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Executive Summary (publishable) 
Heterojunctions of amorphous and crystalline silicon are of great interest, in particular, from 

the perspective of the SiNAPS project, as advanced solar cell materials in a nanowire 

structure. The aim of Task 1.1, to which this deliverable D1.6, pertains, is to undertake first 

principles simulations of the optical and electronic properties of a-Si:H/c-Si structures using 

atomic structural models, as well as optical and electrical device simulations, to allow for a 

rational understanding of nanowire solar cell performance. 

We have shown, unexpectedly, that our understanding of hydrogenated bulk a-Si needs to be 

revisited, with our robust finding that when fully saturated with hydrogen, bulk a-Si exhibits 

a constant optical energy gap, irrespective of the hydrogen concentration in the sample. 

Unsaturated a-Si:H, with a lower than optimum hydrogen content, shows a smaller optical 

gap, that increases with hydrogen content until saturation is reached. The mobility gaps 

obtained from an analysis of the electronic states show similar behaviour. 

Planar interface models of amorphous-crystalline silicon have been generated in Si (100), 

(110) and (111) surfaces. The interface models are characterised by structure, radial 

distribution function, electronic density of states and optical absorption spectrum. We find 

that the least stable (100) surface will result in the formation of the thickest amorphous 

silicon layer, while the most stable (110) surface forms the smallest amorphous region. 

Analysis of the RDF indicates a structural interface region one layer thick in both a-Si/c-Si 

and a-Si:H/c-Si interface, while the electronic density of states shows new states forming as a 

result of disorder, even in the seemingly crystalline layers, indicating that an electronic 

interface is formed between a-Si (and a-Si:H) and c-Si that is larger than the structural 

interface. Finally computed optical absorption spectra demonstrate that for thick amorphous 

layers, the optical absorption is dominated by a-Si, while thinner layers show an optical 

absorption spectrum characteristic of crystalline silicon, but modified by the presence of the 

a-Si layer and this is driven by the stability of the crystalline Si surfaces. The (100) a-Si:H/c-

Si interface model has an optical band gap around 1.25 eV, independent of the precise 

thickness of the amorphous region. Overall, the stability of the surface determines the 

detailed properties of the structural and electronic interfaces. Si nanowires based on a core-

shell structure of crystalline and amorphous Si have been generated from the dynamics 

simulations. 
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Initial optical and electrical device simulations based on the raytracing model with validated 

periodic boundary conditions and drift-diffusion models have been performed. The calculated 

results are in qualitative agreement with experimental data. When more accurate material 

properties (bandgap, band off-sets and mobility of the a-Si:H) are used, the results can yield 

information on the doping levels of amorphous silicon and guide optimisation through 

identifying the role of the various device parameters.  

These results provide an important milestone to further analyse the properties of aSi/cSi 

heterostructures prepared with different thicknesses of amorphous silicon and various 

conditions of sample preparation, which is important for understanding and optimising the 

light absorption and charge dynamics of aSi/cSi solar cell heterostructures. 
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1 Modelling of Silicon Core-Shell NW structures: 
Introduction 

 

Amorphous silicon (a-Si) and hydrogenated amorphous silicon (a-Si:H) are model 

amorphous covalent materials, and are technologically important as cheap semiconductor 

materials for large-area electronics and photovoltaic applications [1]. The so-called second 

generation solar cells are constructed from a-Si thin films [2], while nanostructured core-shell 

crystalline/amorphous (c-Si/a-Si:H) nanowire solar cells have been demonstrated with 

efficiencies up to 10% within the SiNAPS project [3]. A better understanding of the 

fundamental materials properties of a-Si:H and a-Si have enabled continuous improvements 

in the efficiencies over earlier devices making a-Si solar cells industrially competitive in the 

photovoltaics market within the so-called generation II solar cells [4]. Hydrogenated 

amorphous silicon not only is a better light absorber relative to c-Si in the visible region but 

the passivation of dangling bond states by hydrogen dramatically improves device 

efficiencies, since such defects act as very effective recombination centres and affect 

significantly the lifetimes of charge carriers. 

Heterojunctions of amorphous and crystalline silicon are of great interest, in 

particular, from the perspective of the SiNAPS project, as advanced solar cell materials in a 

nanowire structure. It is the aim of Task 1.1, to which this deliverable D1.6, pertains, to 

undertake first principles simulations of the optical and electronic properties of a-Si:H/c-Si 

structures using atomic structural models to allow for a rational understanding of nanowire 

solar cell performance. To this end, we apply classical molecular dynamics and first 

principles density functional theory (DFT) simulations to understand the fundamentals of Si 

nanowire energy harvesting in core-shell structures, use these results in Technology 

Computer Aided Design (TCAD) device simulators and guide experimental work on what 
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factors determine device performance, such as optical absorption and band offsets based on 

defect densities (related to the open circuit voltage, VOC) and estimates of doping 

concentrations. 

Despite the accumulated knowledge of a-Si and a-Si:H that enabled practical devices 

over earlier prototypes, the detailed understanding on the role of hydrogen incorporation into 

the silicon host remains a challenge. The amount of hydrogen needed to passivate the 

dangling silicon atoms, its influence on the electronic and optical properties and on the 

amorphous network, and the relation to the Staebler-Wronski effect, the well known 

efficiency degradation during exposure to sunlight, are open fundamental questions that link 

the chemical composition and structure to continuous improvements in device performance. 

In particular, we have found conflicting studies on the optical properties, which determine the 

energy absorption in a solar cell, and their dependence on hydrogen content and disorder in a-

Si:H [5-11]. To summarise, early work from Cody et al. [7] showed that the optical gap was 

independent of H concentration for saturated samples, which has also been demonstrated in 

some subsequent studies. However, the majority of studies have concluded that the optical 

gap depends on the H concentration, even though some data shows clearly that at H 

saturation no change in the optical gap is seen. We will present results in this deliverable 

resolving this issue, section 3.1.2. 

The behaviour of the band tail states of a-Si:H is a fundamental aspect of great importance. 

The electronic properties of a-Si:H differ from the equivalent crystalline material, due to the 

formation of band tail states in the disordered system. In disordered systems [12], the band 

tail states are energy states that arise from distortions to the bond angles and bond lengths in 

the a-Si:H network. The presence of the band tails leads to a another energy gap in a-Si/a-

Si:H, namely, the so-called mobility gap which is also influenced by the disorder and 
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hydrogen concentration in a-Si:H. Finally, the so-called mid-gap states, that is the electronic 

states that are found in the band gap, and which have their origin in the formation of 

undercoordinated Si (dangling Si bonds), also appear in a-Si. The origin and dependence of 

the valence and conduction band tails, as well as the mid-gap states, on disorder in a-Si and a-

Si:H are a determininant of performance and are thus still of great interest and controversy, 

e.g. [13-16]. A first-principles insight to the role of hydrogen in controlling the electronic 

states within the mobility gap is also provided in section 3.1.3. 

