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Abstract

Transparent and conductive Al-doped ZnO (AZO) thin films were deposited by spray pyrolysis and analysed in the aim to
improve optical and electrical properties involved in the efficiency of Heterostructure with Intrinsic Thin Layer (HIT) solar cell.
X-ray diffraction measurement shows that AZO film grown on glass has (002) preferred orientation. High optical transmittance
value of ~80% in the visible region was observed and the optical band gap was found to be 3.31eV at room temperature. The
influence of AZO thin films as transparent conductive oxide TCO on heterojunction with intrinsic thin-layer (HIT) solar cell
performance was investigated using software simulation. The beneficial effect of implementing AZO front contact for increasing
electrical energy conversion properties of HIT solar cell compared to the reference cell without the AZO layer.
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1. Introduction

Transparent conductive oxide (TCO) films have high transmittance in the visible region of the electromagnetic
spectrum combined with reasonable high conductivity. TCO films have therefore been used extensively as
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components in optoelectronic devices with applications in Heterostructure with Intrinsic Thin Layer (HIT) solar
cells, light emitting diodes (LEDs), flat and touch panel displays [1-3]. Zinc oxide (ZnO) has been actively
investigated as an alternative to the standard Indium Tin Oxide (ITO) material used in these above mentioned
applications, because ZnO is cheaper, non-toxic and readily available. Impurity-doped ZnO is more appropriate for
TCO applications because the electrical conductivity of undoped ZnO is not high enough to be used as TCO [4, 5].
Doping ZnO with Group III elements (Al, In and Ga) drastically lowers the electrical resistivity [6-8] of the material
due to partial substitution by dopant element of Zn ions, thereby creating additional energy levels in the band gap.
These energy levels play significant role in the observed optical transmittance of ZnO films. Therefore, the
optimization of the concentration of the dopant element is of prior importance in the aim of an improvement of
optical and electrical properties of ZnO films. In addition, doped ZnO thin films, such as AZO and Ga-doped ZnO
(GZO), with a textured surface structure as well as a high transmittance in the near infrared region have recently
attracted much attention for transparent electrode applications in silicon solar cells [9, 10].

Hetero-junction with intrinsic thin layer (HIT) cells, first developed by Sanyo Ltd., are silicon solar cell that
combine the high efficiency of crystalline silicon (c-Si) cells with the low temperature deposition technology of
hydrogenated amorphous silicon (a-Si:H). This structure produces both the emitter and the back surface field (BSF)
layers. The high-quality performance of HIT solar cells has been demonstrated with efficiencies over 22% in
laboratory cells and over 20% in mass production cells based on textured n-type Czochralski (CZ) crystalline silicon
(c-Si) [11,12].

Modeling of HIT cells was started by van Cleef et al [13] using the AMPS computer code [14], which however
does not have a proper built-in optical model; and using the derivative of the AMPS program (D-AMPS), where a
fairly good optical model has been introduced [15]. The numerical PC program AFORS-HET [16, 17] has been
developed especially for simulating HIT solar cells. The PC-1D program [18], developed at the University of News
South Wales, Australia for modeling textured mono-crystalline silicon solar cells, has also been fairly successful in
modeling HIT cells. The program ASDMP by Chatterjee et al. [19], has also been extended to model N-a-Si:H/P-c-
Si type front (with a heterojunction only on the emitter side) HIT cells [20].

For our study, we have used the numerical device simulator SCAPs [21] to simulate the output characteristics of
HIT’s on P-c-Si substrates. SCAPs is a one-dimensional solar cell device simulator, developed at ELIS, University
of Gent, which is freely available to the PV research community. The user can define a solar cell as a series of layers
with different properties, such as thickness, doping densities and defect distribution. It is then possible to simulate a
number of common measurements: -V, QE, C—f, and C-V.

This paper is devised into two parts, first starting with the presentation of the results of investigations of the
structural and optical properties of AZO film prepared by spray pyrolysis method. The second part presents the
simulation studies used to evaluate the performance of the so-obtained AZO/a-Si:H(n)/a-Si:H(i)/c-Si(p)/Al-BSF/Al
HIT solar cell. Finally, the resulting discussion associated to the experimental and simulation works, mainly
concerns the conversion efficiency n, the short circuit current density Jsc, the open circuit voltage Voc and quantum
efficiency (QE) as a function of the AZO sprayed characteristics.

