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Optoelectrical modeling of solar cells based on c-Si/a-Si:H
nanowire arrays: focus on the electrical transport in between the
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By coupling optical and electrical modeling, we have investigated the‘photovoltaic performances
of p-i-n radial nanowires array based on crystalline p-type ‘silicon (c-Si) core/hydrogenated
amorphous silicon (a-Si:H) shell. By varying either the doping.concentration of the c-Si core, or back
contact work function we can separate and highlight the contributipn to the cell ’s performance of the
nanowires themselves (the radial cell) from the interspace between the nanowires (the planar cell).
We show that the build-in potential (Vi) in thedradial and ‘planar cells strongly depends on the doping
of c-Si core and the work function of the back contact respectively. Consequently, the solar cell’s
performance is degraded if either the doping concentration of the c-Si core, or/and the work function
of the back contact is too low. By inserting-arthin _(p). a-Si:H layer between both core/absorber and
back contact/absorber, the performance of the solar cell can be improved by partly fixing the Vyi at
both interfaces due to strong electrostatic screening effect. Depositing such a buffer layer playing the
role of an electrostatic screen for charge carriers is a suggested way of enhancing the performance of
solar cells based on radial p-i-n or'n-i-p nanewire array.
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1. Introduction

Semiconductor nanowires have attracted much attention in the last decade for their unique
electronic properties and potential applications in several emerging areas such as electronicsensor,
photovoltaic, thermoelectric, battery and biological applications [1]. Especially, silicon nanowiresare
under active investigation for photovoltaic applications because they offer novel approaches for solar
to electric energy conversion leading to high-efficiency devices by simple manufacturing [2-4]. Due to
their geometry, silicon nanowires provide excellent anti-reflection and light trapping effects [5, 6],
which make this array of nanowires a promising candidate to lower both the required quality-and
quantity of silicon material. Moreover, radial p-n junctions obtained with the cylindrieal structure
allow to decouple light absorption along the wire axis and the carrier collection along the radial
direction. Among other nanowire technologies, crystalline silicon (c-Si) nanowire based solar cells
have been emerging [7] with high power conversion efficiency [8-10]. However, the technology based
on crystalline silicon is an expensive mainly due to the manufacturing costs®of processing,
crystallization, purification etc. A good alternative for low cost solar cells®is to,use_.of the thin film
technologies such as hydrogenated amorphous silicon (a-Si:H). /In this™regard, significant
improvements in nanowire growth and material properties can be obtainedby considering a c-Si core
nanowires surrounded by an a-Si:H absorber shell forming a radial p-i-n heterojunctions [11-13].

Numerical simulations have revealed to be powerful tools tahguide the ideal design of radial
heterojunctions considered in nanowire based solar cells. For instance, optical modeling has been used
to investigate the optical light harvesting properties [11, 14-16], while electrical modeling has been
used to determine their electrical performance, but withouttaking into account the light enhancement
effects due to nanostructuration [17, 18]. Very few articles, rigorously take into account both the
optical and electrical aspects [19]. Recently, we have developed a tool to couple electrical and optical
simulators and we applied it on p-i-n radial nanowires'based on c-Si core/a-Si:H shell heterojunction
in order to simulate the electrical performance of solar cellsswhen the light harvesting effect is taken
into account in the photogeneration rate distribution of vertical nanowire arrays [20]. It was
emphasized that the planar region between the nanowires has to be taken into account because it
strongly influences the performance of thewentire solar cell. In this study, we perform coupled
optical/electrical modeling on the same structure, and show that the performance of the solar cell can
be increased by inserting a thin (p).a-Si:H buffer layer in the stack.

2. Structure and modeling

The structure of interest is depicﬁd infigures 1(a) and 1(b), and is similar to the one studied in our
previous work [20]. The array of/nanowires has been designed from experimental achievements [11-
13]. For the modeling, a periodic square mesh arrangement was considered with a nanowire density of
2.6 x10% cm™ roughly equivalent to a period of 620 nm [12, 20]. Each nanowire, described in figure
1(b), consists in a radialsp-i-n junction with 20 nm p-type crystalline silicon core, (p)c-Si, covered by
100 nm of intrinsic hydrogenated amorphous silicon absorber, (i)a-Si:H, surrounded by 10 nm of n-
type hydrogenated amorphous silicon shell, (n)a-Si:H. The 1 um long c-Si core allows the radial
collection of holes'which,then flow to the back contact made of aluminium-doped zinc oxide (AZO).
Radial collection of‘electrons. is ensured by indium tin oxide (ITO). In addition to the radial junction
for nanowires, the‘solar cell also integrates the planar junction in between the nanowires.

