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Deliverable Summary

Silicon nanowires based solar cells are an attractive approach to realise solar cells with efficient light
trapping scheme and high collection efficiency in case of radial junctions. In fact, the high-aspect-ratio
of nanowires permits to reduce significantly solar cell thickness without loss of optical absorption while
simultaneously providing effective carrier collection in the case of radial junction. This structure
benefits from the long optical path within the wire length and by exploiting a radial junction, a shorter
path for carrier collection corresponding to the wire radius is achieved, leading to a smaller carrier
recombination rate. Efficiencies similar or higher to the ones obtained with first generation solar cells
(about 14-18%) are expected for single junction nanowire solar cells with a cost reduction thanks to
material consumption and to low cost growth methods.

This activity driven by IUNET and FMNT was devoted to the simulation, elaboration and
characterization of nanowires and nanowires based solar cells in order to define an optimized
photovoltaic structure from an optical and electrical point of view. Two types of materials have been
analysed : silicon nanowires as the reference material with indirect band gap ; ZnO nanowires with

CdTe radial heterojunction as the direct band gap material for comparison.

Concerning the Si nanowires synthesis, the activity was focused on Vapor Liquid Solid method which
has the advantage of being a bottom-up and low cost technology. Gold was used as catalyst for Si
nanowires growth and special attention was given to nanowires doping using gas mixture including
HCI to keep the same surface state as undoped nanowires. The synthesis of ZnO/CdTe core/shell NW
arrays has been performed by using chemical and physical growth methods such as Chemical bath

deposition CBD and close space sublimation CSS.

Simulations activities were performed using a RCWA software for the optical simulations and a
commercial TCAD tool for electrical simulations. During this task, an important work has been
performed to develop and verify the validity of the simulator and of the models used for the nanowires
simulation. Solar cells based on Si and ZnO/CdTe nanowires have been simulated and an optimized
geometry from an optical point of view has been defined for each type of material. It has been shown
that the nanowire structure permits to increase significantly photons absorption compared to planar
structure with the same amount of material especially in the case of indirect band gap semiconductor.
Electrical simulations have been shown that interfacial recombination play an important role on the
efficiency of the solar cell and special care should be given to interfacial passivation.

Finally, optical and electrical simulations have been performed on nanowires array and nanowires
based solar cells. Reflectivity and transmittance measurements have been realized with an integrating
sphere on ZnO/CdTe structure showing a strong absorption as indicated by the simulations.
Reflectivity measurements on silicon nanowires and silicon nanowire based solar cells have shown
also an improvement of the light trapping due to the surface structuration. Electrical characterization
performed on c-Si (crystalline silicon) nanowires array and on a-Si (amorphous silicon)/c-Si

heterojunction solar cells have confirmed the strong influence of surface and interface recombination.




NANOFUNCTION D2.2 September 4, 2012 5/19

1. First activity : Nanowires synthesis and physical

characterisation

1.1 Introduction

Nanowires (NW) based solar cells are good candidates to decrease the cost of photovoltaic energy
due to the increase of light absorption and carrier collection efficiency. There are two main approaches
to elaborate the nanowires arrays: a bottom-up approach based on the growth of the nanowires usually
by CVD (Chemical Vapor deposition) and a top-down approach based on etching methods. For
photovoltaic energy production, it is preferable to use low cost and competitive technologies. Therefore
bottom-up techniques are preferable to top-down methods that consume material and increase the
cost of the device. In this study we have focus on bottom-up low cost technologies to grow nanowires
arrays instead of more expensive etching techniques.

