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Abstract— We investigate the enhancement in transparency 

and conductivity of aluminum doped zinc oxide (ZnO:Al) layers 

upon high-temperature annealing and its impact on contact 

resistance as well as on passivation properties of carrier selective 

junctions based on doped polycrystalline Si on a passivating 

silicon oxide (POLO). The temperature stability of these junctions 

allows annealing of the ZnO:Al/POLO combination up to 600 °C. 

We prepare ZnO:Al films by DC magnetron sputtering at room 

temperature. We determine complex refractive index of ZnO:Al 

in dependence of post-deposition annealing (PDA) temperature by 

spectroscopic ellipsometry. High-temperature annealing improves 

the conductivity and reduces the absorption within ZnO:Al. The 

optical losses in a ZnO:Al/POLO stack are rather limited by the 

poly-Si layer than by the ZnO:Al. The sheet resistance improves 

from roughly 20000 /sq for 80 nm thick as-deposited ZnO:Al 

films to 72 /sq after fast firing at 600 °C. At the same time PDA 

cures the damage induced in the POLO junctions during ZnO:Al 

deposition. After PDA with AlxOy capping layers, the passivation 

quality even surpasses the initial level. A transmsission electron 

microscopy analysis of the interface between the ZnO:Al and the 

underlying poly-Si reveals the formation of a silicon oxide like 

interfacial layer after PDA at 400 °C. This interfacial layer causes 
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a high contact resistivity of the metal/ZnO:Al/POLO-junction 

and could limit the thermal budget for cell processing. Our results 

indicate that after successful process adjustment, ZnO:Al could 

substitute In-based transparent conductive oxides on POLO cells 

for cost reasons and also enable a high efficiency potential. 

 
Index Terms— Passivating contacts, POLO junction, 

polycrystalline silicon, thermal treatment, ZnO:Al  

 

I. INTRODUCTION 

ITH the enhancement of silicon surface passivation 

quality in during the last years, contact recombination 

losses become a key factor in the pursuit for highly efficient 

silicon solar cells. For this reason, passivating carrier-selective 

junctions (CSJs) become increasingly important and attract 

significant attention recently. [1] An already established 

concept to realize such junctions is the application of 

heterojunctions using surface passivating intrinsic and doped 

hydrogenated amorphous silicon (a-Si:H) layers on the front 

and rear side of the solar cell. [2, 3] An alternative with also 

excellent interface passivation quality is the junction between 

crystalline (c-) and polycrystalline (poly-) silicon with an 

embedded interfacial silicon oxide (POLO). [4, 5] Very low 

recombination current densities enable a conversion efficiency 

of 26.1% for a POLO-cell with interdigitated back contacts. 

[6] Over a wide range of the spectrum doped poly-Si has a 

lower absorption coefficient than doped a-Si:H, implying a 

significantly lower absorption loss in a poly-Si layer than in an 

a-Si:H layer with the same thickness. [7, 8, 9] For a 15 nm 

thick, doped poly-Si layer, for example, the parasitic 

absorption induces a loss in the short circuit current density of 

0.75 mA/cm2. For a doped a-Si:H layer with the same 

thickness, the corresponding loss is 3 mA/cm2. [7] However, 

less than 20 nm thin poly-Si layers have sheet resistances 

above 1000 Ω/sq. [10] A highly conductive and transparent 
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layer on top of the poly-Si could help to ensure the required 

lateral conductivity for the transport of charge carriers towards 

the metallization grid on the front side. It should also provide 

low contact resistances with respect to the poly-Si and the 

metal. Besides graphene, metal nanowires or carbon 

nanotubes, a transparent conductive oxide (TCO) are a 

common choice to fulfill these requirements. [11] In the last 

years, different groups demonstrated double-sided POLO 

junction solar cells with a front-side TCO using either ITO 

[12, 13], ZnO:Al [14] or a double-layer of both materials [8]. 