Heterojunctions of hydrogenated amorphous and crystalline silicon, henceforth denoted a-

Si:H/c-Si, have gained much attention recently as demonstrated by the so-called 

“Heterojunction with Intrinsic Thin layer (HIT)” solar cell. This is because of 

demonstrated high efficiencies (above 23% on 100 cm2 active area). In addition, from a 

technical point of view, the energy consumption and costly processing steps used to form 

the junctions or back surface field in the traditional crystalline solar cell fabrication are 

replaced with the low temperature processing steps of silicon thin film deposition. These 

types of heterojunctions are also found at the interface between the crystalline core and 

the amorphous cell in the radial heterojunction silicon nanowire solar cells prepared by 

the WP1 partners in the SiNAPS project. 

a-Si:H/c-Si brings additional challenges in understanding factors such as the surface 

orientation and the role of the interface region and their interplay with hydrogenation in 

determining the interface quality and the electronic and optical properties and these are 

addressed in this deliverable. Besides a better understanding of these challenges which 

will improve the device performance in solar cells using a-Si:H/c-Si heterojunctions, we 

aim at extracting materials parameters from first-principles to be used in TCAD device 

simulators in conjunction with experimental results (section 6). 
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While there have been some experimental and theoretical studies of a-Si/c-Si and a-

Si:H/c-Si interfaces [17-22], the inaccessibility of the interface atomic structure to 

experimental probes and the size of systems that can be handled by stimulations and the 

extent of configuration space that can be explored through calculations have placed 

restrictions on understanding and improving the properties of a-Si:H/c-Si heterojunctions. 

Despite the importance of the a-Si:H/c-Si system, there has only been one recent first 

principles study of a model interface by Tosolini et al. [21]; these authors showed that the 

formation of the interface between a-Si:H and c-Si induces changes in the structural 

properties, but the electronic properties were not examined in detail. 

Finally, we will present some initial results on the formation of crystalline-amorphous silicon 

nanowire structures. DFT results for structural and electronic/optical properties are not 

available yet for these structures, but this work (together with experimental validation) is in 

progress. As we are now in a position to establish a feedback loop with the experiments in the 

other tasks of WP1, it is planned to extend Task 1.1 and section 8 outlines the activities for 

the remainder of the project. 
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2 Computational Methods  

We employ a heat and quench approach to generate models of bulk a-Si and a-Si:H and a-

Si:H/c-Si interfaces (planar and in nanowires) within the classical molecular dynamics (MD) 

code GULP [23] using the empirical Tersoff interatomic potential for Si [24], which has been 

used extensively for c-Si and a-Si. Various structural models have been proposed for a-Si. 

The continuous random network (CRN) model, where every atom has four-fold coordination, 

is frequently employed. There is, however, no clear explanation for this assumption beyond 

chemical intuition. In fact, experiments on pure a-Si yield average coordination number of 

3.88 and non-vanishing density of states in the gap, both consistent with undercoordinated Si 

atoms. Simulations that attempt a more realistic description of the energetics of bonding in a-

Si and a-Si:H are generated from a heat and quench approach, in which c-Si is melted and 

quickly quenched, typically display coordination defects, in particular three and five fold 

coordinated Si, that is the dangling bond and the floating bond.  

All structural, electronic and optical properties of a-Si:H were calculated from first-principles 

after performing ionic relaxations on the classically generated structural models within 

density functional theory (DFT).  The generalized gradient approximation (PW91-GGA) to 

the exchange-correlation functional as implemented in the Vienna ab initio simulation 

package (VASP) [25,26] was used. The interaction between ion cores and valence electrons 

are described using the projector-augmented wave method (PAW), with 4 electrons on Si and 

1 electron on H [27]. The electronic wavefunctions are described within a plane wave basis 

set and the kinetic-energy cutoff is set to 400 eV. Irreducible Brillouin zone integration for 

the supercell of 512-atoms was conducted using Γ point sampling. A Gaussian smearing of 

width 0.05 eV is applied to determine the band occupations and electronic density of states. A 
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concern for these calculations is the severe underestimation of the band gap with GGA-DFT, 

which we calculate to be 0.7 eV for c-Si, compared to 1.1 eV in experiment. In order to 

address this fundamental point, further hybrid DFT calculations, using the HSE06 functional 

[28], with 25% exact exchange and a screening length of 0.2 A-1, are performed at the GGA-

DFT geometry to determine more accurately the mobility gaps in our models of a-Si:H. 

 

Bulk amorphous silicon and hydrogenated amorphous silicon 

One starts from crystalline silicon which is heated to some temperature that should be 

sufficiently above the melting point so that a liquid is formed, i.e. a disordered structure is 

present. The melt is then quenched to 300 K fast enough that full crystallization is prevented 

and the structure is trapped in a non-crystalline arrangement. In this way an amorphous 

structure should be generated.  

We have run the initial melting simulation in GULP at temperatures high enough to cause 

melting. It is possible that melting could take place at lower temperatures (indeed, the 

predicted melting temperature for bulk Si using the Tersoff potential is around 2400 K), 

however, simulating the process of melting, would require longer simulation times than can 

be run at present. Thus, running the melting simulation at high temperature accelerates the 

process. We have found that the temperature required to form the melt depends on the 

number of atoms in the simulation supercell.  

In the classical MD simulations to generate a-Si in a 512 atom supercell, the initial “melting” 

simulation is run at 3500 K for 250 ps in the NVT ensemble. After this melting, we quench to 

300 K at three rates: 1x1012 K/s, 1.33x1012 K/s. and 2x1012 K/s. Thereafter, the structure is 

further annealed for 100 ps at 600 K. Finally we relax the annealed structure using DFT. By 
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incorporating enough hydrogen in the a-Si model to passivate (saturate) all undercoordinated 

Si, we have generated three models of a-Si:H, with optimum hydrogen concentrations of 

14%, 15.5% and 16.5%. These saturated model structures of a-Si:H are relaxed with GGA-

DFT. We also relax two further structures taken from the saturated a-Si:H structures, but with 

smaller hydrogen concentrations of 12% and 14.0%, which are termed “unsaturated” models 

of a-Si:H. 

         
      

Fig 2.1 Flow chat for preparation of amorphous silicon (a-Si) and hydrogenated amorphous 

silicon (a-Si:H). 

 

To generate models of a-Si:H/c-Si, starting from unreconstructed, bulk terminated 

crystalline Si (100), (110) and (111) surfaces, the same heat and quench approach is 

applied. In this case, the surfaces are (2 x 2) surface supercells and are bulk cleaved to 

have 512 atoms in (100) and (111) (32 layers) and 522 atoms in (110) (29 layers) to 

minimise the influence of the size of the surface model on formation of the amorphous 

region. In the two dimensional periodic boundary condition MD simulations we run an 
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initial “melting” simulation at 3000 K for 10 ps in the constant volume and temperature 

ensemble (NVT), using a simulation timestep of 0.1 fs. This 10 ps simulation allows for 

some melting of the initially crystalline Si surface, while the common simulation time 

means that extent of melting in the surface will depend on the surface stability. We 

further run longer melt simulations at each surface (80 ps and 200 ps) to examine the 

formation of different relative thicknesses of a-Si and c-Si in each surface. The structure 

resulting from the melting simulations are subsequently quenched to 300 K at a rate of 

6x1012 K/s. After quenching, the a-Si-c-Si interfaces are annealed for 25 ps at 300 K.  