Si NW arrays for photovoltaic applications are usually grown by CVD on top of silicon wafer, glass
substrate or metal [1-5]. The most used technique is the vapor liquid solid (VLS) method which uses a
metal catalyst to form a liquid eutectic with the desired nanowire material. Junction is preferably radial
than axial for photovoltaic applications in order to increase collection probability (minority carriers only
have to travel on a maximum distance corresponding to the radius of the nanowire). pn junction can be
realized by doping but due to the small diameter of the nanowire, there might be a complete doping of
the nanowire instead of just the surface. Another way is to deposit a conformal and doped polysilicon
layer on the nanowire. However the interface is usually highly recombinant. In order to passivate the
surface of the nanowire and to create a junction, an interesting structure is the amorphous silicon /
crystalline silicon (a-Si/c-Si) heterostructure which has already demonstrated high efficiencies for first
generation solar cells [6]. This structure will be analysed in the second and third activity of this
deliverable, this first activity being essentially devoted to the Si nanowires growth and doping.
Increasing efforts have also been dedicated to the development of nanostructures based on ZnO
thanks to its ability to grow within the NW morphology by a wide variety of growth methods such as
CVD [7], chemical bath deposition (CBD) [8] or electro-deposition [9]. Such NWs can be covered with
CdSe [10], ZnS [11], ZnSe [12], or CdTe [8,13] in order to create a type Il band alignment
heterojunction. The latter is a very efficient absorbing material with a bandgap energy of 1.5 eV at
room temperature and will be also studied in this work in order to perform a comparison with Si
nanowires which are less absorbent due to Si indirect band gap.

Relatively low experimental efficiencies obtained up to now (experimental power conversion efficiency
of 7.9% has already been reported for grown Si NW arrays [14]) are mainly due to high surface
recombination velocity and series and shunt resistance. There are still technological improvements
needed to grow high quality nanowires and to reduce surface recombination.

The objective of this task is to develop a low cost efficient process to grow nanowires arrays based on
silicon and ZnO. Si nanowires doping was optimized to obtain high quality doped nanowires for

photovoltaic applications.
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1.2. Methodology / Networking and collaboration

SiNWs were grown by FMNT in a low-pressure CVD reactor operating at 600 or 650 °C and 3 Torr
total pressure with Au as catalysts. Hydrogen (H,) was used as the carrier gas, while silane SiH; was
used as the Si precursor. p-type and n-type doping were achieved by introducing B,Hs and PHs
respectively into the reactor, with Pgous/Psia and Pppa/Psina ratios in the 10°-107 range. Depending on
the experiment, an additional HCI flux could be introduced into the reactor.

As it is a crucial point for photovoltaic application to control the formation of a PN junction, we have
focused our attention on the doping of Si NWs. We have examined the effect of the HCI introduction in
the growth recipes used for making doped SiNWSs. In particular, we show that p- and n-type doped
SiNWs can be obtained using HCI/SiH4#/B,Hs and HCI/SiH4/PHs gas mixtures respectively while
retaining the same surface state—tapering, roughness and presence of gold clusters—as the undoped
SiNWSs grown using the HCI/SiH4 gas mixture. It is a very good point for further core shell NWs growth.
It is, in particular, shown that efficient p-type doping of SINWs can be achieved with the same ease as

for n-type ones and without an amorphous shell growth.

The synthesis of ZnO/CdTe core/shell NW arrays has been performed by FMNT on fluorine-doped tin
oxide FTO thin films by using low-cost chemical and physical growth methods such as CBD and close

space sublimation CSS.

1.3. Results and discussion / Perspectives

Figure 1 presents p-type SiNWSs grown with SiH, and B,Hg (without HCI) on a dewetted gold thin film at
650 °C for different dopant to silane ratios. We observe an increase of the tapering and the surface

roughness with the increase of Pgons/Psing ratio.

B,H,/ SiHs = 2.4x 10 B.Hy/ SiHy = 1.6x 107 B,Hy/ SiHs = 1x 107

Figure 1 : SEM images of p-doped SiNW growth with different Pgyue/Psing ratios, at 650 °C, 1.5

Torr total pressure, without HCI. The faceting increases with the B/Si ratio due to 2D growth.

The tapering increases with Pg,/Psing ratio

Figure 2 compares the growth of p-type and n-type SiNWs with and without HCI. The wires were grown
at 650 °C, 3 Torr and Pgope/Psing = 1x107° using 100 nm diameter gold colloids. HCI-free recipes lead to
very different growth regimes compared with the chlorinated counterparts. Without HCI, the strong
catalyst migration (see the inset in figure 2(c)) during growth can induce a total depletion of the
catalytic head long before the end of the deposition step. The corresponding wires are much shorter in

height and not terminated by a catalyst. In addition, significant tapering and a rough surface are clearly
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observed. The addition of HCI in the B,Hg and SiH, mixture leads to a considerable increase of the
growth yield per colloid, a great reduction of wire tapering, despite the quite long 20 um length of the
NWs.