With respect to the TCO, poly-Si has further advantages in 

comparison to a-Si:H. POLO junctions exhibit high 

temperature stability enabling deposition and post-deposition 

annealing (PDA) of TCOs at temperatures above 200 °C. [10] 

This allows for the use of ZnO:Al films with high transparency 

and low resistivity. [15, 16, 17] With respect to material cost, 

ZnO:Al is more attractive than In-based TCO layers. 

Furthermore, the high active doping concentration in p+ doped 

poly-Si layers might facilitate the formation of a low-resistivity 

tunnel junction to the TCO. On the other hand, POLO 

junctions seem to be more vulnerable by sputter damage. [18] 

Also, processing at elevated temperatures may affect the 

stability of the interface between poly-Si and ZnO:Al and lead 

to the formation of interlayers. [19]  

In this work, we investigate the PDA of well-passivating 

POLO junctions combined with ZnO:Al as a TCO up to 

temperatures as high as 600 °C. We show that the conductivity 

and transparency of the ZnO:Al films strongly improve with 

increasing PDA temperature. We report on the impact of 

ZnO:Al deposition and subsequent thermal treatment on 

passivation quality and contact resistivity of the ZnO:Al/POLO 

stack. We analyze the microstructure and chemical 

composition of the layer stack and identify an isolating 

interfacial layer between ZnO:Al and poly-Si.  

II. EXPERIMENTAL DETAILS 

We use different characterization methods that require 

specific sample structures. Table I provides an overview of the 

sample types. The remaining part of this section presents the 

details of the sample preparation. We use the same conditions 

for ZnO:Al deposition for all samples. 

We deposit ZnO:Al films by DC-magnetron sputtering in an 

in-line coating system (ATON 500, Applied Materials) from a 

rotatable ceramic ZnO/Al2O3 (2 wt.%) target (diameter: 

160 mm). Argon (200 sccm) and oxygen (5 sccm) are used as 

process gases. The sputtering process operates without 

substrate heating. The target-substrate distance is 143 mm. 

Working pressure and power are 2.510-3 hPa and 2 kW, 

respectively. Before deposition, we perform a pre-sputtering of 

10 min to remove potential contaminations from the target 

surface.  

For spectral transmission measurements with a double-beam 

spectrometer (Cary 5000, Varian/Agilent Technologies) we 

use 25 mm  25 mm borofloat glass substrates treated with a 

Radio Corporation of America (RCA) wet chemical cleaning 

sequence and deposit 50 nm thick ZnO:Al layers. 

For optical characterization of the ZnO by variable-angle 

spectroscopic ellipsometry (VASE), we prepare test structures 

from single-side polished planar n-type Czochralski silicon 

wafers. After an RCA cleaning sequence, a 140 nm thick SiO2 

layer is grown in a wet thermal oxidation process. 

Subsequently, we deposit 50 nm ZnO:Al on top of that oxide. 

We perform VASE measurements in the wavelength range of 

240 nm to 1700 nm (M-2000UI, J.A. Woollam, Inc.). We 

measure the amplitude ratio  and phase difference  of 

incident and reflected radiation for five angles of incidence 

(50°, 55°, 60°, 65°, 70° for glass substrates and 60°, 65°, 70°, 

75°, 80° for silicon substrates).  

Both VASE and transmission data of our ZnO:Al layers are 

simultaneously simulated via Kramers-Kronig consistent 

functions with few independent variables. [20] This model 

describes all our ZnO:Al films accurately as shown in 

Figs. 1(a) and (b) for a representative set of measured and 

model-fit values for amplitude ratio  and phase difference  

from a sample after PDA at 600 °C on a hot plate. 

We prepare symmetrical planar n+-POLO lifetime samples 

using 150 µm-thick 156 mm  156 mm pseudo-square n-type 

Czochralski (Cz) silicon wafers with a resistivity of 5 cm. 