By incorporating hydrogen into the a-Si region to passivate all undercoordinated Si in 

each surface supercell, we generate interface models of a-Si:H/c-Si in quenched (100), 

(110) and (111) surfaces, giving optimum hydrogen concentrations of 40, 16 and 28 

hydrogen atoms (17%, 14% and 18%, in the amorphous regions), arising from the 10 ps 

melt simulation respectively. These saturated models structures of a-Si:H/c-Si are relaxed 

with GGA-DFT. 
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3 Bulk amorphous and hydrogenated amorphous silicon 
 

3.1 Results and discussion 
 

3.1.1 Structural analysis  
 

This work has required generating structures that are properly amorphous, with 

characterisation of the resulting structure focussed on a visual inspection of the structure and, 

for better comparison with experiment, the radial distribution functions (RDF) are available.  

Within statistical approach, the structure of a simple mono-atomic liquid or amorphous 

system is characterised by asset of distribution functions, the simplest of these is the radial 

distribution function (RDF),  

 

This is the probability of finding a pair of atoms at distance r apart. The RDF measures the 

local structure in a-Si and is experimentally measurable, providing a useful tool for 

comparing the computationally created structures with the real ones. In crystalline materials, 

there are sharp peaks at the neighbouring, next neighbour etc. Si-Si distances, indicative of 

short and long range order. In amorphous Si, while there is a peak at the nearest neighbour 

Si-Si distance, indicating short range order, and the disorder present means that the RDF 

peaks are broadened and coalesce, indicative of no long range order. 

In figure 3.1, we show the structure of a 512 atom bulk Si supercell after running the protocol 

described in Section 2 and relaxing the structure using density-functional theory (DFT). 
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(a)      (b) 

Figure 3.1: (a) 512 atom structure of bulk a-Si and (b) 512 and 84 H atom structure of bulk 

a-Si:H after quenching to 300 K from a melt at 3500 K and relaxing with DFT. 

 

   
 

Figure 3.2: Quench rate dependent RDF for 512 atom bulk Si (a) quench (a) quench rate 

2x1012 K/s (b) 1.33x1012 K/s (c) quench rate 1x1012 K/s  
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For each quench rate, five samples of a-Si:H structures have been generated and we produced 

the same RDF in all samples. We observe that the Si-Si radial distribution of a-Si:H shows 

defined peaks with higher values of the first and second maximum of the RDF when 

compared with a-Si and in very good agreement with experiment and ab initio calculations. 

This is due to the presence of hydrogen reducing the number of coordinatively unsaturated Si 

by passivating undercoordinated silicon. The presence of hydrogen also strongly decreases 

the degree of disorder of Si-Si bond and in addition to that the majority of short Si-Si bonds 

are contributed from the silicon atoms which contain hydrogen. These results are consistent 

with recent experimental and theoretical investigations, e.g. ref. 16. 

 

Table 1: Percentage composition of Si-H1, Si-H2 and Si-H3 in hydrogenated amorphous 

silicon. 

 

In examining the structure of a-Si and a-Si:H, figure 3.2 shows a typical radial distribution 

function (RDF) plot for a-Si from a  different quench rate of (2x 1012 K/s, 1.33x 1012 K/s and 

1x 1012 K/s) and for a-Si:H, with (16.5, 15.5% and 14.0% hydrogen concentration 

Quench rate K/s 2 x 1012  1.33 x 1012  1 x 1012  

Si-H1 (%) 94 94 95 

Si-H2 (%) 5 4.5 4 

Si-H3 (%) 1 1.5 1 

Average coordination  

number 

3.96 3.96 3.92 
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respectively), after the DFT relaxation of both structures. Our investigation from the structure 

of a-Si:H (14.0% hydrogen) is that predominantly Si-H bonds are present (~95%)  and the 

remainder are Si-H2 (4%) and Si-H3 bonds (1%). Such bonds have been observed in 

experiment using infrared spectroscopy (see the other quench rate results from table 1 and 

figure 3.2). The average coordination number is 3.92 which compares well with the 

experimental value of 3.88. 

 

 

  (a)      (b) 

Fig 3.3: Distribution of coordination of number of a-Si (a) a-Si (b) a-Si:H quenching rate (1x 

1012 K/s). 

 

Fig.3.3 shows the distribution of coordination numbers for 1x1012 K/s quench rate. From this 

chart the initial a-Si structure contains a significant amount of three and five coordinated 

atom. After incorporating hydrogen into a-Si:H, the three and five coordinated silicon are 

removed and we generate a defect free amorphous structure. 
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3.1.2 Optical Properties 

 

The optical band gap, Eopt, is determined by extrapolating the linear part of the function 

  2
1E(E)  plotted against the photon energy E, where α(E) is the absorption coefficient, 

calculated from  

α = 2κπ/λ   (1), 

λ is the wavelength of light, κ is the extinction coefficient, calculated from: 

   κ = 1/√2 (- ε1+ (ε1
2 + ε2

2))  (2) 

and ε1 and ε2 are the real and imaginary dielectric function, computed using the routines of 

Furthmuller [29]. 

As shown in figure 3.4 for a-Si:H with optimum hydrogen contents (14and 16.5%) we obtain 

a typical Tauc plot that allows us to determine Eopt. An optical gap of 1.25 eV is extracted for 

all a-Si:H structural models with optimum, saturation, hydrogen concentrations (that is, 14%, 

15.5% and 16.5%; see table 2). Further, our analysis of hydrogen and silicon bonds indicates 

that disorder is similar in these structures. These results show that the optical band gap of 

a-Si:H does not depend on the H concentration assuming full saturation of under-

coordinated Si atoms in a-Si by hydrogen. This sheds light from first-principles on the 

experimental debate regarding the secondary role of hydrogen content in determining the 

band gap on certain samples with moderate hydrogen concentration [5,9,10]. There remains, 

however, to explain the origin of the commonly observed decrease of Eopt with lowering the 

H concentration in other experimental setups [6-8,11]. 
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(a)       (b) 

      

(c)      (d) 

Figure 3.4: Linear extrapolation to determine the optical band gap (Tauc plot) (a) and (c) 14 

and 12% hydrogen concentration (quench rate =12x1012 K/s) and (b) and (d) 16.5 and 14% 

hydrogen concentration (quench rate =2x1012 K/s).  

