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ABSTRACT

In p-i-n aSi:H solar cells, the different optical and electrical losses can be limited by using
the wide bandgap a-Si:H alloys as doped layers. This study aims to explore the optoel ectronic
proprieties of hydrogenated amorphous silicon oxide (a-SiOx:H) for minimizing the optical
and electrical losses in solar cell-based a-Si:H, in particular at n/i region. In this context,
WXAMPS simulator is used to optimize the properties of the different layers of a-Si:H solar
cell, especially n-type layer. The developed a-SiO:H has high photosensitivity and high band
gap of 1.95eV, which contributed to attain remarkable fill factor (FF) and high open circuit
voltage (Voc). As aresult, an efficiency of 12.28 [%] was achieved. Even though, the short
circuit courant Jsc is decreased, the high photosensitivity and wide band gap of a-SiOx:H
n-layer offered a high Voc of 0.97V. In addition, the efficiency could be improved up to
12.3% by inserting a very thin non-doped a-SiOx:H at n/i interfaces, which offers better short
circuit currentsin the solar cell.

Keywords : Amorphous silicon oxide; n-type layer; Wide band gap; high open circuit voltage
(Voo).
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1. INTRODUCTION

Amorphous silicon (a-Si:H) become an interesting semiconductors for photovoltaic
applications due to theirs high optical absorption coefficient, adjustable band-gap (from 1.6 to
1.8 eV) and low temperature of deposition [1]. Moreover, the opto-electronic properties of
aSi:H have been influenced by aloying with others materials like oxygen, carbon,
germanium ...etc. Alloying a-Si:H with germanium aims to have a narrow band gap. So, the
optical bandgap (Eg) can be adjusted from 1.7eV to 1.0eV by increasing the Ge content in the
material. In contrast, Alloying with oxygen or carbon could be increased the band gap.
Furthermore, the photoluminescence and the line width of a-Si:H aloys increase as a function
of optical band gap [1,2].

Severa simulations and experimental results have been approved the interrelation between the
performances of a-Si:H solar cell and the properties of p- and n-doped layers [3 , 4]. In
particular window layer (p-layer), thus any change of the window layer design can be affected
significantly the performance of a-Si:H solar cell. But even so, the n-doped layer can be
played acrucia rolein optimizing the solar cell parameters.

Amorphous silicon and its alloys has been the subject of investigation for more than three
decades. Especialy, the large band-gap a-Si:H alloys that contain carbon, oxygen or both. The
wide band gap materia like aSiO:H is usually considered as window layer for single junction
and as absorber materials of top cell for multi-junction. Their properties and applicability in
solar cells based on a-Si:H has been studied and confirmed in [1]. In this context, aSIO:H is
an interesting material, hence it can introduce as doped layer for improving the performance
of solar cell based on a-Si:H by increasing the built-in potential (Vbi) and minimising the
recombination losses at interlayers [5]. Some of studies involving aSiOx:H confirmed that
the photoconductivity of aSIO:H is important compared to aSIC:H at similar optical
bandgaps [6] . The objective of this work is to use a-SiO:H as n-doped layer in aSi:H solar
cells and try to achieve both a higher JSC and Voc. With simulation study and analysis
method, we try to design a n-doped and an ultrathin non doped layer at n/i regions based on
a-SIO:H.
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2. THEORETICAL MODEL
Recently, considerable studies have grown up around the a-SiO:H alloy and its application in
aSi:H solar cells concepts. These studies have been mainly carried out on wide bandgap (EQ)
of the aSiO:H as window p-layer and better reflective of a-SiO:H as n-layer [6]. Even after
several studies reported a-SiO:H film as window-layer, which provides a high Voc for aSi:H
single-junction solar cell, only a few research have been investigated the aSiOx:H aloy as
n-doped layer for a-Si:H solar cell and reported its relation to the solar cell performance. So,
the wide-band-gap aSi:H aloys like aSIC:H, aSIO:H is used as a window layer, while
n-type layer remainsin n-a-Si:H film. The use of aSIO:H as n-type layer increases the use of
light in the absorber layer and reduces the optic losses in the non active regions of the cell [7].
Furthermore, the aSIO:H layer showed less light-induced degradation (LID) effect in
comparison to the aSi:H. In fact, several experimental and simulations studies revea a
differenceinthe LID of 5.7 % [3, 8].
2.1 Characterization of n-type a-SiO:H layer
Opto-electrical characteristics optimization of a-SIO:H aloy was challenging because the
introduction of oxygen in aSi:H deteriorate dightly the structure of a-Si:H network and
increase the defects density [9]. As much as the oxygen content rise in aSi:H, some
proprieties of the materia (film quality and optical absorption) is deteriorated. However, the
optical gap and activation energy of n-doped a-SiO:H layer can be enhanced without much
deterioration in optoel ectronic properties.