These wafers are RCA cleaned and covered with a 1.7 nm 

thick dry thermal oxide layer on both sides. We use low-

pressure chemical vapor deposition (LPCVD) to deposit 

25 nm of intrinsic polycrystalline silicon on both sides of the 

silicon wafers. Subsequently, we implant phosphorus ions at 

5 keV (implant dose 2.51015 cm-2) on both sides of the wafer. 

Then these samples are annealed for 30 min (plateau) at 

950 °C in a nitrogen atmosphere. In a last step, an 80 nm thin 

ZnO:Al layer [21] is sputtered on both sides under the above 

mentioned conditions. Prior to ZnO:Al deposition, a dip in 1% 

hydrofluoric acid has been applied for one minute to remove 

the native oxide. We split the finished 156 mm  156 mm 

n+-POLO lifetime samples into pieces of 50 mm  50 mm for a 

process parameter investigation. We evaluate the minority 

carrier lifetime from photo conductance decay (PCD) 

 

Table I. Overview of the sample types we prepare for the different 

measurements in this study. We use the same conditions for ZnO:Al 

deposition for all samples. We apply an AlxOy capping layer during 

PDA of cell precursors and symmetrical samples. 



This is the post-print version of paper published in: 

IEEE JPV (Volume: 9 , Issue: 1 , Jan. 2019), doi: 10.1109/JPHOTOV.2018.2878337 
 

3 

measurements (Sinton WCT-120 lifetime tester) in transient 

and generalized mode. 

To characterize the sheet resistance, we prepare symmetrical 

planar p+-samples using the same procedure as described for 

the lifetime samples but using ion implantation of boron 

difluoride at 5 keV (implant dose 21014 cm-2) on both sides of 

the samples. We investigate the sheet resistance of the ZnO:Al 

films by four point probe (4PP) measurements and by 

analyzing the dark conductivity using a PCD measurement 

system (Sinton WCT-120 lifetime tester).  

We use 10 nm thick hydrogen-rich AlxOy as capping layer to 

prevent degradation of the electrical properties of the ZnO:Al 

films during PDA in air. [17, 22] The hydrogen-rich capping 

layer could also improve the electrical properties by 

incorporation of hydrogen atoms as shallow donors into the 

ZnO:Al layer. [23, 24] In addition, hydrogen has a beneficial 

effect on the passivation quality of POLO junctions. [10, 25] 

The PDA is performed either on a hot plate for 3 min at 

400 °C or 600 °C, or for a few seconds in a conveyor belt 

furnace with set peak temperature of 600 °C. After the PDA 

step, we perform optical characterization, PCD and 4PP 

measurements.  

We use planar cell precursors after PDA at 400 °C with 

AlOx capping layer to determine the contact resistivity. We 

remove the capping layer [26] and screen print metal fingers 

using a low temperature paste cured at 200 °C for 10 minutes 

to apply the transfer length method (TLM).  

Cross-sectional transmission electron microscopy (TEM) 

samples are prepared from cell precursors after PDA at 400 °C 

with AlOx capping layer for structural investigation in a JEOL 

JEM 2100-F UHR microscope operated at 200 keV. We 

analyze the chemical composition of the TEM samples with 

electron energy-loss spectroscopy (EELS) and energy 

dispersive X-ray spectroscopy (EDXS).  

   

Fig. 2. (a) Optical constants n and k and (b) absorption coefficient  of ZnO:Al after deposition and after PDA at 400 °C or 600 °C on a hot plate. 