 

To further investigate how the H concentration impacts on the optical gap, we have 

calculated the optical band gap of unsaturated a-Si:H, prepared by a reduction of 2% and 

2.5% [see fig. 3.4 (c) and (d)] in the hydrogen concentrations from the 14% and 16.5% 

hydrogen concentration structures of a-Si:H. The optical band gaps of 12% and 14% 
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unsaturated a-Si:H are also shown in table 1 and are clearly smaller when compared with the 

optical gap from samples with optimum hydrogen content; a reduction in H concentration of 

2% is enough to give a significant change in the optical gap (ca. 0.1 eV). Furthermore, 

structures that are even less saturated show smaller optical gaps. For example, the initial pure 

a-Si samples generated with the quench rates of 1x1012 K/s, 1.33x1012 K/s, and 2x1012 K/s 

yield respectively Eopt equal to 0.92 eV, 1 eV and 1.08 eV. These results lend further support 

to our proposal that the optical gap of a-Si:H only depends on hydrogen content until 

optimum hydrogen concentration is achieved for the given sample, at which point it is 

constant, irrespective of the H concentration. 

 

Table 2: Optical (Eopt) and mobility (Emob) gaps for different hydrogen concentrations in a-Si: 

H. 

H concentration in a-

Si:H 

Eopt gap (eV) Emob gap (eV) / 

GGA-DFT 

Emob gap (eV) / 

Hybrid DFT 

14% saturated 1.25  1.27  1.83  

12% unsaturated 1.16  1.20  

16.5% saturated 1.25  1.29  1.85 

14% unsaturated 1.17 1.25  

15.5% saturated 1.25 1.28   

Cody (Expt, 9, 

13%) 

1.70 ±0.03   

Lee. (Expt) 1.73 - 1.76 1.88 - 1.90  
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3.1.3 Electronic structure and the Mobility Gap in Bulk a-Si:H 

The calculated electronic density of states (DOS) of a-Si:H are shown in Fig 3.5 produced 

less defective samples: in all cases we found zero states in the gap as a result of passivation 

with hydrogen. To investigate further how the electronic properties evolve with composition, 

we investigate the nature of wavefunctions and their respective contributions to the DOS. 

Undercoordinated Si atoms (defects) and lattice distortions in the Si network introduce states 

within the energy gap [12] whose wavefunctions are expected to be localized in a small 

region of the sample. The energies that separate the extended states from the localised states 

in a-Si:H define the valence and conduction band mobility edges, thus giving a mobility gap, 

Emob. To quantitatively probe electron localization around the mobility edges we calculate the 

inverse participation ratio (IPR), of the wavefunction of each energy eigenstate,  ri


 , 

                                     

 

 

Where V is the volume of our supercell. This provides a good indication for the various 

topological and chemical defects that emerge in our structural models as the larger the IPR 

for an electronic state the more spatially localized it is. 

 

  22

4

rdr

rdr
VIPR

V i

V i
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(a) (b)

(c) 

Fig 3.5 Total electronic DOS for a-Si:H from different quench rates (a) 16.5 % [2x1012 K/s] 

(b) 15.5% [1.33x1012 K/s]and (c) 14.0%  [1x1012 K/s]. The Fermi level is shifted to 0 eV. 

 

Figure 3.6 shows the IPR and a semi-log DOS plot for the different a-Si:H structures. Since 

we are interested in states near the Fermi level (referenced at zero) and around the gap, we 

limit our presentation here only to eigenstates which are mid-gap and near the mobility edges. 

In these calculations, a value of the IPR larger than 9 corresponds to a localized electronic 

state, otherwise the electronic state is extended. As expected, states in the mid-gap have a 

large IPR. From the IPR analysis of fully saturated a-Si:H, we obtain mobility gaps of 1.27 

eV, 1.28 eV and 1.29 eV for optimum hydrogen concentrations of 14%, 15.5 % and 16.5%, 

respectively. Given the underestimation of the energy gap with GGA-DFT, we have 
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determined the corresponding mobility gaps using hybrid DFT (HSE06 functional) for the 

14% and 16.5 % a-Si:H structures, and these are 1.83 eV and 1.85 eV. Given the possible 

DFT and confidence errors for the various structural models, it appears that also the mobility 

gap is independent of the hydrogen content for samples with optimum hydrogen 

concentrations. Upon reducing the H concentrations to 12% and 14% to create 

undercoordinated Si defects, we obtain lower mobility gaps. The results on the optical and 

mobility gaps are gathered in table 2. 

 

Figure 3.6: Plots of semi-log density of states (red line) and Inverse Participation Ratio (IPR, 

histogram) versus energy of (a) and (c) 14 and 12% hydrogen concentration (quench rate =1 

x1012 K/s) and (b) and (d) 16.5 and 14% hydrogen concentration (quench rate =2 x1012 K/s).  
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Finally, while the IPR in figure 3.6 clearly demonstrates the localized-to-extended transition 

occurring near the valence and conduction bands, the combined plot of the density of states 

indicates the role of hydrogen in suppressing the mid-gap defect states originating from 

undercoordinated Si atoms. For the fully saturated structures there are band tails with 

localised states but with almost no states around the Fermi level. Removing hydrogen atoms 

from the samples with optimum concentrations has as a result the appearance of mid-gap 

states with very large IPR. Charge density analysis confirms that these states correspond to Si 

atoms with dangling bonds. The difference in the IPRs between localized states near the 

conduction and valence mobility edges may arise by the fact that the conduction band is 

composed from empty Si s-like states which are spherically symmetrical and are not 

influenced by bond angle disorder. In contrast, the valence band is composed of Si p-like 

states which are strongly affected by bond angle distortions. 
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4 Simulation of amorphous Si -crystalline Si Interface 

4.1 Effect of Surface Orientation 

4.1.1 Atomic structure of a-Si-c-Si interface models  

Figure 4.1 shows the atomic structure of DFT relaxed non-hydrogenated a-Si/c-Si 

structures generated from the initial 10ps melt simulation for the (100), (110) and (111) Si 

surfaces. Experimental and theoretical surface energy calculations [30-32] indicate that of 

the bulk terminated unreconstructed surfaces considered in this work, the stability 

follows: (100) < (111) < (110). Upon examining the structures in figure 4.1, the (100) 

surface has the largest amorphous region, with the most stable (110) surface displaying 

the smallest amorphous region, consistent with the stability of each surface found from 

the surface energies and suggests that the orientation of the Si surface can play a role in 

determining the relative thickness of an a-Si layer on c-Si. 

In figure 4.1, we also show the Si-Si radial distribution function (RDF) in a layer-by-layer 

format that shows the RDF in each crystalline and amorphous layer, where a layer is 

defined as a region that is half the Si lattice constant. In figure 4.1, both the crystalline 

and amorphous regions show RDFs that are typical of bulk crystalline and amorphous Si, 

see figure 3.2, also ref. 21, with the a-Si layers showing no defined peaks indicating no 

long range order. The amorphous regions (layers J – M in (100), layers L and M in (110) 

and (111), and figure 1) show a defined peak at the neighbouring Si-Si distance, with a 

reduced maximum and increased broadening in this peak compared with the crystalline 

RDF. The second and subsequent peaks are typical of amorphous Si. 
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Fig. 4.1 Atomic structure and layer resolved radial distribution function of a-Si/c-Si interface 

models in the (100), (110) and (111) Si surfaces. The labelling of the layers runs from B 

(crystalline) to M (amorphous). Si atoms are yellow spheres 

 

We can attempt to identify an interface region, which we term the structural interface. 