The electrical amodeling was performed using TCAD software (ATLAS from Silvaco [21]) based
on the finite volume method, which solves the physical equations self-consistently: Poisson and carrier
continuity equations with the drift-diffusion transport. The mesh was reduced and refined close to the
interfaces until a stable solution was obtained. Electrical parameters of the different semiconductor
materials are gathered in Table 1. Amorphous silicon was modeled with a density of states (DOS) in
the bandgap, consisting of two exponential tail state distributions (acceptor-like for the conduction
band,. tail and donor-like for the valence band tail) and two Gaussian deep defect distributions
representative of dangling bonds (one donor-type and the other acceptor-type). According to the
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defect-pool model, the equilibrium DOS in a-Si:H depends on the position of the Fermi level [22],
meaning that it should be non-homogeneous especially close to the core and the outer shell interfaces.
However we checked that the changes in the DOS close to the interfaces did not have strong impact on
the presented results and on the trends observed when varying the doping density in the c-Sincore or
the AZO work function. The input parameters for the DOS of the a-Si:H layers are reported in Table 2.
More details about the electrical parameters of a-Si:H layers can be found elsewhere [20]. In'the.(p)c-
Si core, recombination using both standard Shockley—Read—Hall and Auger models were taken into
account and the electron and hole mobilities were also considered as doping .dependent using’ a
standard model [23, 24]. The work function of ITO was chosen to meet flat band conditionsrat<the
ITO/(n) a-Si:H interface in order to study only the influence of the AZO contact. The work function
values of transparent conductive oxides (TCO) such as AZO depend on the measurement technigque as
well as on the material synthesis conditions [25, 26], therefore in this study it was varied by +0.5 eV
around 5 eV. Interfaces between the different layers were considered as ideal (no interface defects).
The surface recombination velocities at the contacts were taken infinite for both types of carriers (no
selective contacts for collection) [27].
~

Optical modeling was performed using a three-dimensional Rigorous®Coupled Wave Analysis
(RCWA) method in order to calculate the carrier photogeneration in‘the nanowire array. The optical
indices of materials were directly extracted from ellipsometry measurements. In contrast with the
electrical simulation where ITO and AZO are replaced by electric contact modelled by specific
boundary conditions (work function and surface recombination “velocities values), the optical
simulation considers the bulk of both ITO and AZO materials (with eptical indices). Photogeneration
profile of a single nanowire extracted from optical simulation is then flattened to a 2D plane to be
input in the electrical simulations [19, 20, 28, 29]. The photogeneration profile is shown in figure 1(c).
As expected, this profile is different from the exponentially decreasing profile from the illuminated
surface, as would be obtained from the simple BeersLambert absorption law. To realize the
optical/electrical coupling, this photogeneration profile is thendimplemented into the TCAD simulator
that exploits the radial symmetry of the nanowires.»More details about the electrical and optical
modeling and coupling can be found in our previous paper [20].

As shown in figures 1(a), 1(b) and 1(c), the studied structure is composed of two parts: a radial p-i-
n cell in the nanowire and a planar_p-i-n cell related to the interspacing in between the nanowires. The
impact of each part on the performance of the entire solar cell is investigated by varying the doping of
the p-type c-Si core and the back contact,work function of AZO (Wazo) as they determine the band-
bending in the (i) a-Si:H absorber in the radial.and planar part, respectively.

N
3. Results and discussion

The one-dimensional energy band diagrams at equilibrium computed along the cutline as defined
in figure 2(a) for the radial and. planar junctions are shown in figure 2 (b) and 2(c), respectively. For
the radial junction, the band-bending is strongly impacted by the acceptor concentration (Na.) of the c-
Si core. Indeed, théxbuilt-in potential (Vi) increases, for instance, from 0.28 eV for N,=1x10% cm= to
1.05 eV for N.=8x20%® em (figure 2(b)). The strong decrease of Vy; is not only related to the decrease
of the doping core Na but'isialso impacted by the thickness of the c-Si core because it limits the width
of the space charge region (the number of acceptor charges is too low in the ¢-Si core with a radius of
20 nm). However,by increasing the c-Si core radius above ~100 nm, additional simulations (not
shown) indicated that the Vi follows the variation of the c-Si work function according to the doping
concentration.