This is the post-print version of paper published in: 

IEEE JPV (Volume: 9 , Issue: 1 , Jan. 2019), doi: 10.1109/JPHOTOV.2018.2878337 
 

4 

III. RESULTS AND DISCUSSION 

A. Transparency 

First, we evaluate the optical properties of our sputtered 

ZnO:Al layers and their dependence on the post-deposition 

annealing temperature. We extract the optical constants n and 

k from the analysis of the VASE and transmission data and use 

the k values to calculate the absorption coefficient  = 4k/ 

of our ZnO:Al. Figure 2 shows the spectra resulting for n, k, 

and  after different PDA processes. For small values of k, we 

obtain the absorption coefficient data using the model 

functions and not by direct measurement. In Fig. 2(b), the 

hatched area indicates the respective data range. The 

absorption spectrum of the as deposited ZnO:Al film shows a 

peak around 600 nm which is typical for ZnO:Al layers 

sputtered close to room temperature and caused by oxygen 

vacancies or zinc interstitials. [27, 28] The absorption 

coefficient of the ZnO:Al annealed at 400 °C and 600 °C 

decreases significantly in the wavelength range below 600 nm 

which is extremely important for good optical properties at the 

front contact junction of a solar cell.  

Ray tracing simulations quantify the impact of the 

absorption in our ZnO:Al/POLO stacks on the photo-

generation in the c-Si absorber. We use the ray-tracing 

program DAIDALOS [29] with a c-Si wafer thickness of 

170 µm. We assume a standard random pyramid textured front 

side and a planar rear surface. We suppose a 1.5 nm SiO2 / n+-

poly-Si / 80 nm ZnO:Al layer stack for the front side and a 

1.5 nm SiO2 / p+-poly-Si / 80 nm ZnO:Al layer stack for the 

rear side with three different poly-Si thicknesses: 25 nm, 

10 nm, and 5 nm. An industrial type PERC technology with 

75 nm SiNx front surface passivation, a 5 nm AlOx / 75 nm 

SiNx, rear side passivation and 1 µm Al rear side metallization 

serves as a reference cell. [30] Table II shows the results of 

these simulations whereby the photo generation current density 

corresponds to a maximum of the short circuit current density. 

It can easily be seen that thanks to the low absorption of the 

ZnO:Al after PDA, the optical losses are rather limited by the 

poly-Si layer than by the ZnO:Al layer. With a 5 nm poly-Si 

thickness the photo-generated current density is only 

0.38 mA/cm2 lower than for the PERC reference. At the same 

time, the expected open-circuit voltage will be several 10 mV 

higher due to the excellent passivation of the POLO junctions. 

B. Conductivity 

We investigate the development of the sheet resistance of 

our ZnO:Al films after PDA. Figure 3 summarizes the sheet 

resistance values Rsheet for our ZnO:Al layers extracted from 

PCD measurements. The thin p+ poly-Si layers alone have a 

high sheet resistance of several k/sq. After TCO deposition 

the combined sheet resistance of the ZnO:Al layer and the 

p+ poly-Si film underneath is still in the same range. This 

points to a low conductivity of the as-deposited ZnO:Al films. 

A simple estimation of the sheet resistance assuming a 

constant poly-Si conductivity in parallel to the as-deposited 

ZnO:Al layer yields about 20 k/sq. After PDA, the sheet 

resistance has dropped remarkably to values around 100 /sq. 

The conductivity of the p+ poly-Si is determined by the high 

temperature junction formation step at 950 °C described in 

section II. Hence, it is stable under annealing up to 600 °C. 

Even if we consider a possible deactivation of the boron in the 

poly-Si due to diffusion of dopant atoms to the grain 

boundaries [31] and/or the temperature dependence of the 

solid solubility of boron in silicon, the PDA step could only 

lead to a reduced conductivity of the poly-Si. Thus, the drop in 

sheet resistance results from an increased conductivity in the 

ZnO:Al layers. The 4PP (not shown here) and PCD data 

   

Fig. 1. Measured (black points) and model-fit (red line) amplitude ratio  (a) and phase difference  (b) plotted as a function of wavelength  for a ZnO:Al 

layer annealed for 3 minutes at 600 °C on a hot plate. The mean square error (MSE) value of the model-fit is 4.77. 