Table 1. Comparison of the optical and electrical proprieties of the (n) a-SiO:H layer

with the (n)a-Si:H layer [3,8].

n-type layer Bandgap EgineV | Dark conductivity o4 in S/cm | Activation energy Eain eV
(n) aSi:H 1.82 1.44x107 0.16
(n) aSIO:H 1.95 3.72x10* 0.30

The large bandgap of a-SiO:H aloy is due to the oxygen content. Moreover, the doping
aSi:H-oxygen-phosphorus reduce the parasitic absorption in (n)aSiO:H layer compared to
(n)a-Si:H layer. In addition to low dark conductivity, the low refractive index of (n)a-SiO:H
increase the reflection at interface i/n region. Nevertheless, the oxygen alloy deteriorates the

electronic characteristics of (n)a-SiO:H layer aswell as the doping efficiency [10].
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2.2 Role of Phosphorus-doped layer

Although, some of previous studies involving the use of aSIO:H as n-doped layer have
reported that no improvements are achieved compared to the use of an (n)a-Si:H or
(n)uc-Si:H layer [5,10]. The low refractive index of (n)a-SIO:H layer compared to (n)a-Si:H
or (n)uc-Si:H layer, increased the reflection between the i- and n-layers. Therefore, the light is
mirrored back into the absorber layer. Consequently, the reflection at i/n interface enhances
the management of the light in the solar cell.

As mentioned above, the open circuit voltage (Voc) value depend on built-in potential (Vhbi)
that create into the solar cell. So, any gains in built-in potential (Vbi) led to the gains in Voc
and FF. According to [11, 12], the built-in potential Vbi can be enhanced by improving the
mobility between absorber layer and n-layer, and the energy barrier between intrinsic layer
and n-doped layer. Therefore, it isimportant to have a high quality buffer layer interlayer, in
particular at defective i/n region to reduce the parastic absorption and the bandgap offset. Not
only the proprieties of intrinsic layer are important for high Voc and FF but aso the band gap
and activation energy of the doped layersis essential to enhance the Voc and FF. In this work,
we present the influence of the aSIO:H as n-layer on the solar cell performances. The basic
parameters of the solar cell are briefly discussed below.

Voo = ﬂln(JiHJ (01)
q Jo

In p-i-n structure, both n- and p-layers is considered as an ohmic contact and the intrinsic
layer is absorber layer. In this case, the modelling of p-i-n junction, however, is considered as
p-n junction crystalline devices modelling. In the same way, the reverse saturation current
density (Jo) is similar to p-n diode, whose Jo is described as a function of hole diffusion (Dp)
and hole density (pno) in the n-doped layer, as well as electron diffusion (Dn) and electron

density (nio) inintrinsic layer :

qD pnO qD N,
J — P n‘io 02
) L + L (02)

p n

In thin film silicon solar cells, both hole diffusion length (Lp) in n-doped layer and electron

diffusion length (Ln) in intrinsic layer are smaller. Thus, the high doping concentration of



Aldda etal. J Fundam Appl Sci. 2020, 12(1S), 66-77 70

n-layer compared to i-layer led to pno << nio, SO, JO can be written:

3, = ol (03)

The built-in potential Vbi of the n-i contact is described as following [11, 12].

Vi = i e | (04)
q Nig

The electron density (nio) in intrinsic layer can be calculated as a function of the electron

density (nno) in n-type layer as following:

N, =Ny, exp( AV j (05)
_ ab N, -V 06
Jo, L exp ( T j (06)

As seen in equation (5) and (6), Vi represent the activation energy of Jee. SO, from equation
(06), we can conclude that the built-in-potential depend on not only the temperature variation
but the variation of Fermi level in a-Si:H. In comparison to single crystalline silicon, this
variation is limited in the temperature range of 300K - 400K. To evauate built-in-potential
(Vhbi), we can aso use the equations (01) and (06):

Vo = ”:T (INJge —InJy,)

Voo = n/;ﬂ' (In Joo — In(% nnon +n,V, (07)

n

From equation (07), we can be concluded that Vbi is equal to Voc/n, , using Voc, at T =0,
VOC.