For (100), this is layer I, for (110) and (111) it is layer K. In these layers, while the RDF 

displays characteristic peaks of crystalline Si, it is clear that the peak heights are reduced 

and the peak widths are larger, indicating that the interface region is intermediate between 
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c-Si and a-Si and we find this interface to be one layer thick. We have determined the 

number of undercoordinated (2 and 3-fold) and 5 coordinated Si in the interface 

structures. For (100), 11% of Si are 3- or 5-fold coordinated, while in the (110) and (111) 

surfaces, 5 % and 8 % of Si atoms are 3- or 5-fold coordinated and the amount of under or 

overcoordinated Si is consistent with the disorder seen in each interface. Interestingly, the 

total density of dangling and floating defects follows the inverse order to the surface 

stability of the various orientations (100) > (111) > (110). 

We have added hydrogen (as discussed for bulk in section 2) to passivate the dangling Si 

bonds in the a-Si layer and relax these a-Si:H/c-Si interfaces with DFT. Figure 4.2 shows 

the atomic structure of the relaxed a-Si:H/c-Si interfaces for the (100), (110) and (111) 

surfaces as well as the layer resolved RDF. On computing the Si coordination numbers, 

we find that the number of 3- or 5-fold coordinated Si atoms are reduced to 1.4 %, 0.5 % 

and 1% in (100), (110) and (111), respectively. Comparing the RDF for the a-Si:H/c-Si 

interface in the (100) surface with that of the non-hydrogenated surface and we find that 

the presence of hydrogen improves the order in the non-crystalline layers, as indicated by 

the coordination numbers, but the RDF of the interface region remains consistent with an 

amorphous structure. For the other surfaces, the inclusion of hydrogen also improves the 

order in the interface region. In the (110) surface the original interface layer K now shows 

a c-Si-like RDF, so that layer L is now the interface region. The presence of hydrogen 

further leads to higher values of the first and second maximum of the RDF compared with 

the non-hydrogenated structures in fig 4.1. The reason for this is that including hydrogen 

increases the number of four-fold Si in the structure and therefore the reduces the number 

of undercoordinated Si and strained Si-Si bonds. Finally, in the (111) surface, layer K 

remains the interface layer, with an increase in short and medium range order, as 
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indicated by the first two peaks in the RDF. 

 

Fig. 4.2 Atomic structure and layer resolved radial distribution function of a-Si:H/c-Si 

interface models in the (100), (110) and (111) Si surfaces. The labelling of the layers runs 

from B (crystalline) to M (amorphous). Si atoms are yellow spheres and H atoms are white 

spheres. 

 

4.1.2 Electronic and optical properties of a-Si:H/c-Si interfaces 

a-Si:H and c-Si display different electronic properties as a result of their different 
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structures. c-Si shows a clear valence band to conduction band energy gap and no states 

in the energy gap. a-Si:H shows the well known tail states and a larger energy gap than c-

Si, which arises from the disorder present in a-Si:H, as discussed in Sec. 3.1.3. a-Si is 

characterised by the valence and conduction band mobility edges and the presence of 

electronic states around the Fermi level, arising from the presence of undercoordinated Si, 

which are removed by incorporation of hydrogen. 

 

 

Fig. 4.3 Layered-resolved total electronic density of states (EDOS) plots for each interface 

structure. (a): a-Si/c-Si (100) surface, (b): a-Si/c-Si (110) surface, (c): a-Si/c-Si (111) 

surface, (d): a-Si:H /c-Si (100) surface, (e): a-Si:H /c-Si (110) surface, (f): a-Si:H /c-Si (111) 

surface. Not all crystalline layers are shown, since their EDOS are invariant on going through 

the crystalline layers. The Fermi level is set to 0 eV and we display valence band states to 2 

eV below the Fermi level and conduction band states to 1 eV above the Fermi level. 

 



 
SiNAPS Deliverable Report D1.6  Revision V.1.0  

WP D1.6 TNI-UCC  Aug 2012 

29 

To examine the electronic properties in the interface models, we plot in figure 4.3 the 

total electronic density of states (EDOS) in the crystalline Si layers nearest the interface 

(not all cSi layers are shown, since the EDOS does not change as we move through the 

crystalline layers) through the interface and in the a-Si:H layers in a 3-D layered plot. 

Figure 4.3 (a)–(c) shows the EDOS of the non-hydrogenated a-Si/c-Si interfaces and 

figure 4.3 (d)–(f) shows the EDOS for the hydrogenated a-Si:H/c-Si interfaces. 

In the c-Si regions, the EDOS shows a clear separation between the valence and 

conduction bands. When we go from the crystalline region to the amorphous region there 

is a change in the nature of the EDOS. For non-hydrogenated a-Si/c-Si interfaces, layers 

G – H in the (100) surface show a deviation from the c-Si EDOS to an EDOS 

characterised by formation of valence and conduction band tails, signifying the onset of 

disorder in these layers. In the interface region I a clear signature of a-Si in the EDOS is 

present, that is in-gap states due to undercoordinated Si and the band tails. The EDOS in 

a-Si regions in each surface is typical of bulk a-Si. 

For the (110) and (111) surfaces, the EDOS shows that the amorphous region extends 

over fewer layers compared to the (100) surface, consistent with the structural analysis. In 

both surfaces, we see that in layers I and J the EDOS is modified from that of c-Si and in 

region K, which was identified as the structural interface layer, the EDOS is showing 

amorphous character. It is interesting to contrast the structural and electronic information 

in terms of attempting to identify the interface between the amorphous and crystalline 

regions in our model a-Si/c-Si heterostructures. Using the RDF (structural), the interface 

between the two regions is rather abrupt, being one layer. However, from the perspective 

of the DOS, the interface region is larger, with characteristics of disorder appearing in 

layers that appear to display an RDF characteristic of crystalline silicon. The RDF 
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therefore cannot provide information on small changes in local atomic geometry, while in 

contrast, the density of states is more sensitive to these small changes in local geometry. 

This leads to a larger electronic interface region compared to the interface region 

identified from the structure. A similar conclusion was drawn from the work of Schamm 

et al.24 in examining the c-Si-La2O3 interface, where the chemical interface derived from 

electron energy loss spectroscopy measurements was larger than the structural interface 

determined from TEM analysis. 

In figure 4.3 (d)–(f) we show the EDOS for the hydrogenated a-Si:H-c-Si interfaces. 