 

Table II. Photogeneration current density Jphoto, as calculated with the 

ray tracing software DAIDALOS [29] for three different poly-Si 

thicknesses. We use experimentally determined n and k values for 

ZnO:Al (this work) and poly-Si [7, 9]. A PERC technology with SiNx 

front side passivation and a diffused emitter serves as a benchmark. 

Shading of the front-side grid is disregarded.deposition for all samples. 

We apply an AlxOy capping layer during PDA of cell precursors and 

symmetrical samples. 

 

Fig. 3. Sheet resistance Rsheet of ZnO:Al on p+-POLO junctions (dark 

conductivity from PCD measurements). Before ZnO:Al deposition the 

measurements show the high sheet resistance of the thin p+ poly-Si 

films. With the ZnO:Al layers deposited the combined sheet resistance 

of TCO and poly-Si is still high. Rsheet drops from several k/sq to 

around 100 /sq upon annealing on a hot plate (HP) for 3 minutes or in 

a fast firing furnace. 
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measured after PDA are in a good agreement. This is because 

the ZnO:Al layer provides the entire conductivity. We achieve 

low sheet resistance values down to 72 /sq for our 80 nm thin 

ZnO:Al layers after annealing at 600 °C. PDA at 400 °C 

results in sheet resistance values down to 102 /sq. The rapid 

annealing in a firing furnace works just as well as the hot plate 

annealing. The final Rsheet values correspond to a sufficient 

lateral conductivity for front-side application. 

C. Impact on passivation quality 

 We study the impact of processing ZnO:Al/capping layer 

stacks on the passivation quality of POLO junctions. We use 

planar lifetime samples with n+-POLO junctions on the front 

and rear side. We perform PCD measurements before and after 

ZnO:Al deposition. As a first result, we observe a decrease of 

the surface passivation quality after the ZnO:Al sputtering 

process (Fig. 4, after ZnO:Al deposition). For a-Si:H/c-Si 

junctions, it is well known that sputtering damage can be cured 

by an annealing step. [32, 33] We apply the annealing 

conditions described above: 3 minutes at 400 °C or 600 °C on 

a hot plate (HP) and a firing step with a peak temperature at 

600 °C in a belt furnace. 

For all annealing conditions investigated, the effective 

lifetimes τeff, implied open circuit voltages iVoc, and implied 

pseudo fill factor values ipFF after PDA equal or even exceed 

the initial values prior to ZnO:Al deposition. Figure 4 

exemplifies the result after PDA at 600 °C on a hot plate. We 

attribute this to the beneficial effect of hydrogen from the AlOx 

capping layer on the passivation quality of POLO junctions. 

This finding is consistent with previous reports from our group 

[10] and others [25]. The final values for the lifetime sample 

shown in Fig. 4 are: τeff = 3357 µs at an excess minority carrier 

density of Δn = 1015 cm-3, iVoc = 718 mV, and ipFF = 84.9 %. 

On single-side textured cell precursors with optimized 

POLO-junctions, we achieve iVoc values up to 747 mV after 

ZnO:Al sputtering and PDA.  

D. Contact resistivity 

Besides transparency and conductivity, a low contact 

resistivity of the metal/TCO/CSJ-system is essential for a 

highly efficient solar cell. Processing at elevated temperatures 

may affect the stability of the interface between poly-Si and 

ZnO:Al and result in the formation of possibly insulating 

interlayers. [19] We investigate the contact resistivity of 

samples after PDA at 400 °C. This temperature already yields 

enhanced transparency, conductivity and surface passivation, 

while we observe only slight additional improvements for 

PDA at 600 °C. TLM measurements of the 

metal/ZnO:Al/POLO stack as indicated in Fig. 5(a) detect 

primarily the contact resistivity between the ZnO:Al and the 

metal due to the high conductivity of the ZnO:Al layer 

compared to the poly-Si. We obtain 42 ± 11 mcm2 and 

102 ± 17 mcm2 for p+- and n+-POLO, both on n-type 

substrates. After TCO removal between the contact fingers the 

TLM results give information about the ZnO:Al/POLO contact 

resistivity (see Fig. 5(b)). We measure even higher values of 

935 ± 96 mcm2 for the metal/ZnO:Al/p+-POLO stack and 

808 ± 50 mcm2 for the metal/ZnO:Al/n+-POLO stack.  