3. DESIGN AND SIMULATION

In this work, a smulation study on employing the a-SiO:H alloy as n-doped layer for solar
cell based on aSi:H is carried out. This optimized n-type layer has then been used for
enhancing the solar cell performance. According to equations (04) and (07), the high band gap
of n-doped aSiO:H layer can be played a key role to increase the Voc and FF of solar cell
based on &Si:H.
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p-type a-SiC:H (Eg=1.92¢V)

Buffer aSIC:H (Ea=1.90eV)
i-type a-Si:H (Eg=1.78eV)

n-type aSiO:H (Eg= 1.95¢eV)

Fig.1. Design of aSi:H p-i-n solar cell structure with n-type a-SIO:H layer

To optimize the designed structure of a-Si:H-based solar cell, wxAMPS is used as
numerical and analytical ssmulation tool in this work. wxAMPS is humerical simulations code
that can help to verify the effect of different parameters of material and structure on the solar
cell performance. Fig 1 shows the designed structure which is composed of a p-i-n junction
with aSiOx:H as the aternative for conventional (n)a-Si:H. The parameters of simulation are
described in Table 2.

Table 2. Parameters used in the ssimulation [3, 6, 13].

Parameters p-aSiIC:H |i-aSIC:H i-aSi:H i-aSIO:H n-aSiO:H
Thickness [nm] 10 3 570 5 14
Mobility gap [eV] 1.92 1.90 1.78 1.93 1.95
Electron mobility [cm2/V 5] 20 20 20 9.76 5.46

Hole mobility [cm2/V 5] 2 2 2 3.14 1.82
Doping concentration [/cm3] 1x10" 0 0 0 1x10%
Effective DOS in CB [/cm3] 2x10%° 1x10%° 1x10% 2x10%° 2x10%°
Effective DOSin VB [/cm3] 2x10%° 1x10%° 1x10% 2x10%° 2x10%°
Dangling bond density of states 4.01x10" | 4.01x10"" | 2.35x10™ | 1.65x10" | 3.98 x10"
[/cm3]

In this study, the a-Si:H solar cell with aSIO:H as n-type layer were simulated. The basic
solar cell performance and the simulation results are evaluated and discussed in the section

bel ow.
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4. RESULTSAND DISCUSSION

This paper attempts to evaluate the effect of (n)a-SIO:H layer on the solar cell performance.
Modeling and analysis has been described numerically that the employing of wide band gap
aSIO:H film as n-doped layer can be enhanced the efficiency of solar cell at the same
proprieties of window and intrinsic layers of conventional structure. In fact, the optimization
of (n)aSiO:H layer improve significantly the Voc, FF, and Eff.

4.1 Optimization of n-type a-SIO:H layer

In order to evaluate the effect of the proprieties of n-layer on the solar cell performance, the
open circuit voltage Voc, fill factor FF, short circuit current density Jsc, serial resistance Rs
and efficiency are simulated as a function of a-SiO:H n-layer characteristics, including the

thickness and doping concentration.
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Fig.2. Variation of the parameters of a-Si:H solar cell as afunction of aSIO:H n-layer
thickness, (A) Open circuit voltage, (B) short circuit current density, (C) Fill factor, (D) Serie

resistance, (E) Efficiency.
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The open circuit voltage and fill factor of the solar cell initially increase until achieving its
maximum value in the range 10-16nm and then gradually decreases with increasing of
(n)aSIO:H thickness due to the series resistance. As a result, the highest efficiency can be
achieved in the range 10-16nm of n-layer thickness. Nevertheless, the short circuit current
density decreases as a function of n-layer thickness. Therefore, a significant drop in efficiency
has been marked when the thickness is over 16nm. The decline in Jsc is owning to the low

electronic properties of the (n)a-SiO:H layer and the ohmic contact of n-layer
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Fig.3. Simulated current-voltage characteristics of single junction a-Si:H solar cell structures.