Similar to the non-hydrogenated interfaces, the crystalline regions have an EDOS 

consistent with c-Si. Taking the (100) surface, with the largest amorphous region, the 

EDOS is consistent with a reduction in the disorder in previously disordered layers in the 

non-hydrogenated interface as a result of hydrogen incorporation. This is characterised by 

the removal of the states around the Fermi level, with the band tails persisting. Regions K 

– M in the (100) surface display an EDOS consistent with bulk hydrogenated a-Si with an 

optimum hydrogen concentration that removes the disorder-induced electronic states 

around the Fermi level. In the (110) and (111) surfaces, we find a similar change in the 

electronic properties as a result of hydrogen incorporation. 

The optical absorption spectrum has been calculated for each of the a-Si:H/c-Si interfaces 

and these are shown in figure 4.4. Also shown in figure 4 are the optical absorption 

spectra for slabs of bulk c-Si and bulk a-Si:H. For c-Si, only direct gap absorption can be 

treated in this formalism. On comparing firstly the bulk spectra to those of the interface 

models, we find that the spectrum of (100) interface is dominated by absorption in the a-

Si and a-Si:H regions, being similar to that of bulk a-Si and a-Si:H. In contrast, the (110) 

and (111) interfaces have an optical absorption spectrum similar to crystalline silicon, so 
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that with thinner amorphous regions, the optical absorption is dominated by the 

crystalline region. On closer examination, we see that the (110) interface shows an onset 

of absorption at larger energy than the (111) surface, which is consistent with the (110) 

interface having the smallest amorphous region. At the same time, the presence of the 

amorphous region in the (110) interface leads a lower energy absorption onset compared 

with pure cSi, so that the amorphous region, even if small, can affect the optical 

properties. 

 

Fig.4.4. Computed optical absorption spectra for the a-Si/c-Si and a-Si:H/c-Si interface 

models. (a): (100), (b): (110) and (c): (111). The inset in part (a) shows the computed optical 
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absorption spectrum for bulk a-Si and a-Si:H and in part (b) the computed optical absorption 

spectrum for bulk c-Si. 

 

4.2 Determining the Optical Band Gap and Band Offsets in a-

Si:H/c-Si Interfaces 

The central quantities of interest in the a-Si:H/c-Si heterojunction are the optical band 

gap and the band offsets between the a-Si:H and c-Si species. The former determines the light 

absorption properties, while the latter is important for device performance and the open 

circuit voltage, Voc.  

To compute the optical gap, we generate a Tauc plot, as discussed in Sec. 3.1.2 and 

from a linear fit extract the optical band gap of the heterojunction. Figure 4.5 shows the Tauc 

plots for a-Si/c-Si and a-Si:H/c-Si for the (100) interface model, derived from the initial 10ps 

melt simulation. From the linear fit, we find that the optical gap for the unhydrogenated 

model is 1.13 eV and for the a-Si:H/c-Si model, the optical gap is 1.24 eV; an assessment of 

the error in the DFT calculations of the optical gap was already presented in Sec. 3.1.2. The 

important observation is that the optical gap increases upon addition of hydrogen to the a-Si 

region and the magnitudes of the optical gap are similar to bulk a-Si and a-Si:H. 
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Fig.4.5. Tauc plots and linear fits for the a-Si/c-Si and a-Si:H/c-Si interface models in the 

(100) surface. 

 

For the (110) and (111) surfaces, identification of the optical gap is more complicated as the 

absorption spectrum is dominated by absorption in the crystalline region, section 4.1, 

although the plots in figure 4.4 do indicate a modification of the absorption spectrum arising 

from the presence of the amorphous region. A Tauc plot for these interface models is 

dominated by absorption in the crystalline region and the optical gaps found are ca. 2.2 eV, 

which is expected from DFT for the direct optical gap in c-Si, given the energy gap 

underestimation with DFT. 

To estimate the band offsets, we can obtain the band edges of the crystalline region from the 

EDOS and the mobility edges of the amorphous region from the IPR analysis. A complete 

analysis will be presented in a forthcoming publication.  
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4.3 The Effect of the Thickness of the Amorphous Region in a-

Si:H/c-Si interfaces 

4.3.1 The (100) a-Si:H/c-Si Interface 

For the (100) interface model we present results for different thickness amorphous regions 

that are generated from 80ps and 200ps melt simulations. Figure 4.6 shows the atomic 

structure of relaxed a-Si/c-Si interface models based on the (100) surface. As expected, the 

longer melt simulation results in a thicker a-Si region on the c-Si region. Figure 4.7 shows the 

relaxed atomic structure of the a-Si:H/c-Si interface model of the (100) surface from the 80ps 

melt simulation (a-Si:H/c-Si model from the 200 ps melt is running at present). This structure 

has 52 H atoms to passivate the undercoordinated Si species in the a-Si region. 

 

Figure 4.6 Atomic structures of a-Si/c-Si interface models from the (100) surface generated 

from different initial melt simulation times and relaxed with DFT 
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(a) (b)

(c) 

Figure 4.7: (a) Atomic structure of a-Si:H/c-Si interface models from the (100) surface 

generated from an 80 ps initial melt simulation time and relaxed with DFT. (b): RDF for a-

Si/c-Si from the same heat and quench protocol. (c): RDF for a-Si:H/c-Si from the same heat 

and quench protocol. 
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The RDF for the interface models, figure 4.7, resulting from the 80 ps melt simulation 

indicate the presence of a thicker amorphous Si region, but the behaviour of the RDF is 

similar to that of the interface in Sec 4.1 

(a) (b) 

(c) (d) 

Figure 4.8: (a): Layered DOS for a-Si/c-Si in the (100) surface model from 80 ps melt simulation. (b) 

Layered DOS for a-Si:H/c-Si in the (100) surface model from 80 ps melt simulation. (c) Optical 

absorption spectrum for a-Si/c-Si and a-Si:H/c-Si in the (100) surface model from 80 ps melt 

simulation. (d) Tauc plot and linear fit for the optical gap for a-Si/c-Si and a-Si:H/c-Si in the (100) 

surface model from 80 ps melt simulation. 

 

Examining the electronic density of states in figure 4.8(a), (b), the behaviour is similar to that 

of the interface with the thinner amorphous region and addition of hydrogen impacts on the 
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electronic properties particularly around the interface layers. They key result in this case is 

the optical band gap, determine from the Tauc plot in figure 4.10(d). For a-Si/c-Si, the optical 

gap is 1.15 eV and addition of hydrogen increases this gap to 1.27 eV. Comparison with the 

thinner amorphous region in figures 4.4 and 4.5 and the corresponding optical gap indicates 

only a small effect on the optical gap, of 0.03 eV, due to the relative thickness of the 

amorphous region on this surface. Work is in progress to extend this analysis to the other Si 

surfaces and examine more general trends so that the various contributions of the a-Si and c-

Si regions to the optical properties in an a-Si:H/c-Si heterojunction are unambiguously 

identified. 

