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Zinc oxide (ZnO) is a promising transparent (>80% trans-

mitance) conductive material for silicon based solar cells because 

it possesses a direct wide band gap with energy of ~3.37 eV at 

room temperature [1]. So far, various preparation methods have 

been used to fabricate ZnO films, such as: RF magnetron sputter-

ing [2], spray pyrolysis [3], chemical vapor deposition (CVD) [4], 

pulsed laser deposition [5], sol–gel process [6], thermal evapora-

tion [7], reactive evaporation [8] and screen printing [9]. Among 

these techniques RF Sputtering has been the most suitably used 

because it allows work at low temperatures and gives deposits of 

better adhesion and higher density than other methods. Moreover, 

thin films with a wide band gap, high transparency and low resis-

tivity, such as ZnO, are required as window material for solar cells 

to be suitable for solar energy conversion. Such band gaps of these 

materials are large enough to be transparent to most of the useful 

solar spectra, and the resistivity is small enough to avoid series 

resistance effects. In several photovoltaic devices, ZnO films are 

used not only as a window material but also as a p–n heterojunc-

tion partner [10-12]. 

Optical loss minimization is one of the major goals in photovol-

taic systems in the improvement of solar cell efficiency. As it is 

known, bare silicon has been shown to be capable of absorbing 

only ~70% of the useful incident solar radiation [13]. These reflec-

tion losses are generally minimized by the use of anti-reflection 

(AR) coatings. The materials which have been widely used for AR 

coatings have important disadvantages such as the requirement of 

multiple depositions, thus increasing the fabrication costs. [14-17]. 

Porous silicon exhibits direct band-gap behavior with low pro-

duction cost and an easy fabrication material compatible with sili-

con solar cell technology. In this particular case, the possibility of 

modulating the refractive index attracts the attention of researchers 

to use it in photovoltaic technology. Several studies have proposed 

the use of PS as single or multilayer AR coatings [18–22].  

PS samples can be easily fabricated by electrochemical anodiza-

tion of crystalline silicon in a fluorine-containing electrolyte [23].  

In the visible region, an increase in porosity generates a low 

refractive index and high absorption coefficient [24]. Thus, a high-

ly porous layer can enhance the efficiency of solar cells by in-

creasing light trapping into the active region [23], can be used as 

ARC to serve as path centers and reduce the impurity levels of the *To whom correspondence should be addressed: Email: sjp@ier.unam.mx 
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Si substrate [25] and, finally, it absorbs more light energy in crys-

talline silicon solar cells [26]. 

The use of porous silicon (PS) in solar cell technology is not 

new. For the first time, considerable capacity of PS as promising 

material for photovoltaics was promoted in early 90’s [27-29]. In 

these investigations, the principles and advantages of PS for solar 

cells application were formulated, proceeding from the analysis of 

microstructure and properties of this material. Recently, encourag-

ing results have been reported by Salman et. al. [30] who produced 

1 cm2 circular area Si solar cells with PS ARC by anodization; an 

efficiency of 15.5% is reported.  

In addition, reports on ZnO films deposited on PS for solar cell 

application was never reported. However there are several works 

based on ZnO/cristalline-Si heterojunctions [31-34]. Also, compo-

sites based on PS and ZnO has been already reported [35-38]. In 

such investigations the characterization in terms of diode applica-

tions was roughly studied, however the behavior under light illumi-

nation is not presented. 

In this work we report the fabrication of p-n heterojunction be-

tween Al-doped ZnO (AZO) thin films and macro-porous silicon 

substrates, using a WO3 to prevent electron leakage and to aid in 

the hole extraction. The properties such as the current–voltage 

measurements were characterized. 

MPS was formed by an electrochemical etching of (100)-

oriented, boron-doped p-type silicon substrates of resistivity 14–22 

cm, using an electrolyte consisting of 4 M hydrofluoric acid (48 

wt%) in N'N-Dimethylformamide (ACS reagent, ≥99.8%). Ano-

dization time was kept at 10 min and current density as 12 mA/cm2. 

After fabrication, the samples were rinsed with DMF and dried 

with slow nitrogen flux. We used a double sided polished silicon 

wafer and the area of the Teflon® electrochemical cell was 0.8 

cm2. Evaporated Al back contact was used to ensure uniform cur-

rent distribution. 

ZnO:Al thin films were RF sputter-deposited on the macro po-

rous silicon substrate at room temperature using a target (Kurt J. 

Lesker, 99.99% purity) in an Ar gas flux. RF power was 280 W and 

the base pressure inside the chamber was pumped down to less than 

2.4x10-5 Torr. The deposition time for all the films was 35 min, so 

that the film deposition rates could then be determined. Also AZO 

films were grown on glass substrates for other optical characteriza-

tions and over crystalline silicon for comparison purposes. Finally 

Al metal film was deposited with a shadow mask on the AZO/MPS 

surface for the top electrode. 

Tungsten trioxide was synthesized at high temperature by using 

concentrated solar radiation supplied by a 30 kW solar furnace. 

