting

temperature (about 2370 K) with a temperature
controlled molecular dynamics (MD) simulation. After
keeping the high temperature for 3ps, the melt sample
is cooled down to 300 K with a given cooling rate. A
typical configuration of obtaind a-Si:H is shown in Fig. 1.
The periodic boundary conditions are assumed for all



directions. For the electronic energy evaluation, we use
a 2x2x2 Monkhorst-Pack mesh for the Brillouin zone
sampling. The time step the MD simulation is 1.0 fs.

We investigated the cases with six different H
concentrations and five cooling rates as shown in
Table 1.

2.2 Electron transport properties

We have investigated the electron transport
properties of a-Si:H and a-Si samples using the DFTB+
package with the non-equilibrium Green’s function
(NEGF). For that purpose, the target sample should be
sandwiched between two “electrodes”. In this paper, we
adopted crystalline silicon (c-Si) or a-Si as the electrode.
Typical configuration for the electron transport
calculation is shown in Fig. 2. The 5 X 5 X 1k-point
sampling was used.

Figure 2. Configuration for electron transport calculation.
The central region containing brown atoms is the
target sample, which is sandwiched between two
electrodes shown by yellow atoms.

3. Results and Discussion
3.1. Influence of Hydrogen Concentration

First, we examined how the hydrogen
concentration affects the structure, under v3 (medium
cooling speed) conditions. The radial distribution
functions (RDF) were calculated to examine the sample
structure, as shown in Fig. 3. The shape of g ¢; (r) for

Si-Si pairs shows a typical amorphous character for all
H concentrations. As the H concentration increases, the
local order indicated by the first peak becomes more
apparent, but the second and the third peaks gradually
diminish, suggesting that the mid-range order is
weakened by the H increase. The dependence is not
apparent in gg; ; (r) for Si-H pairs.

The distance between the nearest Si-Si pairs is
2.2- 2.3 A, while that for the second neighbours is 3.7-
3.8 A, in good agreement with previous reports [7].
These distances are little affected by the H
concentration, indicating that the basic Si network
remains intact.

(a) Si-Si

RDF gsi.si

(b) Si-H

r [A]
Figure 3. Radial distribution function for v3 (medium)
cooling rate samples: (a) Si-Si, (b) Si-H.

The atomic coordination number, i.e., the number
of nearest neighbours around a Si atom, is evaluated. As
shown in Table 2, the perfect four coordination (Si4)
dominates of course, followed by Siz and Si,. The
average coordination number N, is about 3.8, and the
concentration dependence is not apparent. The largest
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Fig. 4. Angle distribution for v3 cooling rate samples.



Table 2. Ratio of atomic coordinations and the mean coordination number for a-Si:H with v3 cooling.

Hydrogen concentration

0%H | 8%H | 11%H | 14%H | 17%H | 20%H | 25%H
Si5 04% | 03% | 05% | 26%| 22%| 04%| 1.8%
Si4 78.6% | 77.6% | 70.5% | 64.8% | 58.8% | 45.4% | 45.9%
Si3 20.9% 13% | 14.1% | 12.5% | 14.9% | 24.2% | 21.7%
Type of Si2 01% | 01% | 1.0% | 1.0%| 12%| 05% | 0.6%
coordination Si4H 01% | 03% | 09%| 04%| 1.0%| 1.0%
Si3H 8.8% | 12.9% | 16.9% | 19.2% | 25.1% | 26.7%
Si2H 01% | 0.4% | 12% | 25%| 26%| 1.6%
Si*H2 01% | 01% | 06% | 08% | 0.6%

Mean coordination number N, | 3.793 3.871 3.834 3.877 3.814 3.728 3.773

N, is obtained for the 14% concentration sample, which
is close to an experimental value 3.88 [22]. One possible
reason for the large N.is the existence of “floating
bonds” indicated by Sis. The N, of all cases are less than
4, which implies that three coordinate atoms (i.e,
dangling bond state) are dominant in a-Si:H, in good
agreement with experiments and other simulations
[21].

The distribution of the Si-Si-Si bond angle is
shown in Fig. 4. The peak exists at 109.5° for all cases.
Note that all cases have a peak around 60°. This is
similar to the 55° peak in Jarolimek's report [12], where
the peak is assigned to metallic bonding. Stich et al. [23]
also showed a similar peak around 60°, which is argued
to indicate the existence of coordination defects.
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Figure 5. Density of electronic states for14%H sample with
v3 cooling condition.

As the H concentration increases, the main peak
at 109.5° becomes suppressed and broadened, while
the second peak around 60° is diminished. When the H
concentration is greater than 17%, the second peak
becomes larger again, suggesting more defects.