For the planar junction, Vi in the absorber increases with increasing the AZO work function
(Wazo), as reported in figure 2(c). The change of the band-bending according to either Na. or Wazo,
and the competition between them, impact directly the photovoltaic performance of the entire solar
cell»The evolution of the short-circuit current density (Jsc), open-circuit voltage (Voc) and efficiency,
for varying the doping of c-Si and Wazo, are shown in figure 2 (d), 2(e) and 2(f) respectively. The
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strong dependence of Jsc with the doping concentration of the c-Si core is due to the increase of Vyi in
the absorber in the radial part, which increases the electric field and improves the charge carrier
separation. An increase of Vi also takes place in the absorber in the planar part by increasing the
Wazo. However, as the photogeneration rate is lower in the planar part in between the nanowire than
in the nanowire, the carrier collection enhancement by the electric field has a weaker effect here,
which explains the low Wazo dependence of Js in the entire cell. So, this explains why Js<iS mainly
influenced by the radial cell.

In figure 2(e), two behaviours can be distinguished for the evolution of V.. FOr Wazo<5.0 eVyrthe
Vo increases linearly with Wazo, independently of Na values. The strong impact of Wazeen V. IS due
to the increase of Vy; in the absorber in the planar region, meaning that V. is mainly influenced by the
planar cell. On the contrary, for Wazo > 5.0 eV, Vy; of the absorber is lower in the radial junction as
compared to the planar one, leading to N, dependence of V.. Indeed, the increase of Wazo leads to a
decrease of the dark current density mainly driven by the planar region [20], which explains the drop

in Voc. Thus, for low Wazo values, Vo of the entire cell is degraded due to_the planar region.
~

The efficiency values in figure 2(f) are driven by the evolution of Ve S0 it appears that the planar
junction can drastically affect the performance of the solar cell, mainly fer lowly doped c-Si core and
AZO back contact having a low work function value.

In order to remove the dependence of the core doping and back contact work function on the solar
cell efficiency, a thin buffer layer of p-type a-Si:H at thenAZO/absorber interface (and also at the
core/absorber interface) as depicted in figure 3(a), is nowsinvestigated. This buffer layer is modeled by
a 10 nm thick (p) a-Si:H with input electrical parameters reported.ift Table 1 and the DOS from Table
2. To keep the same thickness of 100 nm for,the absorber layer as for the reference structure, the
thickness of the (i) a-Si:H layer is thus reduced to 90.nm.

The one-dimensional energy band diagrams at equilibrium for the radial and planar junctions for
the new structure are shown in figure 3:(b) and=3(c) respectively at the exact same position as
compared to the reference structure (figures 2(b)yand 2(c)). For the radial junction, we notice that the
band-bending is not influenced by Na values. Contrary to the reference structure without (p) a-Si:H
layer, Vyi is fixed by the pinning ofrthe Fermi level in the (p) a-Si:H layer i.e Vi is fixed due to the
electrostatic screening effect provided by the numerous charged defects of the inserted highly doped
(p) a-Si:H layer [27]. Indeed, wercan.estimate the Debye screening length Lo=(g/q>N(Er))*? around 4.5
nm in this (p) a-Si/H buffer layer (here:N(Ef)~3x10'° cm is the DOS at Fermi level) which is good
agreement as in reference [30]. In other words, as long as this supplementary layer thickness is several
times Lp, Vyi is rather not influenced by the c-Si contact work function, and nearly all the voltage drop
induced by a change ofc=Si doping is taken in the (p) a-Si:H layer [26]. Similarly to the band diagram
for the planar junction of figure 3(c), the position of conduction (Ec) and valence (Ey) bands at the
border of AZO (depth.of 110 nm) is fixed by the Wazo values. The inserted buffer layer increases E.
and Ey values pear the AZO metal for the lower Wazo. Consequently, a curvature in the band-bending
can appears close 10 the interface, as seen for instance for Wazo=4.8 €V. The maximum value of Vy; in
the absorbervis thus_higher in the planar junction with the additional p-type a-Si:H layer even by
electrostatic screening effect. For Wazo > 5.2 eV, this buffer layer has no impact on the band diagram
(linear bands in the absorber as in the case of the reference layer studied in figure 2(c)).