Figure 2 : SEM images of p-doped ((a), (b)) and n-doped ((c), (d)) SiNWs, grown from gold
colloids (100 nm diameter) with dopant to silane ratio equal to 10" in both cases, at 650 °C for
the boron doping and 600 °C for the phosphorous doping, without HCI ((a), (c)) and with HCI

((b), (d)).

In figure 3 we present the apparent resistivity as a function of the dopant gas to silane ratio for the n-
and p-doped SiNWSs. These results are obtained on wires typically 20-30 um in length, 100-200 nm in
diameter, and display the mean value for the apparent resistivity, when measured in several places
across the wire. The values show a decrease of the resistivity as the dopant gas to silane ratio
increases. The smallest mean apparent resistivity measured from the HCI wires was found to be
6mQ.cm for p-type wires, corresponding to N, = 10" cm™, based on use of the bulk mobility. The

corresponding value for n-type wires was measured at 0,6 mQ cm (Np = 10° cm™).
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Figure 3 : Mean apparent resistivity of SiNWs grown with HCI for phosphorous doping at
600°C and boron doping at 650 °C.

2. Second activity : Optical and electrical simulation of nanowires

based solar cells

2.1 Introduction

Nanowires solar cells are expected to outperform the thin-flm counterpart in terms of optical
absorbance, however the geometry of the array has to be optimized in order to maximize the carrier
absorption for a given configuration of the media. Optimization of regular arrays involves the proper
sizing of the heights, of the diameters as well as of the wire periodicity. As the dimensions of the
investigated structures are on the same order of magnitude of the incident radiation wavelength, the
optical properties of nanowires are influenced by diffraction effect. Interference and multiple reflection
effects are also responsible of the absorption enhancement. Therefore the optical simulations of
nanostructures must be performed by means of rigorous solvers of Maxwell equations like the Finite
Element Method (FEM) [15], the Transfer Matrix Method (TMM) [16] and the Finite Difference Time
Domain (FDTD) [17]. Methods like FEM and FDTD are remarkably cpu- and memory-demanding
especially for applications involving the optical simulations of nano- and micro-structured solar cells.
Recently the Rigorous Coupled-Wave Analysis (RCWA) method [18] based on the modal expansion of
the electromagnetic field has been adopted for the numerical simulation of the light propagation in thin-
film solar cells [19]. In RCWA the approximation is introduced by the number of Fourier expansion
modes included in the calculation. However, RCWA allows to attain a good trade-off between accuracy

and computational resources requirement, especially if compared with FDTD method [20].

In [21] the InP nanowires with dimensions in the range of those of the structure investigated in this
work have been simulated by means of a RCWA simulator in order to study the impact of the geometry
on the absorbance properties. In [22] an amorphous silicon (a-Si) nanowire has been theoretically

investigated by means of a commercial optical simulator and by a 2-D TCAD simulator [23]. A
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conversion efficiency of 11.6% and a photocurrent enhancement of about 40% have been reported
with reference to the thin-film planar counterpart for a 4000nm-thick wire. In [24] the authors use the
TMM to calculate the optical absorbance of vertically-aligned silicon nanowire (SiNW) arrays, reporting
for an optimized structure (periodicity 600nm, wire diameter 540nm, height 2330nm) an enhancement
of ultimate conversion efficiency above 70% with respect to the planar configuration. The spatially
resolved optical generation map has been calculated by MEEP [25]. In [26] a theoretical analysis and
modelling of light trapping in GaAs nanowire arrays (NWAs) has been performed by a 3-D FDTD
simulator and the electric simulation by a commercial TCAD tool [23], the optimized NWA has been
reported to exhibit a conversion efficiency of 22.3%. Kelzenberg and authors in [27] use 3-D FDTD
simulations in order to calculate the optical absorbance and the generation rate map of silicon wire
arrays and incorporate the spatially resolved optical generation map in a 2-D TCAD [23] simulation
performed by exploiting the cylindrical symmetry of the wire. Simulations have been carried out by
considering a wavelength resolution of approximately 50nm in order to limit the number of
monochromatic optical simulations. Partial spectral averaging has been adopted to suppress

coherence artefacts in the simulation results.