The electronic state analysis was done to obtain
the density of states (DOS). An example is shown in
Fig. 5 for the 14%H sample with v3 cooling condition.
There exist two apparent groups of defect states in the
band gap (—4.6eV < E < —2.8eV). Although strict
assignment is not possible yet, these should correspond
to the states of dangling and floating bonds according to
the ratio of atomic coordination in Table 2.

3.2. Influence of Cooling Rate

To investigate the effect of cooling rates on the
sample structure, the RDFs are compared in Fig. 6 for
the same H concentration (14 %). Although the
apparent structure is very similar for Si-Si pairs, the
height of peaks indicates that the ordering is more
developed for the slowest cooling samples (v5:0.05175
K/fs), as expected.

The cooling rate seems to affect the Si-H pair
correlation, as shown in Fig. 6 (b). An extra peak
appears around 1.8 A for the fastest cooling case v1 and
the slowest v5, suggesting a creation of weak bonds
between Si and H or recombination of H atoms to form
molecular hydrogen. Thus the extremely slow cooling
for the simulation is not preferred.

The atomic coordination is examined, as shown in
Table 3. The average coordination number N, is again



Table 3. Ratio of atomic coordinations and the mean coordination number for 14%H a-Si:H.

Cooling speed condition

vl v2 v3 v4 v5

Si5 17.9% 17.5% 12.2% 10.3% 8.7%
Si4 51.1% 51.3% 58.8% 63.6% 68.5%
Si3 3.1% 2.6% 4.3% 2.0% 0.6%
Type of Si2 0.1% 0.1% 0.1% 0% 0%
coordination Si4H 6.6% 5.8% 4.8% 6.8% 8.5%
Si3H 9.5% 10.9% 10.2% 7.4% 3.1%
SiZH 0.4% 0.4% 0.4% 0.1% 0%
Si*H2 1.1% 2.0% 2.2% 2.3% 3.4%

Mean coordination number N, 3.789 3.805 3.819 3.827 3.844

structure.

about 3.8, but the cooling rate dependence is apparent.
As the cooling rate decreases the coordination number
gradually increases, mainly due to the increase of four-
coordination atoms (Si4), suggesting more ordered

8

o vl —
(a) Si-Si v2
v3
61 v4 — |
@ v5 —
&
o4 |
L
=)
x
2t
0
0 1 2 3 4 5
r [A]
4 v1
b) Si-H -
(b) w2
3t
T
=
()] 2 L
L
=)
o
1t
0
0 1 2 3 4 5

r[A]
Figure 6. RDF of 14 % H concentration samples with
different cooling rates.

The angular distribution for Si-Si-Si is shown in
Fig. 7. The main peak exists at 109.5°, and the small
second peak around 50-60° disappears as the cooling
rate decreases., suggesting that the number of defects
decreases.

3.3 Electronic transport

The energy-dependent transmission coefficient
T(E) represents the electron transport behavior. Four
systems (Table 4) are examined.

The results are shown in Fig. 8, where T(E)
around the Fermi level ey is compared, because the
transmission around € determines the transport
properties of devices in equilibrium [24]. Comparison of
the four systems indicates that the hydrogenation of a-
Si drastically improves the transmission near €,
suggesting the passivation of defects by hydrogen.
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Table 4. System for transport investigation.

Target Electrodes
c-Si/a-Si/c-Si a-Si crystalline Si
c-Si/a-Si:H/c-Si a-Si:H crystalline Si
a-Si/a-Si/a-Si a-Si a-Si
a-Si/a-Si:H/a-Si a-Si:H a-Si
c-Sila-Silc-Si
€ 11 ¢-Sifa-Si:H/c-Si ]
3 a-Si/a-Si/a-Si —
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Figure 8. Transmission coefficients as a function of
energy difference from the Fermi level €.

4. Conclusion

We investigated the structure and the electronic
properties of hydrogenated amorphous silicon with a
quantum simulation based on the DFTB scheme,
focusing on the effects of the hydrogen concentration
and the cooling rate. The radial distribution function
and the coordination number analysis indicate that the
hydrogen concentration strongly affects the structure.
The sample with 14 % H concentration has a largest
coordination number, probably caused by the balance
between the numbers of the dangling bonds and the
floating bonds. The cooling rate has also much effect on
the structure; the sample with the slowest cooling rate
is more structured, but extra correlation of Si-H
appears, suggesting generation of molecular state of
hydrogen. The electron transmission coefficient also
suggests that passivation of defects by hydrogen atoms
leads to much improvement of electron transport.

Since it is confirmed that the role of hydrogen in
amorphous silicon is well investigated with this model,
we are planning to examine the destabilization
mechanism  (Staebler-Wronski effect), transport

behaviour

through various boundaries, and the

structural change in doped materials.
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