 

4.3.2 The (110) and (111) a-Si:H/c-Si Interfaces 

 

In this section, we present some initial results for the amorphous-crystalline interfaces on the 

(110) and (111) surfaces. Figures 4.9 and 4.10 show relaxed atomic structures for 

unhydrogenated a-Si/c-Si from the (110) and (111) surfaces, respectively. Similar to the (100) 

surface, the longer initial melting simulation results in formation of a thicker amorphous 

region after relaxation. We are presently examining the hydrogenation of these interfaces and 

the electronic properties to investigate where the nature of the optical absorption will change 

as the thickness of the amorphous Si region changes. 
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Figure 4.8: Relaxed atomic structures for a-Si/c-Si interface models from the (110) surface 

from different melting simulation times 

 

Figure 4.9: Relaxed atomic structures for a-Si/c-Si interface models from the (111) surface 

from different melting simulation times 



 
SiNAPS Deliverable Report D1.6  Revision V.1.0  

WP D1.6 TNI-UCC  Aug 2012 

39 

5 c-Si/a-Si:H Core-Shell Nanowire Heterostructures 

Our final activity on the generation of atomic structural models has been to generate core-

shell crystalline-amorphous Si nanowires, comparing with results from planar interfaces. The 

Si nanowire model is oriented along the (100) direction, has a diameter of 5nm (which is the 

limit of the available computing resources), periodic along the length of the wire (z-axis), 

with a three unit cell repeat unit and enough vacuum in the x- and y-directions to isolate the 

nanowire. This nanowire model has a hexagonal cross-section and exposes (111) and (100) 

surfaces, figure 5.1, which based on our analysis in section 4, suggests that during melting 

simulations, thicker disordered regions could form at the (100) facets than at the (111) facets.  

 

Figure 5.1: Model of the crystalline (100) oriented 5 nm diameter Si nanowire used in this 

work. 

 

The heat and quench simulations follow the same protocol as the a-Si/c-Si interfaces. 

Different simulation times were investigated, since there is no existing information on 

simulating the formation of amorphous regions on these nanostructures. Figure 5.2 shows the 
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structures taken from a 3000 K simulation run for different melting times. From this figure, 

we see that the (100) facets on the nanowire start to melt around 50ps, while the (111) facets 

are more resistant to melting. After a 300ps melt simulation, we can see that now the (111) 

facets start to show disorder. This is entirely consistent with our findings for the planar 

surfaces and the known surface energies (and hence stability) of the corresponding bare Si 

surfaces. 

 

 

Figure 5.2 Snapshots of atomic structures of (100) Si nanowire after running at 3000 K for 

the times indicated in the figure. 

 

The melt structures have been quenched at the same quench rate as the planar interfaces, 

6x1012K/s, and the atomic structures are shown in figure 5.2. After the quench, the (100) 

facets continue to display an amorphous region, while the (111) facets show a much smaller 

extent of disorder, even from the 300 ps melt simulation. With these structures available, the 
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next activity is to relax without and with hydrogen and examine the optical gap and the band 

offsets. 

 

Figure 5.3: Atomic structures after quench to 300 K for the nanowire structures shown in 

figure 5.2. 
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6 Optical/electrical TCAD of nanowire array solar cells 

The optical modelling of SiNW arrays followed by electrical modelling (where the 

photons absorbed in the semiconductor materials produce free carriers) allows understanding 

of the behaviour of the arrays and supports the optimisation of their geometry and 

configuration in a feedback loop with the experiment. 

Tyndall has a range of optical modelling capabilities, including Sentaurus Device 

(part of the Synopsys TCAD suite) and COMSOL Multiphysics, but here we focus on results 

obtained with the Synopsys TCAD. Several models can be used to model the Optical 

Generation: transfer matrix method (TMM), finite-difference time-domain (FDTD) method 

including the hardware-accelerated option, raytracing (RT), beam propagation method 

(BPM), and optical beam absorption method. The Synopsys TCAD also allows for the results 

of a different solver (e.g. COMSOL) to be imported into the electrical model. 

The two more accurate methods of optical modelling are the raytracing and the 

FDTD. Each one has advantages and disadvantages (discussed below) so initially both were 

considered. Both methods are full 3D models in which the incident radiation is defined by the 

following parameters: wavelength, intensity, incidence angle and polarisation. To model a 

solar spectrum (e.g. AM1.5G), the spectrum must be discretised into a number of 

wavelengths with a given intensity (W/cm2). As with any discretisation, more points give a 

more accurate spectrum, but this will also require larger computational effort. Figure 6.1 

shows a 20 wavelengths discretisation on an AM1.5G spectrum. 
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Figure 6.1: Discretisation of AM1.5G spectrum using 20 wavelengths regions 

 

In raytracing and FDTD, each material (semiconductor, insulator, air, etc.) is defined 

by its wavelength-dependent complex refractive index (i.e. refractive index plus extinction 

coefficient). The complex refractive index of amorphous silicon has been provided by 

measurements of IPHT. We use the available library for crystalline silicon as this material is 

very well characterised. 

In raytracing, the incident ray (of a given wavelength and power) travels through the 

materials where it is either absorbed (generating carriers in semiconductors) or transmitted. 

When a ray reaches an interface, depending on the properties of each material, it splits into a 

transmitted ray (changing direction) and a reflected one. Several quantum yield models can 

be used to convert absorbed photons into carriers. In our case we chose a simple one in which 

each photon with energy larger than the bandgap generates one electron-hole pair (100% 

quantum efficiency). The incident radiation is defined as an array of rays. Again, the number 

of rays in the array is a spatial discretisation. More rays will give a more accurate results, but 
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at a cost of more computational effort. In these simulations we normally use an array of 

200×200 rays. Boundary conditions are defined by transmission/reflection/absorption 

coefficients. Also a Physical Model Interface (PMI) is available with allows the adjustment 

(using external code) of the ray properties when it reaches the boundary. In our case, to 

simplify the simulation of the SiNWs array using a unit cell, periodic boundary conditions are 

required, which were implemented using the PMI. The raytracing method uses a Finite 

Element (FE) mesh which can be the same as that used for the electrical simulation, therefore 

providing a direct transfer of results (electron-hole pair generation) from the optical to the 

electrical models. raytracing does not take into account the relative dimensions of the 

device(s) in comparison with the wavelength of the ray. Therefore, nanoscale effects due to 

features comparable or smaller than the wavelength are not considered. However, as the solar 

radiation is not polarised and should have a random phase distribution, not taking these into 

account should not have a significant detrimental effect on the calculated absorption. 