In this work, in order to investigate from a theoretical point of view three different topologies of the
nanowire array solar cells depicted in Figure 5 (c-Si/AZOl/glass, a-Si/c-Si/AZO/Glass core-shell,
CdTe/ZnO/Glass core-shell), coupled electro-optical simulations have been performed. The
absorbance has been maximized by optimizing the geometry of the array. The electrical performance
of the optimized nanowire array in case of the a-Si/c-Si/AZO/Glass and of CdTe/ZnO/Glass core-shell
devices have been investigated reporting the main figures of merit (short-circuit current density, open-
circuit voltage, fill-factor and conversion efficiency) as well as the collection efficiency of the photo-
generated carriers, with the aim to study the impact of the recombination mechanisms (at bulk and at
surface level) on the conversion efficiency. As a matter of fact, one well-known drawback of nanowires
based solar cells is the potentially high-defective larger surface area with respect to the planar device,

therefore a careful modelling of recombination losses have to be performed.

c-Sil[AZOIGlass CdTe/ZnO/Glass c-Sila-SilAZO/Glass
L CdTe Zno ; c-Si
° ‘ -_J._- I
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Figure 5 Cross sections of the investigated nanowires: (a) c-Si/AZO/Glass, (b) CdTe/ZnO/Glass
core-shell and (c) a-Si/c-Si/AZO/Glass core-shell. Only one period of the structure is depicted.
P, D and H denote the periodicity, the external diameter and the height of the wires,

respectively. T is thickness of the ZnO layer.
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2.2. Methodology / Networking and collaboration

Optical simulations have been performed by means of a three-dimensional (3-D) RCWA. RCWA
simulator has been validated by means of a comparison with literature data and with other simulators
like AFMM [28,29] (the Fourier Modal Method tool developed at Minatec, Grenoble) and the
commercial FDTD tool for electromagnetic simulation (Lumerical FDTD Solution 7.5 [30]).

Figure 6a shows the comparison of the absorbance (ratio of absorbed to incident photons) calculated
by RCWA with those from literature (calculated by FEM) and calculated by FDTD for an array of
cylindrical silicon nanowires featuring diameter of 50nm, periodicity 100nm and heights 1160nm and
4660nm. A good agreement has been obtained.

Figure 6b shows the comparison between absorbance calculated by FDTD and RCWA of a silicon
nanowire array on doped ZnO/Glass substrate (diameter 315nm, periodicity 350nm, height 2000nm)
calculated by RCWA (24 Fourier modes). For FDTD a crucial numerical parameter which strongly
affects accuracy is the numerical grid size. An acceptable grid size is below 4nm which leads to
simulation times significantly longer than that required by RCWA. In Figure 6b the adopted grid size is
4nm.