The POLO junction itself shows a remarkably low contact 

resistivity [34]. Hence, the major contribution to the contact 

resistance of the complete stack originates from the 

ZnO:Al/POLO-junction, even if we consider that the latter is a 

full area contact, in contrast to the metal/ZnO:Al contact with 

an area fraction of about 3 %. Thus, we focus on the structural 

analysis of the ZnO:Al/poly-Si interface to resolve the cause of 

its high contact resistivity.  

High-resolution TEM in cross-section (see Fig. 6) reveals an 

 

Fig. 4. Impact of ZnO:Al deposition and PDA (600 °C on a hot plate) on 

passivation quality of n+-POLO lifetime samples as measured by PCD. 

PDA helps to recover the initial passivation quality. 

 
Fig. 5. Contact resistivity of metal/ZnO:Al/POLO stacks after PDA at 

400 °C with AlOx capping layer. Measurements of the 

metal/ZnO:Al/POLO stack as indicated in Fig. 5(a) detect primarly the 

contact resistivity between the ZnO:Al and the metal due to the high 

conductivity of the ZnO:Al layer. After TCO removal between the 

contact fingers the TLM results give information about the 

ZnO:Al/POLO contact resistivity (Fig. 5(b)). The major contribution to 

the contact resistance originates from the ZnO:Al/POLO-junction. 
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amorphous layer between ZnO:Al and poly-Si. The thickness 

of this layer is 2–3 nm. An insulating film of that thickness 

would clearly deteriorate the contact resistivity of the whole 

layer stack. We analyze the composition of the amorphous 

interlayer by EDXS and EELS. The EDXS profiles in Fig. 7 

show an oxygen peak at the poly-Si/c-Si interface. This 

indicates the position of the POLO-junction oxide layer. A 

second oxygen peak appears at the interface between ZnO:Al 

and poly-Si. This points to an oxide-like interlayer. We 

observe a higher mass fraction of oxygen in the interlayer than 

in the ZnO:Al. In addition, the position of the interlayer 

oxygen peak is closer to the poly-Si region than to the falling 

edge of the Zn profile. Another feature in Fig. 7 is the 

aluminum peak in the ZnO:Al region close to the interface 

between ZnO:Al and poly-Si, which could indicate diffusion of 

Zn into the poly-Si. [19] Figure 8 shows EEL spectra 

measured along a line from the ZnO:Al into the poly-Si with 

higher spatial resolution than in EDXS. The decrease of the 

oxygen signal around 530 eV occurs about 2 nm closer to the 

silicon region than the decrease of the zinc signal around 

1100 eV. This is in good agreement with the findings from the 

EDXS profiles. We thus conclude that the amorphous 

interfacial layer between ZnO:Al and poly-Si is silicon oxide 

like. It contains only a small amount of Zn, if any. The 

formation of a 2–3 nm thick silicon oxide film could explain 

the high contact resistivity observed in our TLM data. 

Such interfacial layers could result from (i) an oxide film 

that is present already before the ZnO:Al deposition or (ii) an 

initial oxidation of the polycrystalline silicon during the 

ZnO:Al deposition process. Further, during the PDA elevated 

temperatures could trigger (iii) a reduction of the zinc oxide 

and an oxidation of the silicon underneath or (iv) a reaction of 

silicon with oxygen containing species (e.g. OH-groups). The 

latter could either be incorporated in the ZnO:Al during 

deposition or diffuse through the ZnO:Al film from the 

ambient during PDA. 

