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Figure 3-3, schematic structure of Si atoms in the crystalline, amorphous and hydrogenated amorphous forms. The
hydrogen atoms as shown in the rightmost diagram help passivate a high percentage of the dangling bonds.[53]

The lattice defects in the amorphous silicon layers leads to "tails" in the conduction band
and valence band edges in addition to a large number of middle gap states in contrary to the
crystalline clear cut bands and the almost non-existing middle states. In our case, we define
mobility gap which distinguishes the extended states above the conduction band edge and
below the valence band one from the localized states in between (see Figure 3-4). The mobility

of carriers in the extended states is much greater than the localized ones[51,52].

The carriers transport in the amorphous layers are influenced by three main processes:
traditional extended states carrier movements, multiple trapping and multiple hopping. The
multiple trapping occurs when a carrier in the extended state is captured by a localized state,
which will later reemitted to the extended state after being immobilized during the stay in the
localized state. The hopping, which is more profound in low temperatures and not taken into

account in solar cells case, occurs when carriers hop between different localized states[51,52].

The above illustrated electrical properties leads us to the fact that we must take into
account the recombination and localized trapped charges in the electrical device simulation.
Although the Density of state (DOS) is very complicated, a DOS model is usually used to reflect
experimental values. The DOS is divided into parabolic conduction and valence bands,
exponentially decaying conduction and valence band tails, and two Gaussian regions in the

middle of the mobility gap which models the effect of dangling bonds[51,52] (see Figure 3-4 ).
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Figure 3-4, a schematic of the standard model of the DOS of a aSi:H layer on a logarithmic scale. The tail states of
conduction and valence bands can be seen in addition to the two Gaussian distributions representing the dangling

bonds amphoteric states [54].

In the standard DOS model, Mobility gap is defined by the energy of the mobility edge of the
conduction band E™°Pand the mobility edge of the valance band E°?. The states in the mobility
gaps are localized and are represented in the three following regions: the conduction band tail
modelled by an ordinary acceptor like states, the valence band tail modelled by ordinary donor
like states and the last region models the amphoteric nature of defect states( positive, negative
and neutral) using two energy levels with Gaussian distributions (donor D" and acceptor donor
D7° )to model the amphoteric nature. The separation of the two Gaussian distribution is called

the correlation energy U[51,52].

When electrically simulating TFSSC, the same basic semiconductor equations are used in
the device simulation programs, the main distinctions from crystalline materials simulations are
the carrier recombination calculations and the trapped charge carriers which plays a significant
role in a-Si. For example, in the Poisson equation, the space charge density p is equal to (p-
N+Piocal-NiocaitNdon-Nacc) and that takes into account the localized charge carriers (piocal-Niocaty and

the ionized donors and acceptors atoms[51,52].
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Figure 4-14, a) 3D photo-generated carrier profiles of the top as-Si:H subcell.B) 2D profile of a cut inside the cell.

Figure 4-15, a) 3D photo-generated carrier profiles of the bottom nc-Si:H subcell.b) 2D profile of a cut inside the
cell.
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Table 4-1

Calculated open circuit voltage (V,.), short-circuit current density (Js), Fill factor (FF) and

max power (Pmax) of top and bottom subcells

Parameter a-Si | nc-Si
Voe(V) 0.97 |0.49
Jse(mA/cm?) 13.69 | 12.96
FF 0.84 |0.68
Pmax(mW/cm®) | 11.16 | 4.31

a) b)
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Figure 4-16, a) llluminated current density(J) and Power density(P) over voltage of a-Si and b) nc-Sisubcells.

The sdevice input files used are shown in the appendix.

Although the above basic analysis suggests that the whole cell will be limited by the
bottom subcell with 12.69 mA/cm? short circuit current density, it should be complemented by
experimental calculation to recalculate the latter value after introducing serial resistances to

account for the contacts.