Optical simulations have been carried out by solving the Maxwell equations in a 3-D spatial domain
with the aim to investigate the impact of the geometrical parameters (periodicity, diameter, height) on
the optical absorbance. The periodicity P is varied within the range 250nm-700nm by adopting a step
of 50nm. The ratio diameter to periodicity D/P is varied from 0.3 up to 1.0 with a step of 0.1. H denotes
the height of the nanowire. The simulated nanowire arrays are sketched in Fig. 6. In Fig. 6a the silicon
on doped-ZnO (c-Si/AZO/Glass) is shown. Only H=1000nm has been assumed for this structure. In
Figure 6b the cross section of the CdTe/ZnO/Glass core-shell nanowire is depicted. The thickness of
the CdTe shell is 40nm. The optical band-gap of CdTe is 1.50 eV at room temperature (cut-off
wavelength 830nm). In Figure 6¢ the a-Si/c-Si/ZnO/Glass core-shell is shown. The thickness of the a-
Si layer is 50nm (25nm intrinsic a-Si buffer layer, 25nm of n-doped layer). The optical band-gap Eg, of
the a-Si is 1.72eV (cut-off wavelength 730nm). For all considered nanowires arrays the thickness of
doped-ZnO layer is 300nm and the substrate is glass. Simulations have been performed within the
range of wavelength 300nm-1200nm with a step of 10nm (5nm for the c-Si/AZO/Glass and the a-Si/c-
Si/AZO/Glass core-shell) by adopting 24 Fourier modes for each axis perpendicular to the propagation
direction z, with the exception of the a-Si/c-Si/AZO/Glass core-shell structure, for which 28 modes have
been adopted only within the range 730nm-1000nm in order to enhance the accuracy in such portion of
the spectrum in which the investigated structure exhibits narrow peaks and several fluctuations.
Incident radiation has been considered collinear with the revolution axis of nanowire. In case of FDTD
simulations, side periodic boundary conditions are applied in order to reduce the simulation domain to
only one period of the array. Absorbing boundary conditions are applied along the propagation
direction. In case of RCWA, since the method relies on Fourier series expansion, the structure
considered is automatically periodized, thus no boundary conditions have been set. The simulated
structures exhibit cylindrical symmetry therefore the simulations time as well as the required memory

can be significantly reduced by exploiting symmetry with respect of xz- and yz-planes.
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Figure 6 (a) Comparison of absorbance of a silicon nanowire array (periodicity 100nm, diameter
50nm, height 1160nm and 4460nm) calculated by RCWA, AFMM, FDTD and by FEM (Lin et al.
[24]). (b) Comparison of absorbance of a silicon nanowire array on doped ZnO/Glass substrate
(diameter 315nm, periodicity 350nm, height 1000nm) calculated by RCWA and by FDTD. FDTD
calculations have been performed by adopting a grid size of 4nm. For RCWA the number of

Fourier modes for each axis perpendicular to the propagation direction is 24.

In order to compare the simulated structures, the photo-generated current density Jy, has been
calculated as:

1200nm
‘] ph = q I¢inc (/I)A(ﬂ’)dﬂ“ (1)

300nm

where §;pc (X) is the incident photon flux (standard ASTM G173-03 [31] Reference Spectra Global

featuring Total Spectral Irradiance 1000W/m2) at the given wavelength A; such current density
represents also the upper bound limit of the short circuit current density that can be obtained under
ideal conditions (absence of recombination mechanisms) ; A(A) is the absorptance calculated by optical

simulation and g the electron charge. The calculated 3-D spatially and wavelength resolved optical

generation rate Gopt (X', Yy, Z',/i) GgptD (r -cos @, -sin @, Z',/l) maps are flattened to 2-D cylindrical

coordinates (r,z)=(r,z ) by numerical interpolation and integration:

opt opt

G2P(x,2,1) _—IrG3D (r,p,z,A)dg )

Where 1 = \/(X')Z + (y')2 is the radial distance and X = I in the 2-D grid ((p = 0). Electric simulation is

performed by means of the state-of-the-art drift-diffusion semiconductor numerical modelling tool
Sentaurus TCAD by Synopsys [23] under the assumptions of cylindrical symmetry and slight

dependence of the optical generation rate profiles on the polar coordinate ¢ . The flattening procedure

conserves the total amount of photo-generated carried inside the absorbing media. In case of the a-
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Si/c-Si/AZO/Glass core-shell structure (Figure 5c), the doping concentration of the spatially uniform
doping profiles are 10*°cm™ and 10"cm™ for the n-doped 25nm-thick a-Si shell region and the p-doped
c-Si core region, respectively. The 25nm-thick interfacial layer (between the outer p-doped shell and
the c-Si core) is made of intrinsic a-Si. The top contact is modelled by the ideal ohmic contact at the
cylinder and at the base interfaces. The bottom contact is modelled by the ideal ohmic contact at the c-
Si/ZnO interface. Minority carrier recombination velocity at top and bottom electrodes is set to 10'cm/s
[27] Defects in a-Si regions are modelled by taking into account a continuous distribution of density of
states in energy according to [22] in which the traps distribution model has been calibrated by
experiments. In particular, exponential band- tails and mid-gap Gaussian distributed defects are
accounted for. Recombination through deep defects in c-Si core is accounted by means of the single-
trap level Shockley-Read-Hall (SRH) model. Doping dependent lifetimes are assumed according to
Glunz's parameterization [32]. Carrier mobility in a-Si is set to 1cm?/(Vs) and to 10cm?/(Vs) for electron
and hole, respectively. Mobility bad-gap for a-Si is 1.72eV; in case of the c-Si the band-gap narrowing
(BGN) model by Schenk is accounted for the effective intrinsic carrier density [33]. In addition the
Auger recombination model with the parameterization adopted by Altermatt in [34] and the mobility
model proposed by Klaassen [35] are adopted.