2. Experimental part. Elaboration then structural and optical properties of AZO film
2.1. Elaboration of AZO film

The AZO film was sprayed on glass substrates by the spray pyrolysis method. A solution of 0.08M of dehydrated
zinc acetate Zn (CH;COQ0), (with 99.99% of purity) is dissolved in methanol (CH30H) and simultaneously
deposited at 350 °C under an air condition . Aluminum chloride AlCl;(with 99.999% of purity) was added as dopant
source with a ratio Al/Zn equal to 1%.The crystal structures and the preferential orientation of the AZO films were
analyzed by X-ray diffraction (Bruker D8 Advanced Diffractometer) in 626 scan mode. The scanning electron
microscope (SEM) was employed for the observation of the surface morphologies. The optical transmission spectra
were measured using UV-Vis-NIR spectrometer (Perkin—Elmer Lambda 900 spectrometer).
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2.2 Structural characterizations of AZO film

The X-Ray Diffraction (XRD) pattern of AZO film is shown in Fig. 1. The XRD diffraction peaks of 26 = 31.09,
34.54, 36.34, 47.64, 56.63, 62.94, and 78.10, which can be attributed to (100), (002), (101), (102), (110), (103), and
(112) planes of the hexagonal structure, respectively [22]. Additionally, the intensity of the (002) peak is obviously
stronger than the other peaks, suggesting that AZO crystallites are highly oriented with the c-axis being
perpendicular to the substrate. The lattice parameter values obtained for our ZnO films are found equal to a = 3.317
A and ¢ = 5.188 A, which is in good agreement with values reported in literature [22]. Scanning Electron
Microscopy (SEM) images of the AZO film grown by spray pyrolysis are shown in Fig. 2.We observed an
arrangement of the nanoparticles mostly uniform and only slightly irregular confirming the existence of additional
diffraction peaks in the XRD pattern of the film. The average size of ZnO nanoparticles is in the range of 100—150

nm.
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Fig. 1. XRD pattern of the AZO thin film on a glass substrate.
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Fig. 2. SEM image of the AZO thin film.
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2.3 Optical characterizations of AZO film

We report in Fig. 3, the optical transmittance of AZO films grown glass substrate using glass spectrum as
reference. The absorption coefficient behaviour is shown in the Inset of Fig. 3. We have experimentally found that
the transmission values of the film are low at short wavelengths and the values are high at long wavelengths. So, the
film behaved as an opaque material because of its high absorbing properties at short wavelengths and as a
transparent material at long wavelengths. The AZO film shows a good transparency with the average transmittance
beyond 80% in the visible range and above 90% in the near infrared.
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Fig. 3.Optical transmission spectra of AZO film.
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Fig. 4.The plots of (ohv) as function of photon energy of the AZO thin film.
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In order to calculate the bandgap of the AZO film, we used the Tauc's relationship [23] as follows:
(ahv)=[A(nv - Eg)]"? (1)

where A is a constant, h is Planck’s constant, v is the photon frequency, Egis the optical band gap, and a is the
absorption coefficient(inset Fig.3), which is calculated form transmittance spectrum [24].We have plotted in Fig. 4
the curve (ohv)’as function of the photon energy (hv).

An extrapolation of the linear region of the curve of (ahv)® on the y-axis against the photon energy (hv) on the x-
axis gives the value of the bandgap Eg. According to the measured absorption spectra reported in Fig. 4, the
bandgap value was evaluated equal to 3.31eV.

3. Simulation part. Integration of AZO film in HIT solar cell
3.1. Solar cell structure

The simulated solar cell structure is a AZO/a-Si:H(n)/a-Si:H(i)/c-Si(p)/Al-BSF/Al, as shown in Fig. 5. In
simulation of the HIT solar cell, the transparent conductive oxide, TCO, is the AZO layer prepared in the present
study by the spray pyrolysis method and thus, we have taken in consideration parameters found during the structural
and optical characterization, as presented above. The SCAPs software environment, which is a one-dimensional
solar cell device simulator, was employed to simulate this cell.
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Fig. 5. Schematic structure of TCO/a-Si(n)/ a-Si:H(i)//c-Si(p)/Al BSF/Al solar cell.

Oxygen defects in c-Si were fixed at 0.55 eV above the edge of the valence band, and the capture cross-sections
for electrons and holes were both 1.0x10™"* cm?® [16]. The interface state density of the a-Si:H/c-Si interface was
chosen as 1.0x10'"" cm™?eV™". The front and the back contacts were assumed as flat band ones allowing to neglect the
contact potential influence. The surface recombination velocities of electrons and holes were both set as 1.0x10’
cm/s. The recombination mechanisms (band to band recombination, Auger recombination and Shockley—Read—Hall
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recombination) were considered during this simulation, and results are reported in Table 1. The other parameters
used in the simulation and summarized in Table 1 are taken from Ref [16, 17]. The sunlight illuminates the right
side of the solar cell. An AM1.5G solar spectrum is used for the optical generation to simulate current—voltage (I-V)
curves under standard one-sun illumination conditions at intensity of 100 mW/cm”. The light reflection of front
contact and back contact was set to be at standard values for such devices, i.e. 0.1 and 1, respectively. The optical
absorption of a-Si:H layer was set to be the absorbance a-Si-WronskiAdachi extracted from a default parameter file
in SCAPs software and, c-Si is obtained from the compendium of the open source computer program PCI1D,
commonly used in the solar cell community for simulation of crystalline semiconductor devices. The optical
absorption of AZO layer used our experimental data (inset Fig.3). In the solar cell device physics, the important
parameters to be discussed are the open circuit voltage (Voc), the short circuit current density (Jsc) and the
efficiency (n). Voc is the voltage when no current pass through the cell, where as Jsc is the current when no voltage
is applied.