Asshown infig. 2 and 3, the highest efficiency of the solar cell is obtained when the value of
Voc, Jsc, FF and Rs are 0.978 V, 15.93 mA/cm2, and 78.3% and 29.1ohm respectively, for
solar cell based on (p)a-SiC:H/(i)a-Si:H/(n)a-SiO:H structure. Thus, the employing a-SiO:H
as n-type layer for aSi:H solar cell was significantly performed compared with other studies
that was studied of a-Si:H solar cell with n-type layer in aSi:H or u-SIO:H [6,9, 10, 14].
After a numerical analysis, the optimized efficiency is 12.3% which is the highest efficiency
in comparison to a maximum value of the similar solar cell efficiency [15, 16].

4.2 Effect of a-SIO:H buffer layer

The performonce of solar cell not only depends on the absorption in intrinsic layer, but also
on charge carriers combination at interface region (p/i and i/n). Therefore, the insertion of

non-doped aSIO:H as buffer layer at i/n region is important to improve the performance of
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solar cell due to their low defect density, high conductivity, and wide band gap. In this section,
a simultaneous optimization of both buffer and n-layersfor a-Si:H solar cell can be carried out

further increase the Voc and Jsc.

Table 3. Simulated performance of the solar cell with differents n-layer structures.

n-layer Voc (V) | Jsc (MA/em?) | FF (%) | Eff. (%)
(nN)a-Si:H 0.928 16.64 76.1 11.92
(N)a-SiO:H 0.983 15.83 77.4 12.28
(n)a-SiO:H with buffer 0.979 16.06 78.2 12.33

As shown in table 03, the use of a-SIO:H as buffer layer at i/n region enhances the carrier
collection by minimizing the recombination at this region. As result, the JSC has been
improved. The gain in JSC is explained by the low parasitic absorption at i/n region and the
small refractive index of the (n)a-SiO:H layer compared to the (n)a-Si:H layer [11]. On the
other hand, both The VOC and JSC are limited by the band offset and optical absorption
losses at i/n interface. Therefore the insertion of wide optical band gap at i/n interface could
be increased Jsc [13]. As shown in table 03, the results is demonstrated that the efficiency
reaches a maximum value of 12.33% (JSC=16.06mA/cm2; FF=78.2; VOC =0.97V) when the
band gap values of n-layer and buffer layer are 1.95 eV, 1.93 eV, respectively.

4. CONCLUSION

In this research, the effect of (n)a-SiO:H layer on the solar cell performance were investigated.
The simulation results shows that the use of a-SIO:H film as n-doped layer can improve the
open circuit voltage Voc. Furthermore, an effective theoretical anaysis and numerical
simulation has been done to check the role of wide-bandgap aSIO:H as n-doped layer in
enhancement the fill factor. In addition, the use of a-SIO:H as buffer layer minimize the
recombination at n/i region and increase the interna electric field in the solar cell. After
optimizing the parameters of n-type aSiO:H layer including the thickness and doping quality,
the efficiency of 12.33% (Voc=0.97 V, Jsc=16.06 mA/cm?, and FF=78.2%) has been achieved

for aSi:H solar cell with aSiO:H as n-layer.



Aldda etal. J Fundam Appl Sci. 2020, 12(1S), 66-77 75

5.ACKNOWLEDGEMENTS
The authors acknowledge and thank Prof. Rockett, Dr. Yiming Liu and Prof. Stephan Fonash

of the Pennsylvania State University for generously sharing the wxAMPS source code.

6. REFERENCES

[1] Mitchell K W, Touryan K J. Amorphous Silicon Alloys for Solar Cells. Annual Review of
Energy, 1985, 10: 1, doi: https://doi.org/10.1146/annurev.eg.10.110185.000245

[2] Willardson R K. semiconductors and semimetals volume 21 hydrogenated amorphous
silicon device applications, D. London: Academic Press, 1984. Doi:
https://doi.org/10.1016/S0080-8784(08)62991-9

[3] Holinski S, Borchert D, Hohage S, et a. aSiO:H thin films with increased light induced
degradation stability for thin film silicon solar cells. 29th European PV Solar Energy
Conference and Exhibition, 2014: 22

[4] Grundler T, Andreas L, Friedhelm F. N-type hydrogenated amorphous silicon oxide
containing a microcrystalline silicon phase as an intermediate reflector in silicon thin

film solar cells. physica status solidi ¢, 2010, 10: 1085, doi: 10.1002/pssc.200982872