The photo-generated carrier collection efficiency characteristic is calculated at approximately 30nm
intervals throughout the spectral range 300nm-1200nm. The |-V characteristics are calculated by
weighting the monochrome optical generation maps by the standard spectrum ASTM G173-03 [31]
with irradiance 1000W/m?. The monochrome optical generation maps are calculated at 5nm interval in
order to account for fluctuations of the absorbance characteristic within the portion of interest of the
spectrum in case of the a-Si/c-Si/AZO/Glass core-shell and of the c-Si/AZO/Glass nanowire arrays,

while for the CdTe/ZnO/Glass structure a 10nm-interval of wavelength is adopted.

2.3. Results and discussion / Perspectives

Figures 7a and Fig. 7b report the photo-generated current density maps calculated for the c-
Si/AZO/Glass and the a-Si/c-Si/AZO/Glass core-shell nanowire arrays for H=1000nm, respectively. It is
worth noting that narrow peaks around the optimum position are observed for both calculated maps. In
case of the c-Si/AZO/Glass the calculated optimum configuration is that for P=350nm and D/P=0.9,
leading to Jph=16.9mA/cm2. In case of the a-Si/c-Si/AZO/Glass core-shell the optimum periodicity P
and D/P for H=1000nm are 500nm and 0.8, respectively, leading to Jph=18.73mA/cm2.

In Figure 8 the photo-generated current density maps calculated for the CdTe/ZnO/Glass core-shell
nanowires with heights 1, 3 10 and 30um are reported. A plateau of the photo-generated current
density Jo, is observed around the optimum position. The optimum geometrical configuration
(periodicity, diameter) is strongly dependent on the height as shown in Tab. 1; for periodicity P within
the range 350nm-600nm and D/P=0.3-0.6, the calculated J,, is within the range 23.98mA/cm?-
29.11mA/cm?. As expected the highest Jph, which increases with increasing H, has been obtained for
H=30um, however it is worth noting that the maximum theoretically obtainable J,, saturates remarkably
for wires thicker than 10um. Interestingly the optimal diameter of the NW have been found to be about
200nm for the structures studied suggesting that internal multiple reflection are maximized for this

particular values of CdTe thickness and ZnO diameter.
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It is worth noting that (Tab. 1) the theoretically predicted photo-current density enhancement is
remarkable for the c-Si/AZO/Glass array (+115%) and for the a-Si/c-Si/AZO/Glass core-shell array
(+128%), with respect to the planar counterpart exhibiting the same amount of absorbing material, as
shown in Figure 8. This is due to the fact that silicon is an indirect band gap material that poorly
absorbs light. The optimal structure enhances the absorption because it exhibits many resonances of
light within the array as it can be seen on figure 6(b) making this structure promising in term of
performance. In the case of ZnO/CdTe NW arrays, since CdTe is a very good absorbing material the
enhancement due to the resonances is reduced and exhibits an improvement of the short circuit
current density of 40% to 70% depending on the NW height.