Table 1. Performance of HIT solar cells for simulation.

c-Si(p)  a-Si:H (1) a-Si:H (n) Al-BSF

Layer thickness (nm) 3x10° 3 10 5x10°
Dielectric constant 11.9 11.9 11.9 11.9
Electron affinity (eV) 4.05 3.9 3.9 4.05
Band gap (eV) 112 172 1.74 1.12
Effective conduction band density (cm™) 2.8x10" 1x10*  1x10% 2.8x10"
Effective valence band density (cm™) 1.04x10% 1x10*  1x10% 1.04x10%
Electron mobility (cm® V™' s™) 1040 5 5 202.4
Hole mobility (cm? V' s 412 1 1 77.15
Doping concentration of acceptors (cm™) 1x10' 0 0 1x10%
Doping concentration of donators (cm™) 0 0 1x10% 0
Thermal velocity of electron (cm s™) 1x10’ 1x10’ 1x107 1x107
Thermal velocity of hole (cm s) 1x10’ 1x107 1x107 1x107
Auger recombination coefficient for electron (cm®s™) 2.2x10 0 0 2.2x10™
Auger recombination coefficient for hole (cm®s™) 9.9x10™ 0 0 9.9x10™*
Direction band to band recombination coefficient (cm®s™) 1L.1x10™" 0 0 L.1x10™

3.2. Simulation results

Reliable solar cell modelling must be based on accurate and reliable optical and electrical modelling parameters
of the device. The AZO film grown on glass substrate was applied as transparent front contact for a HIT solar cell
device and its properties and efficiency were compared with those of a reference cell, as proposed in the simulation
software environment.

Table 2 lists corresponding HIT solar cells characteristics found during the simulation. We also report in Fig. 6
and Fig. 7, the current density - voltage (J - V) characteristics and the quantum efficiency as function of the
wavelength, respectively, for the reference HIT solar cell and the HIT solar cell with our AZO film.

Table 2. Performance of HIT solar cells with and without AZO.

Jsc (mA/cm?) Vco (mV) n (%)
Hit solar cell with sprayed AZO 36.32 722 20.12
Reference solar cell without AZO contact 29.05 689 16.86
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Fig. 6.Current density as a function of voltage for AZO/a-Si:H(n)/a-Si:H(i)/c-Si(p)/Al-BSF/Al solar cells with and
without AZO.

The beneficial effect of integration AZO front contact for increasing the Jsc in comparison to the reference solar
cell without the AZO layer is clearly observed in Fig.6.

The highest efficiency 1, equal to 20.12 % was obtained for the HIT cell with sprayed AZO, where as the
reference delivered only 16.86% under identical conditions. Also, the same high open circuit voltage, Voc was
achieved with the sprayed AZO. These results are in good arrangement with results of literature [16, 17].
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Fig.7. Quantum efficiency of AZO/a-Si:H(n)/a-Si:H(i)/c-Si(p)/Al-BSF/Al solar cells with and without AZO.
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In ref. [16], Zhao et al. have fabricated HIT silicon solar cells with conversion efficiency above to 19 % whereas
the thin solar cells fabricated by Dao et al. [17] have a conversion efficiency of 17.86%. This comparison with
results of literature points out the good quality of the AZO thin films obtained in the present study. In Fig.7, the QE
measurements show that the solar cell with the AZO front contact presents a higher response in the near-UV-
Visible-near-IR region (400 nm- 1200nm) than the reference cell. Thus, as it is well-known that the performance of
a heterojunction cell critically depends on TCO front contact [16], the reported QE measurements confirm this
possible improvement of the functioning of HIT solar cell by an integrating of AZO layer in the structure.

4. Conclusions

AZO films were deposited on glass substrates by spray pyrolysis in the aim to get optimized thin film for
Heterostructure with Intrinsic Thin Layer or HIT solar cells. Structural characterizations of the AZO film, using
XRD and SEM techniques point out an arrangement of the nanoparticles mostly uniform highly oriented with the c-
axis being perpendicular to the substrate. The experimental determination of the band-gap, obtained by transmission
measurements, gives a value of 3.31 eV. SCAPs (a Solar Cell Capacitance Simulator) simulation program was used
to investigate the effect of AZO film properties on the operating parameters and efficiency of AZO/a-Si:H(n)/a-
Si:H(i)/c-Si(p)/Al-BSF/Al HIT solar cells. The high efficiency n of 20.12% with a short circuit current density Jsc
equal to 36.32 mA/cm’and a higher response in the Visible-near-IR region (400 nm- 1200nm), compared to HIT cell
without AZO film were obtained for the HIT solar cell when implementing AZO at the back contact. This result
demonstrates the feasibility of using spray-pyrolysis technique for the deposition of large area AZO contacts for
solar cell applications
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