Commercial electrodes of pure tungsten (Weld500, purity 94%) 

were used as raw material. These electrodes were placed inside a 

reaction chamber designed to work at high temperatures (800 °C) 

and concentrated solar energy. A rotary vacuum pump was con-

nected at the bottom of the cavity in order to ensure continuous 

inert gas flow (Ar and O2). During experimentation, the chamber 

was operated for direct normal irradiation above 900 W/m2 and 

pressures of 0.8 bar. At the end of experimentation, it was obtained 

yellow crystals on the tungsten surface that were analyzed by X-ray 

diffraction. 

Prior to fabrication of photovoltaic device a thin film of WO3 

was thermally evaporated at high vacuum (3.4x10-5 mbar) onto the 

backside of polished silicon wafer. Ultimately, a 1 m Al film was 

deposited, by high vacuum evaporation, on the top of WO3 layer to 

ensure an optimum back ohmic contact. 

AZO films were deposited on to MPS substrates in a Dual 

Source Sputtering and Evaporation (MVSystems, Inc.). WO3 films 

and front/back were deposited on the backside of bulk silicon, by 

evaporation in a Coating System (Balzers, BAE 250). Crystalline 

properties of the AZO films were investigated using X-ray diffrac-

tion (XRD) Rigaku diffractometer with Cu αK1.54 radiation (Mod. 

DMAX-2200, calibrated with LaB6). Scanning Electron Microsco-

py (FE-SEM S-550, ITACHI Co.) was used to study the surface 

morphology of the films. Also, the cross-section of film thickness 

is observed by using SEM. Optical reflectance and transmittance of 

AZO films were acquired with UV–vis spectroscopy (Shimadzu 

Spectrophotometer 3101 PC) in the wavelength range 250–2500 

nm. The current density -voltage characteristics (J–V) of the het-

erojunctions were measured by using a DC voltage–current source 

unit. The electrical resistivity of the AZO films was measured by 

dc 2 electrode-4 terminal method. 

 

 

Figure 1. Schematic drawing of solar cell configuration based on porous silicon showing the buffer layer of tungsten oxide. 
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Figure 1 shows the configuration of photovoltaic device based on 

macroporous silicon and Al doped zinc oxide. Prior to anodization 

of crystalline silicon, a thin film of resistive WO3 was evaporated 

on the backside of polished silicon wafer. Immediately after, a 

thick layer of aluminum metal was deposited over the buffer layer. 

The sample is heated at 500 °C for 20 min under N2 atmosphere 

to ensure an optimum ohmic contact. Al back contact is useful in 

anodization of bulk silicon since it helps current to flow through 

the electrochemical cell and to create a uniform porous layer. After 

PS fabrication a thin film of AZO was deposited by RF Sputtering 

and then annealing at 550 C for 1 h in a mixture of H2(5%)-N2 

ambient to form p-n junction. This annealing process is necessary 

to generate a stable p-n heterojuction. In this work, samples without 

annealing lacks the response under solar irradiation. Finally Al 

front contact is sputtered using a mask to obtain a 3 mm diameter 

circle, then annealed at 500 °C for 30 min under N2 atmosphere. 

Top and cross sectional SEM micrographs of MPS samples as 

obtained from the anodic etching process are depicted in Figure 2. 

The pores were 500-750 nm diameter approximately circular in 

cross section and reasonably uniform over large areas. These imag-

es reveal a uniform surface and squared/rounded (Fig. 2a). Cross-

sectional SEM data indicated that the pores were approximately the 

same length across a given sample, with only minimal branching 

(Figure 2b). The silicon wafers were etched for 10 min for the for-

mation of ~15 μm thick porous layer. 

Tungsten oxide layers were deposited by evaporation on the back 

polished side of silicon wafers between Al contact and bulk silicon. 

Figure 3 displays a constant thickness of ~70 nm for WO3 resistive 

film followed by a thick Al layer of 600-750 nm. Those samples 

are annealed at 500 °C for 20 min at N2 conditions. 

Figure 4 shows the morphology of ZnO:Al films deposited and 

heated at 550 °C onto MPS substrates. A porous ZnO:Al surface is 

observed (Fig. 4a) covering almost one half of the hole pore (inset 

Fig. 4a). Thickness of this layer is about ~600 nm as it can be seen 

in SEM micrographs from electron backscatter diffraction (Fig. 

4b). Shining zone represents Zn metal and dark zone silicon materi-

al. It is observed that ZnO:Al material is adhered to the walls of the 

pore. EDS analysis demonstrated, taken from 600 nm thickness of 

ZnO:Al layer, a percentage atomic composition of 54.13 % corre-

sponding to oxygen, 43.46 % to zinc, 1.74% silicon and 0.67% 

aluminum. By the other side, an EDS measurement inside the pore 

displays the following atomic composition: oxygen (0.78%), sili-

con (99.07) and zinc (0.15%); aluminum is undetectable at this 

point (Fig. 4b). 

The high atomic percentage of silicon is understandable since 

one is employing Si substrate for the heterostructure. The electron 

beam hits the surface of the sample in radial direction instead of 

 

 

Figure 4. Morphology of Al doped zinc oxide layer covering 

macroporous silicon surface. (a) Plan view and (b) cross-sectional 

view. 