 

Fig. 6. High-resolution TEM micrograph of the interface region between 

poly-Si and ZnO:Al. The parallel white lines indicate an amorphous 

region of 2-3 nm thickness at the interface. 

 

Fig. 8. EEL spectra measured along a line from the ZnO:Al (at position 

0 nm) into the poly-Si with a point-to-point distance of 1 nm. The 

increase of the oxygen-K signal (onset energy 530 eV) occurs about 

2 nm closer to the silicon than the increase of the zinc-L signal (onset 

energy 1020 eV). This confirms the oxide-like character of the 

amorphous interlayer. 
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We exclude the first option because the samples underwent 

an HF-dip prior to loading into the deposition chamber. The 

thickness of the native oxide formed thereafter without 

substrate heating should be less than 2 nm. Option (iii), the 

reduction of zinc oxide, should be negligible at PDA 

temperatures of 400 °C [19]. On the other hand, atomic 

hydrogen can promote the reduction of ZnO. [19] With the 

AlOx capping layer acting as a hydrogen source during PDA, 

this could provoke the reduction of ZnO. The free Zn would 

then diffuse into the poly-Si layer leaving an Al enriched 

region close to the ZnO:Al/poly-Si interface as it was reported 

in [19] for annealing at temperatures above 600 °C. This 

would explain the Al peak in our EDXS profile. The free 

oxygen would then form an isolating SiOx interlayer. With 

respect to options (ii) and (iv), sputtering deposition from a 

ceramic oxide target yields oxygen-containing species. [35, 

36] These species can cause an initial oxidation of the poly-Si 

surface. [35] They could also be incorporated into the 

deposited layer, e.g. at grain boundaries, and react with the 

poly-Si during PDA. 

Consequently, tuning of the sputtering process parameters 

and adjustment of the PDA conditions are the most promising 

ways to prevent interfacial oxide layer formation. The PDA 

should involve the smallest possible thermal budget and an 

inert atmosphere like N2 or even vacuum conditions. A 

sputtering process without additional oxygen is highly 

desirable. A reduction of sputter damage can decrease the 

amount of hydrogen required to recover the passivation quality 

of the POLO junction and minimize the risk of ZnO reduction.  

IV. CONCLUSION AND OUTLOOK 

With the high thermal stability of POLO junctions it is 

possible to apply TCOs like ZnO:Al that require elevated 

temperatures either for deposition or in PDA processes. We 

have investigated the optical and electrical properties of 

ZnO:Al layers, which have passed through a PDA process with 

temperatures up to 600 °C. Based on detailed optical 

characterization by variable-angle spectroscopic ellipsometry 

and transmission measurements, we determined the optical 

constants n and k of our ZnO:Al layers. After annealing, the 

corresponding absorption coefficient of our ZnO:Al layers is 

significantly reduced. Ray tracing simulations reveal that, 

thanks to the low absorption of the ZnO:Al after PDA, the 

optical losses in a ZnO:Al/POLO stack are rather limited by 

the poly-Si layer than by the TCO. With a 5 nm poly-Si 

thickness the photo-generated current density is only 

0.38 mA/cm2 lower than for an industrial PERC solar cell. 

These excellent optical properties of our annealed ZnO:Al 

layers are accompanied by a sufficiently high conductivity 

resulting in Rsheet = 72 Ω/sq for a ZnO:Al thickness of 80 nm 

even after a few seconds firing at 600 °C. The PDA step also 

helps to recover the passivation quality of the POLO junction 

after ZnO:Al sputtering. However, we observed the formation 

of a silicon oxide like interfacial layer between the ZnO:Al and 

the underlying poly-Si after PDA at 400 °C. This interfacial 

layer is the origin of the high contact resistivity of the 

metal/ZnO:Al/POLO contact and could limit the thermal 

budget. Our results indicate that after successful adjustment of 

TCO processing, ZnO:Al could substitute In-based TCOs on 

POLO cells for cost reasons and also enable a high efficiency 

potential.  
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