The variation of Js for the new structure with (p) a-Si:H buffer layer is shown in figure 3(d). We
notice thatJsc remains constant because the maximum Vy; in the absorber (so the electric field) is
independent of the doping of the c-Si core, as reveal in figure 3(b). The electric field in the absorber is
now fixed by the work function of the additional (p) a-Si:H layer. Consequently, Js. is not anymore
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affected by the radial contact contrary to the structure without buffer layer. The Js. values lie between
12.9 and 13.1 mA/cm? for Wazo in the range of 4.8-5.5 eV. These values are slightly higher than the
values (11.2-12.9 mA/cm?) of the reference structure observed previously in figure 2(d). On the other
hand, the increase of V. as a function of Wazo is smaller than for the reference structure and reaches a
saturated value around 0.85 V, as shown in figure 3(e). The structure with the buffer layer thus
becomes less sensitive to the planar contact due to the screening effect of the (p) a-Si:H/layer. This
buffer layer thus helps to increase the V. as long as its effective work function remains higher than
Wazo. Finally, evolutions of the efficiencies are plotted in figure 3(f) for the reference (line) and-the
new structure with the additional buffer layer (symbol). The efficiency is improved with. the buffer
layer at low Wazo due to V. higher. However, if Wazo is high enough to allow the major part of the
dark current to flow through the radial junction, the buffer layer will limit the.solar cell performance
(if the c-Si core doping is too high).

The inserted buffer layer, due to screening effect, has a strong impact on the solar cell
performance. In the following, we have investigated the strength of the screening effect by modifying
the DOS of the (p) a-Si:H layer in the structure. In figures 4, we show the influence of the activation
energy Ea. (i.e the Fermi level position from Ev) of the (p) a-Si :H buffer layer on the equilibrium band-
bending. In both the radial (figure 4(a)) and planar (figure 4(b)) junetions, the maximum Vy; in the
absorber increases when E, decreases. Basically, a lower value of Es, means a higher doped-layer (or
more defective layer) which increases the Vy; (due to increase of work function difference between the
back and front contact). In a more defective layer, Lo isafeduced which enhances the screening effect.
This effect is even stronger for the lowly doped core and lower Wazo. In contrast to a thin c-Si buffer
layer, the a-Si:H material develops a strong charge due to'the huge DOS at the Fermi Level, so a thin
layer is enough for having a strong electrostatic screening effect.

Experimentally, S. Misra et al. (2013):[11] have deposited an additional 10 nm thick p-type a-Si:H
layer at both c-Si core/(i) a-Si:H absorber and AZOfabsorber interfaces for the same p-i-n nanowire
stack. They claimed that this inserted layer allows to rise the V. of 0.05 V, for a maximal value of
0.85 V. They explained this raise of W by the reduction of the recombination rate at p-i interface. In
this study, we provide another explanation: the electrostatic screening effect of this (p) a-Si:H layer.
Note that the maximum simulated Jsc (13.1 mA/cm?2) and V. (0.85 V) values are very close to that
obtained experimentally by S. Misrasetal. (2013) [11].

4. Conclusion

In summary, we have nvestigated the performance of a radial c-Si core/a-Si:H absorber shell
nanowire array by coupling optical and electrical modeling. We show that the built-in potential Vpi of
the radial and planar junction strongly depends of the doping of c-Si core and the work function of the
AZO back contact{ Consequently, the solar cell’s performance is degraded if the ¢-Si core is not doped
enough and-the work function of the AZO back contact too low. By inserting a thin (p) a-Si:H buffer
layer in between hoth core/absorber and absorber/AZO interfaces, we show that Vyi in both radial and
planar_junctions is mainly fixed by this buffer layer due to the strong electrostatic screening effect.
This screening effect is stronger if the thin buffer have a higher density of state in the bandgap (i.e if
the'(p) a-Si:H is more defective). Consequently, the performance of the solar cell is enhanced because:
(i) the Jseiremains constant with a value higher than obtained in the structure without the buffer layer,
independently of the core doping, and (ii) the Vo increases as long as its work function remains higher
than the AZO one. The deposition of a thin defective buffer layer playing the role of electrostatic
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screening for charge carriers, if the required growth both c-Si core doping and back contact quality
conditions are not fulfill, should be a cunning way to increase the solar performance of p-i-n or n-i-p
radial a-Si:H-based nanowires solar cells.
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Figure 1. Sketches of\(a) the simulated nanowire array highlighting the radial and planar junction,(b)
detailed structures of a single nanowire that has been modelled and (c) the radial symmetry of
nanowires with the‘'corresponding photogeneration rate distribution G calculated by RCWA.
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Table 1. Input electrical parameters of materials at 300K