 

 

Figure 3. Cross-sectional view of the back ohmic contact showing 

the buffer layer of WO3. 

 

 

 

 

Figure 2. Macroporous silicon etched for 10 min at 12 mA/cm2. (a) 

Plan view and (b) cross-sectional view. 
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perpendicular direction. Radial beam covers the great silicon sur-

face and hence measures only a small portion of ZnO inside the 

pores. Also, one can appreciate that ZnO films contain only low 

content of oxygen which means there are vacancies inside ZnO 

matrix. 

Figure 5 shows XRD spectra of Al doped ZnO film on glass, 

which was deposited by RF Sputtering on a glass substrate. The 

XRD pattern of ZnO phase was in agreement with published pdf 

data number 36-1451 for synthetic zincite. It is documented that 

under ambient conditions the thermodynamically stable phase of 

zinc oxide is zincite that crystallizes in the hexago-

nal wurtzite (ZnS, space group P63mc) structure. 

The peak located at 34.4 is attributed to the ZnO:Al (002) dif-

fraction. The results indicate that the ZnO:Al has a hexagonal 

wurtzite structure with its dominant film orientation along the c-

axis perpendicular to the substrate surface. No diffraction peaks of 

Al or other impurity phases are detected in these samples. One can 

observe that in annealed sample the ecristallinity slightly increases 

and it was found a preferential orientation along (103) planes in 

contrast to those samples under heat treatment. 

The optical properties of Al doped ZnO films are presented in 

Figure 6. The films without annealing and annealed at 550 °C have 

an average transmission of 84% and 83% over the 400–800 nm 

range respectively, including all reflection losses and absorption in 

the glass substrate. Sharp absorption spectra is observed at around 

the cut-off wavelengths, which implies that the ZnO:Al has the 

direct energy bandgap. The high optical transmittance allow the 

ZnO films to be suitable for the application as window materials 

for solar cells. 

Thin absorber layers require an efficient light trapping for a suf-

ficiently high optical absorption. Therefore, optical reflection was 

measured on MPS samples. The average effective reflectivity 

(400–700 nm) of square shaped macroporous samples was 38.7% 

and 0.42% for crystalline Si and MPS, respectively (Fig. 7). Note 

that MPS samples are without an additional anti-retlection coating. 

These results on monocrystalline Si show that, in order to obtain 

the lowest reflectivity, it is necessary to fabricate porous Si. 

Figure 8a shows the output characteristics of a crystalline sili-

con-ZnO:Al solar cell without SiO2 passive layer and WO3 buffer 

layer for comparison. The dark current density-voltage (J-V) curve 

of the device shows J-V characteristics similar to those of an ideal 

diode [36, 38]. Under illumination, the device exhibits a low open 

circuit voltage (V oc) of 204 mV, and a short circuit current density 

(Jsc) of 0.0000113 mA/cm2. When porous Si is introduced, current 

density shows an increase of four orders of magnitude (Fig. 8b): 

0.037 mA/cm2, meanwhile Voc increases slightly to 220 mV. As it 

can be observed, MPS layer enhances the performance of the de-

vice, due to its antireflection properties and Al doped ZnO layer 

acting as a window. SiO2 thin layer was thermally grown over MPS 

at 80 °C and 5 min under oxygen ambient in a hermetic oven. The 

aim of SiO2 layer is to passivate the interface. By inserting a buffer 

layer of resistive WO3, Voc values are higher about 250 mV and 

short circuit current density of 0.9 mA/cm2 (Fig. 9) increasing these 

values about one order of magnitude. Such WO3 film prevents in-

terface recombination due to convenient HOMO position extracting 
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Figure 5. XRD patterns of the Al doped ZnO films deposited by rf 

puttering (a) at room temperature and (b) annealed at 550 C for 1h. 
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Figure 6. Transmission spectra of ZnO thin film grown on glass. 
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Figure 7. Reflectance spectra of a as prepared macroporous (inset) 

silicon and cristallline silicon. 
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photogenerated holes at the bulk Si/Al interface. The high work 

function of WO3 (-4.8 eV) will enhance hole collection at the pho-

toactive layer/Ag interface. 

With these studies we demonstrated that, by inserting resistive 

SiO2 and WO3 layers photovoltaic performance improvement has 

reached and, thus represent a meritorious and viable approach for 

efficient solar conversion. We expect device optimization (e.g., 

trapping light into the device), surface passivation, and better con-

tacts for further enhancement to the performance of the 

ZnO:Al/MPS configuration. 

In summary, we have demonstrated the fabrication of a new 

configuration of solar cell consisting of macro porous/Al doped 

ZnO heterojunction. A SiO2 thin film was inserted at the p-n junc-

tion in order to passivate porous surface and prevent recombina-

tion. Along with that, a WO3 buffer layer was placed between the 

active layer and back Al electrode which prevents recombination 

due to a hole extraction, leading to the improvement of Jsc and V oc. 

Current density increased about five orders of magnitude by incor-

porating WO3 buffer layer. 
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