[5] Chen PW, Chen P L, Tsai C C. Development of wider bandgap n-type aSiO x: H and
pc-SiO x: H as both doped and intermediate reflecting layer for a-Si: H/a-Si 1-x Gex: H
tandem solar cells. Electronic Materials Letters, 2016, 12(4): 445, doi:
10.1007/s13391-016-4004-1

[6] Limmanee A, Kittisontirak S, Inthisang S, et al. Advantages of N-type hydrogenated
microcrystalline silicon oxide films for micromorph silicon solar cells. International

Journal of Photoenergy, 2013, 2013: 513284, doi: http://dx.doi.org/10.1155/2013/513284

[7] Park J, Dao V A, Shin C, et a. A buffer-layer/a-SiOx: H (p) window-layer optimization
for thin film amorphous silicon based solar cells. Thin Solid Films, 2013, 546: 331, doi:
https://doi.org/10.1016/].tsf.2013.06.064

[8] Algiandroh A, Hellmut F. Persistent photoconductance in a-Si: H/aSiO:H multilayers.



Aldda etal. J Fundam Appl Sci. 2020, 12(1S), 66-77 76

Philosophicmala Gazinbe, 1992, 65(1): 79, doi:
https://doi.org/10.1080/13642819208223048

[9] Mandal S, Das G Dhar S, et a. Development of anovel fluorinated n-nc-SIO: H materid
for solar cell application. Materials Chemistry and Physics, 2015, 157: 130, doi:
https://doi.org/10.1016/j.matchemphys.2015.03.027

[10] Mandal S, Dhar S, Das G et al. Development of optimized n-pc-Si: H/na-Si: H bilayer
and its application for improving the performance of single junction aSi solar cells.

Solar Energy, 2016, 124: 278-286, doi: https://doi.org/10.1016/].solener.2015.11.042

[11] Ruhi K, Bengu K. Built-in Potential Measurements in a-Si: H pin Solar Cells. Turkish
Journal of Physics, 2001, 25(4): 375, doi: 2001TJPh...25..375K

[12] Han M K, Sung P, Anderson W A. Determination of built-in-potential in NIP a-Si: H
solar cells. IEEE Electron Device Letters, 1982, 3(5): 121, doi: 10.1109/EDL.1982.25506

[13] Ahmad G Manda S, Barua A K, et al. Band offset reduction at defect-rich p/i interface
through a wide bandgap a-SiO: H buffer layer. IEEE Journal of Photovoltaics, 2017,
7(2): 414, doi: 10.1109/JPHOTOV.2016.2642644

[14] Hishid M, Takeyuki S, Akira T. Designing band offset of a-SIO: H solar cells for very
high open-circuit voltage (1.06 V) by adjusting band gap of p-i—n junction. Japanese
Journal of Applied Physics, 2014, 53(9): 092301, doi: https://iopscience.iop.org >
JJAP53.092301

[15] Ahmad G Manda S, Barua A K, et a. Reduction of hole injection barrier height at
TCO/P interface using a-SiO: H interlayer. IEEE Journal of Photovoltaics, 2017, 8(1): 8,
doi: 10.1109/JPHOTOV.2017.2771304

[16] Kim D Y, Guijt E, van Swaaij R, Zeman M. Hydrogenated amorphous silicon oxide
(aSIO x:H) single junction solar cell with 8.8% initia efficiency by reducing parasitic
absorptions. Journal of Applied Physics, 2017, 121(13): 133103, doi:
https://doi.org/10.1063/1.4979690

[17] Inthisang S, Janthong B, Sichanugrist P, et a. Fabrication of Novel Structure
aSi1-xOx:H/a-Si:H/uc-Si:H Triple-Junction Solar Cells. 26th European Photovoltaic



Aldda etal. J Fundam Appl Sci. 2020, 12(1S), 66-77 77

Solar Energy Conference, 2011: 2392, doi: 10.4229/26thEUPV SEC2011-3CO.1.2

How to citethisarticle:

Idda A, Ayat L, Dahbi N and Zaoui O. Effect of wide-bandgap of n-type amorphous silicon
oxide (a-siox:H) layer on the performance of a-Si:H solar cell. J. Fundam. Appl. Sci., 2020,
12(1S). 66-77.