(p) c-Si (i) a-Si:H (n) a-Si:H (p) a-Si:H

Eqg (eV) 1.12 1.7 1.7 1.7
7 (V) 4.05 3.8 3.8 3.8
er 11.9 11.9 11.9 11.9
Hn (cm?(V.s)) 675-99.5% 20 20 20
Hp (cm?/(V.s)) 331.5—66.5% 4 4 4
Nc (cm'®) 2.8x101° 5x102° 5x102° 5x10%
Nv (cm3) 1.04x10%° 5x10%° 5x10% 5x10%

; 17 18 A3
* For doping range 1x10*'/ - 8x10'° cm =

Table 2. Input electrical parameters of density of states in (n) ; (1) a;d (p) type a-Si :H. The parameters
Ne , e , and Eg correspond, respectively, to theitrap density, characteristic energy width, and energy
position referred to the valence band edge, of the Gaussian distribution. The parameters 6ge, och are,
respectively, the capture cross-sections for electrons.and holes, of the Gaussian distribution. Similarly,
all the parameters with a T-index caorrespond. to the same physical quantities but in the tail

distributions.
(n) a-Si:H (i) a-Si:H (p) a-Si:H
021 02

Nr (em¥/eV) Q2x102 §¥ 2102 ! 2x102  2x1022
- Tail oy (meV 23 43 26 60 34
distribution ‘;mv }15 i o . —e =
‘ 0 17 10 15 10-17 10—16 10-17 10-16
‘ YW 2355101 2351019 3x1015 3x105 1.2x100  1.2x10%
o (me 270 270 270 270 270 270
dg;?ﬁilt?n kA 7 650 850 600 800 1250 250
GG)(CB 10-15 10-17 10-16 10—17 10-16 10-17
f G, (o) 107 10-15 1017 10-16 1017 10-16
Doping | NeNelem)  17x10V . . : - 59x100

ermi | E, (eV) 1.54 0.85 039
position” from E,

* Also named activation energy
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Figure 2: Photovoltaic. parameters and band diagrams of the nanowire structure. (a) Sketch of
simplified structure with the cutlines for extracting the one-dimensional band diagrams. (b) Energy
band diagram at equilibrium acress the (n) a-Si:H/(i) a-Si:H/c-Si radial junction for two c-Si doping
concentrations (square : 1x20® cm? and triangle: 8x10*® cm?). (c) Energy band diagram at
equilibrium across.the (n) a-Si:H/(i) a-Si:H/AZO planar junction for two AZO work functions (star :
4.8 eV and circle: 5.2 eV). (d) Variation of Js. versus doping concentration of c-Si layer for three work
function values (black square:5.5eV ; cyan cross: 5.2 eV and orange triangle: 4.8 eV). (e) Variation of
Vo and (f) efficiency as the function of AZO work function with varying two doping concentration
values (blue star :@x10* cm= and green circle : 8x10® cm™3).
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Figure 3: Photovoltaic parameters.and energy band diagrams of the nanowire structure with an
additional (p) a-Si:H buffer layer inserted« (a) Sketch of the modeled structure with the cutlines for
extracting one dimensional band diagrams. (b) & (c¢) Energy band diagrams at equilibrium across (b)
the (n) a-Si:H/(i) a-Si:H/(p) a-Si:H/c-Si radial junction for two c-Si doping concentrations (square :
1x10*® cm® and triangle 2.8x10%® cm™®) and (c) the (n) a-Si:H/(i) a-Si:H/(p) a-Si:H/AZO planar
junction for two AZQ'work functions (star : 4.8 eV and circle : 5.2 eV). (d) Variation of Js. against
doping concentration of c-Silayer for three work function values (black square : 5.5 eV ; cyan cross :
5.2 eV and orange. triangle : /4.8 eV) (e) Variation of V. and (f) efficiency as the function of AZO
work function with varying.two doping concentration values (blue star : 1x10'® cm™ and green circle :
8x10'® cm=). Theline curves represent the efficiencies of the nanowire structure without (p) a-Si:H
buffer layer for thessame doping concentration values (blue line: 1x10'® ¢cm and green line: 8x10%®
cm3).
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of the (p) a-Si:H buffer layer on the one-dimensional
a) radial junction with core doping concentration of
ith AZO work function of Wazo=4.8 eV.

Figure 4: Influence of the activati '
energy band dlagrams at equilibr

N,=1x10® cm™ and for (b) p m
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