Sentaurus Device includes a full Electromagnetic Wave solver based on the Finite 

Difference Time Domain (FDTD) method. The FDTD method iteratively calculates the full 

field solutions to Maxwell equations in the time domain, at each point of a 3D simulation grid 

(tensor mesh). The main result is the absorbed photon density distribution, which is typically 

used in subsequent electrical simulations. FDTD simulations can become very time 

consuming. FDTD requires its own mesh. As this is a finite difference one (elements are 

cuboids in 3D), a large number of elements must be generated near interfaces. Therefore the 

computational effort is generally larger. Furthermore, the results from the optical modes have 

to be mapped (inter- or extra-polated) onto the electrical model mesh. The accuracy and 

stability of the FDTD method crucially depend on the discretisation with respect to the 

wavelength (i.e mesh is wavelength dependent, with at least 10 mesh points required per 
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wavelength). Therefore when a wide spectrum (like in solar radiation) is modelled, several 

FD meshes will be required. Finite difference meshes are not suited for curved surfaces, as 

these have to be represented as small rectangular steps. But very small steps make the FDTD 

method unstable. Furthermore, approximating the surface of the SiNWs as a stepped surface 

for the incident radiation does not properly represent the optical behaviour. One alternative 

would be to use the FDTD on a 2-D cylindrical-coordinate model or a Finite Element (FE) 

method to solve the Maxwell or Helmholtz equations. However this method is not available 

in Sentaurus Device, and would have to be implemented on an external FE solver like 

COMSOL. Therefore, taking all these into consideration, we decided to carry out the initial 

simulations using the raytracing method and proceed step-by-step with validation. 

 

  

Figure 6.2: Modelled SiNW array configurations. a) 90°, ø=100 nm, a=250nm; b) 

90°, ø=150 nm, a=380nm; c) 45°, ø=100 nm, a=250nm and d) 45°, ø=150 nm, a=380nm 

 

Figure 6.2 shows the initial dot patterns of the SiNW arrays that were modelled using 

the raytracing method. To test the periodic boundary condition, configuration C (45°, ø=100 

nm, a=250nm) was modelled using several unit cells (2 wires, 4 wires in x-direction, 4 wires 

in y-direction and 8 wires). The results for all 4 simulations were identical. Then the four 

configurations were modelled using a unit cell of 2 wires. The following figures show the 

calculated IV. 
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Figure 6.3: Calculated IV characteristics for the four configurations shown in figure 

6.2. a) Incident ray angle: 20°, b) 60°. 
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These results show that for an almost vertical incident angle (20°), there is very little 

difference between the four configurations. The smaller diameter wires (ø=100 nm) give a 

higher Jsc. However for a more sloped incident angle (60°) the effect of shading is more 

significant, with the wires blocking those behind for the square array configuration. There is 

no shading for the 45° rotated array. Apart from this “shading” effect, there is little difference 

between the two sets of dimensions, although now the larger ones (ø=150 nm) give a higher 

Jsc. The structures were modelled for 4 incident ray angles. Figure 6.4 shows the calculated 

Jsc for each structure. 

 

Figure 6.4: Calculation of Jsc as a function of incidence angle for the four Si NW 

configurations. 
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7 Conclusions 

Classical molecular dynamics and first principles DFT calculations have been performed to 

generate structural models of amorphous silicon and interfaces of amorphous and crystalline 

silicon, with the aim of understanding the photovoltaic properties of core-shell crystalline-

amorphous Si nanowire structures and extracting accurate parameters for TCAD modelling.  

We have shown, unexpectedly, from the simulations that our understanding of hydrogenated 

bulk a-Si needs to be revisited, with our robust finding that when fully saturated with 

hydrogen, bulk a-Si exhibits a constant optical energy gap, irrespective of the hydrogen 

concentration in the sample. Unsaturated a-Si:H, with a lower than optimum hydrogen 

content, shows a smaller optical gap, that increases with hydrogen content until saturation is 

reached. The mobility gaps obtained from an analysis of the electronic states show similar 

behaviour. 

Planar interface models of amorphous-crystalline silicon have been generated in Si (100), 

(110) and (111) surfaces. The interface models are characterised by structure, radial 

distribution function, electronic density of states and optical absorption spectrum. We find 

that the least stable (100) surface will result in the formation of the thickest amorphous 

silicon layer, while the most stable (110) surface forms the smallest amorphous region. 

Analysis of the RDF indicates a structural interface region one layer thick in both aSi/cSi and 

aSi:H/cSi interface. In a-Si/c-Si, the electronic density of states shows new electronic states 

forming as a result of disorder, even in the seemingly crystalline layers, indicating that an 

electronic interface is formed between a-Si (and a-Si:H) and c-Si that is larger than the 

structural interface. Finally computed optical absorption spectra demonstrate that for thick 

amorphous layers, the optical absorption is dominated by a-Si, while thinner layers show an 
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optical absorption spectrum characteristic of crystalline silicon, but modified by the presence 

of the a-Si layer and this is driven by the stability of the crystalline Si surfaces. The (100) a-

Si:H/c-Si interface model shows optical band gaps that are around 1.25 eV, independent of 

the precise thickness of the amorphous region. Si nanowires based on a core-shell structure of 

crystalline and amorphous Si have been generated from the dynamics simulations. 

Initial optical and electrical device simulations based on the raytracing model with 

validated periodic boundary conditions and drift-diffusion models have been performed. The 

calculated results are in qualitative agreement with experimental data. It is expected that 

when more accurate material properties (bandgap, band off-sets and mobility of the aSi:H) 

are used in the model, the results can be compared with experiments to yield information on 

the doping levels of amorphous silicon and guide optimisation through identifying the role of 

the various device parameters. Furthermore, calculations will also be carried out using an 

FDTD solver to establish the accuracy of the raytracing model as it is easier to implement, 

and required a less significant computational effort. This is especially important when a large 

number of experiments are modelled for optimisation purposes. 

These results provide a useful milestone to further analyse the properties of aSi/cSi 

heterostructures prepared with different thicknesses of amorphous silicon and various 

conditions of sample preparation, which is important for understanding and optimising the 

light absorption and charge dynamics of aSi/cSi solar cell heterostructures.  
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8 Extension of Planned Activities in Task 1.1 

To complete the work in Task 1.1, the following activities are foreseen 

 Establish the various contributions, including hydrogen incorporation, on the 

properties of a-Si:H-c-Si planar interface models and a-Si/c-Si core-shell nanowire 

structures.  

 Calculate band offsets for different sample preparation, e.g., doping, surface 

orientations and amorphous thickness layer stricture. Using these results to examine 

the impact on open circuit voltage, Voc 

 Examine charge transport properties and mobility models of the a-Si/c-Si structures 

generated in this work 

 Use of parameters derived microscopically and experimental inputs in TCAD device 

simulations for further optimisation of the SiNW array solar cells prepared by the 

WP1 partners.  
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Appendices  

1 Planar Interface Models (Section 4) 

aSi-cSi interface structure (111) surface. Quenched and DFT relaxed structure from 80ps 

melting time  

  

Atomic structure of interface  Layer-by-layer RDF 
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aSi-cSi interface structure (110) surface. Quenched and DFT relaxed structure from 80ps 

melting time  

 

 Atomic Structure of interface  

 

 

 

 

 

 

  Layer-by-layer RDF 
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2 Structures of Si nanowires after melt simulation and quench from a second sample. 

 

Atomic structure of Si nanowires after melt simulations at 3000 K for the indicated times. 

 

Atomic structure of Si nanowires quenched from melt simulations from the indicated times. 