The electrical results which also suggests a very good total Vo of 1.46 (sum of two
subcells) is very close to the current world record [5]. Experimental measurements should help
conduct a second design iteration based on how close it is to the simulations results. For
example, one can design the IRL such that the bottom subcell has an additional additional 0.7

mA/cm? photo-generated current to the upper subcell to achieve a higher short circuit current.
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5 LOW-COST LITHOGRAPHY-FREE NANOTEXTURING OF

MONOCRYSTALLINE SILICON

Developing solar cells with high efficiency and low cost are the ultimate goal of solar cell
research. In this Chapter, a cheap texturing method is investigated experimentally and studied

by FDTD simulation.

One of the main procedures in manufacturing high efficient silicon solar cells is increasing
the Optical thickness of the silicon wafers enabling light to travel larger distances with the
result of higher absorption. It is worth noting that that increasing optical thickness is
accompanied by lowering bad antireflection properties of bare silicon. Realizing the above
mentioned goals is often done by texturing the surface and/or adding antireflection
coatings[17,72]. Recently, several nanostructures, both periodic and aperiodic, were studied
experimentally and theoretically and showed very encouraging results, although many suffer

from increased recombination of photo-generated carriers [73].

Nanostructures were fabricated by different techniques and have different levels of
periodicity and dimensions control. Fabrication methods includes etching with it different
subtypes (metal assisted, RIE, alkaline and acidic)[17,46,73] in addition to vapour—liquid—solid
(VLS) growth and laser based Fabrication[73].

The experimental work in this part was done by the AUC Physics researcher and teaching
assistant, AbdelAziz Goda, who is also a member of the Nanophotonics research laboratory,

NRL, in the AUC.

My contribution was simulating the nanocones structures and providing guidance to

what's the best dimension that provides greatest bulk absorption.

5.1 Fabrication of random nanocones on microcrystalline silicon wafers

Fabrication is based on a Metal assisted chemical etching (MACE) method used and

published before and authored by AUC researcher Sara AbdelRazik in addition to Doctors
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Mohamed Swillam and Nageh Allam[46]. The fabrication process produced vertically aligned
and controlled Silicon Nanowires by first cleaning the wafer using multi processes then the
cleaned pieces were submerged in an agueous solution of silver nitrate and HFL acid at room

temperature for 1 min. The last step involved removing the silver residues.

The new fabrication technique conducted by AbdelAziz involved reduced number of steps

and produced nano textured silicon surfaces as shown in Figure 5-1.
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Figure 5-1, left figure shows a SEM graph of nano textured silicon surface. Right figure shows a zoomed-in SEM
graph of the nanotextured surface featuring dimensions of one of the nanoconed shapes. Randomness can be
seen.

Silicon nanocones were fabrication is illustrated in Figure 5-2. MACE is used to fabricate
silicon nanowires (SiNWs). Wet or ambient oxidation of the MACE fabricated structure and
subsequent etching of the oxidized SiNWs in 10 % HF as discussed in [74]. The sample is washed
with DI water and finally dried with nitrogen. The concentration of the etchant solution
(HF+H202), AgNO3, the etching time, and the temperature altogether control the etching rate

and hence height and radius of SiNCs.
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Figure 5-2, Schematic diagram of SiNCs fabrication steps.

Figure 5-3 show AFM (operating in tapping mode) image of the fabricated SiNCs array.
Randomness in fabricated structure can be clearly seen and roughness statistics is also
calculated. AFM data was exported to FDTD structure to simulate it, although simulation of the

whole scanned area was not successful due to large memory requirements.
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Figure 5-3, AFM image of random SiNCs array.
The effect of the nano texture on the antireflection properties were experimentally
verified using a spectrophotometer and was proven to have much better antireflection

properties in comparison to bare monocrystalline silicon (see Figure 5-4) .
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Figure 5-4, reflection properties of nanocone-like shapes and a bare substrate as measured by a
spectrophotometer.

5.2 FDTD analysis and study of nanocone shapes

The fabricated nanotextures was modelled by a periodic nanocone on top of a silicon

wafer with a height of 150nm, period and radius are 0.36 and 0.18 respectively as shown in

Figure 5-5.
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Figure 5-5, Lumerical screenshots of the simulated structure. Simulated area is one nanocone with periodic
boundary conditions.
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