Jph [mA/cm?]
c-Si/AZO/Glass H=1000nm a-Silc-Si/AZO/Glass H=1000nm

04 05 06 07 08 09 10
D/P
(b)
Figure 7 Photo-generated current density maps for (a) c-Si/AZO/Glass nanowires array and for

(b) a-Si/c-Si/AZO/Glass core-shell featuring height H=1000nm. In the former case the optimum
_geometrical configuration (P=350nm, D/P=0.9) leads to J,,=16.90

Optimum Geometry Equivalent Planar Slab
Array Type H P D D/P Jph Thickness Jph Jph
Enhanc.
[um] [nm] [nm] [mAcm’ [nm] [mAcm?] [%]
g
c-Si/AZO/Glass 1.0 350 315 0.9 16.90 636 7.87 +115
CdTe/ZnO/Glass 1.0 350 210 0.6 23.98 179 13.82 +70
CdTe/ZnO/Glass 3.0 400 200 0.5 27.50 380 18.16 +50
CdTe/ZnO/Glass 10 500 200 04 28.79 806 20.38 +40
CdTe/ZnO/Glass 30 600 180 0.3 29.11 1384 20.99 +40
a-Si/c-Si/AZO/Glass | 1.0 500 400 0.8 18.73 259 (a-Si) 8.20 +128
318 (c-Si)

Tab. 1 Summary of the main results in terms of photocurrent density calculated by means of 3D
optical simulations for the different topology of nanowires array. The enhancement of

photocurrent density with respect to the planar counterpart is also reported.




NANOFUNCTION D2.2 September 4, 2012 14719

H=3000nm

D/P
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'H=30000nm

9,11 mAlcm®

D/P . D/P

Figure 8 Photo-generated current density maps for the CdTe/ZnO/Glass nanowire array with
height H=1000nm (a), 3000nm (b), 10pm (c) and 30um (d). The optimum geometrical

configurations (P=350nm-600nm, D/P=0.3-0.6) lead to J,, within the range 23.98mA/cm?-
29.11mAl/cm’.
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Figure 9 Comparison of the calculated absorbance characteristics of the optimized c-
Si/AZO/Glass array (H=1000nm, P=350nm, D/P=0.9) and of the planar counterpart (silicon slab

636nm-thick); the enhancement in terms of photocurrent density J,, is remarkable for the
optimized nanowires based solar cell.
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TCAD simulations (table 2) have shown that the performance of the nanowire is strongly affected by
the bulk losses in a-Si (the doped shell layer, since in the interfacial layer the defect density is
assumed to be significantly lower), by the recombination at the back electrode (the optical generation
rate map shows that the carrier injection due to optical generation is relatively large at the back
interface) and partially by the front electrode recombination. Probably the thickness of the doped a-Si
shell should be reduced (to avoid the reduction of Jsc) and a p* a-Si thin layer (for instance 10nm-thick)
should be placed between the c-Si core and the back electrode (AZO) like in case of heterojunction

solar cells [6].

IDEAL A B C D E F G H I

Mobility (aSi) em2iVs 100 0.10 0.10 0.10 0.10 0.10 100.00 100,00 100.00 0.10
Top elecirode SRV ci's 1E+001 LOOE+007 | LOOE+007 | LOOE+D0L1 | LOOE+003 | LOOE+007 | LOOE+007 | LOOE+007 | LOOE+001 | LOOE+00OL
Back electrode SRV cmi's 1E+001 LO0E#D07 | LOOE+001 | LOOE+007 | LOOE+007 | LOOE+003 | LOOE+DO07 | LOOE+001 | LOOE+007 | 1OOE+0OL

c-Si LOSS S EN EMN EN EN EN S oIS DIS DS

a-51 LOSS DIS EN EN EN EN EN Dis DIS ] EN

Jse mAlen’ 17.95 9.17 9.29 9.17 917 9.29 14.38 14.49 17.83 9.29

Vot v 0.772 0.438 0.740 0.438 0.438 0.535 0.449 0.766 0.455 0.753

FF 85.73 75.82 B0.40 7582 75.82 B0.79 78.20 85.64 78.32 §1.38

EH Ui 1L87 304 553 .04 EXT) 476 5.06 951 6.36 573

Table 2 : Simulation results. The symbol “DIS” means that bulk recombination mechanisms are
disabled ; “ENS” means that, in case of a-Si, traps and radiative recombination are accounted
for and, in case of c-Si, SRH trap-assisted, radiative and Auger recombination are accounted

for.

3. Third activity : Optical and electrical characterisation of

nanowires based solar cells

Confidential results restricted to the project until publication. Thank you for your understanding.
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