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Abstract—Al-doped zinc oxide (AZO) is a potential candidate to 
substitute tin-doped indium oxide (ITO) in silicon heterojunction 

(SHJ) solar cells due to its low cost and low ecological impact. The 

AZO, sputtered at room temperature (RT), is of particular 

interest because of low thermal budget and potential for high 
throughput production with the well-established industrial 

methods. In SHJ solar cells high effective carrier lifetime 

prerequisite for the high open-circuit voltage is achieved with 

surface passivation by intrinsic amorphous silicon layers followed 

by doped silicon layers. The passivation quality may be affected 
by the subsequent sputtering of an AZO layer especially at RT. In 

this work, we investigated the influence of the AZO sputtering and 

post-deposition annealing on the effective carrier lifetime in 

symmetrical silicon layer stacks with n- or p-type doped silicon 

layers and solar cell precursors. It has been found that the 
effective carrier lifetime significantly decreased after AZO 

sputtering at RT. The detrimental effect of AZO sputtering is 

substrate temperature dependent and is smaller or even absent at 

elevated temperatures. However post-deposition annealing, 

equivalent to the Ag paste curing, mostly recovered the effective 
carrier lifetime in the symmetrical stacks as well as in the cell 

precursors. Finally an aperture area efficiency of 21.2 % has been 

achieved for the 19 mm × 19 mm SHJ solar cell prepared with 

room temperature sputtered AZO.

Index Terms—Charge carrier lifetime, Crystalline Silicon PV, 

Heterojunctions, PV Si Defect Passivation and Advanced Optics, 
Sputtering  

I. INTRODUCTION

ILICON heterojunction (SHJ) solar cells with amorphous 

silicon passivation layers deposited on monocrystalline 

silicon wafers show very h igh efficiencies in the trad itional 

double-side contacted design [1]-[3] and hold the absolute 

efficiency record among single junction silicon solar cells in 
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back-side contacted configuration [4]. Design of a SHJ solar 

cell includes transparent conductive oxide (TCO) layers 

deposited on top of doped silicon layers  on the front and rear 

sides of the device. These TCO layers  facilitate lateral 

conductance for efficient current collection and simultaneously 

serve as antireflection coatings. Tin-doped indium oxide (ITO) 

is commonly used as TCO material in SHJ solar cells thanks to 

its excellent optical and electrical p roperties [5], [6]. However, 

ITO may be challenging for the mass production of SHJ solar 

cells due to indium related economic and environmental issues 

[7]-[10]. A l-doped zinc oxide (AZO), which is environmentally  

friendly, abundant and less costly material, is an attractive 

alternative to ITO in SHJ solar cells [11]-[13]. Magnetron 

sputtered AZO is a widely used TCO for various solar cell 

technologies. Many studies [13]-[20] have presented the 

potential of implementing AZO deposited at elevated 

temperature (50-300
o
C) in SHJ solar cells . Considering mass 

production requirements, we exp lore the potential of 

implementing AZO prepared at room temperature (RT) with 

common magnetron sputtering technique in SHJ solar cells. 

Huang et al. [21] have reported the detailed analysis of ITO 

deposition damage mechanism in SHJ solar cells. However, 

there are few reports on the influence of AZO sputtering on 

solar cells stacks. In this work, we address the influence of 

AZO sputtering on the effective carrier lifetime ( ) in the 

symmetrical structures as well as in SHJ solar cell precursors. 

Finally the potential of RT sputtered AZO as TCO in SHJ solar 

cells is explored.

In a conventional SHJ solar cell doped amorphous (a-Si:H) 

layers are typically used to form the p-n junction and back 

surface field. Doped a-Si:H layers form a proper ohmic contact 

with commonly used ITO, however, a-Si:H may  be less suitable 

material for contact with AZO [13]. Nanocrystalline silicon 

(nc-Si:H) doped layers are expected to be more suitable in  

contact with AZO, and have a potential to reduce parasitic 

absorption. In this work SHJ solar cells with n-type nc-Si:H 

(nc-Si:H<n>) layer in rear emitter configuration were studied in 

continuation of the experiments reported earlier [22]. It has 

been found that the preparation of RT sputtered AZO may have 

a detrimental effect on the effective carrier lifet ime which 

causes losses in Voc and FF of the SHJ solar cells. Here we 

present a detailed study on the influence of the AZO sputtered 

at different pressures and temperatures on the effective carrier 
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lifetime in SHJ solar cells . We demonstrate that the effective 

carrier lifetime degradation, related to AZO sputtering, can be 

reduced or avoided by a subsequent annealing. This annealing 

is similar to the typical silver paste curing which is a necessary 

part of a SHJ cell production. Alternatively AZO sputtering at 

elevated substrate temperature facilitates in-situ annealing 

reducing or eliminating the sputtering damage. 

II. EXPERIMENTAL DETAILS

Fig. 1 shows the schematic illustration of the SHJ solar cells  

fabricated for our study. The cells were prepared in rear 

junction configuration, i.e., an  n-type silicon layer was used as 

window layer at the front of the device, and the p-n junction

was formed  at the rear side. The cells were prepared on n-type 

double side textured Czochralski (CZ) silicon wafers with the 

thickness of 170 µm and resistivity of 0.5-3.5 Ω cm. The 

wafers were chemically cleaned with RCA Standard Clean 1 

(NH4OH: H2O2: deionized water), RCA Standard Clean 2 

(HCl: H2O2: deionized water) and subsequently dipped into 

1 % HF solution for 5 min to remove the surface oxide. After 

rinsing and drying, the wafers were swift ly transferred  to the 

plasma enhanced chemical vapor deposition (PECVD) system 

for silicon layer deposition. Silane, hydrogen, phosphine and 

trimethylborane were used as the precursor gases for the silicon 

layers deposited at 200 
o
C.  

AZO films for the pressure series were prepared  at RT with  

gas pressure of 0.1 Pa, 0.3 Pa, and 0.5 Pa . The films for the 

substrate temperature series were sputtered at RT, 150 
o
C, and 

200 
o
C with the pressure of 0.1 Pa. A ll AZO depositions were 

performed in a vertical in-line sputtering system by radio  

frequency sputtering of ZnO:Al2O3 (99:1 wt. %) planar ceramic 

target, with 100 sccm Argon gas flow rate, and 2.0 W/cm
2

power density related to the target area  of 75 cm × 10 cm. The 

depositions were performed  in dynamic mode with a carrier 

moving back and forward in front of the target at the speed of 

5.1 mm/s. In order to study the AZO properties, the films were 

sputtered on Corning EAGLE XG glass substrate. The AZO 

film thickness of approximately 80 nm corresponds to the 

thickness applied in SHJ solar cells . Silver electrodes were 

screen-printed to finalize  the cells with  the aperture area of 

19 mm × 19 mm. The cell aperture is defined by a square 

busbar frame. The contact grids in the aperture are a set of 

fingers with the width of 50-60 µm and the pitch of 1.85 mm. 

After the screen printing the cells were annealed for 40 min at 

190
o
C in air for silver paste curing. Finalized  cells are 

characterized under standard test condition (25°C, AM 1.5, 100 

mW/cm
2
) using “LOANA” characterizat ion setup from 

pv-tools equipped with a SINUS 220 Wavelabs light source. 

External quantum efficiency (EQE) and reflect ion spectra are 

measured by the same setup with the illuminating spot size of 

12 mm × 12 mm on the cell aperture area. 

Carrier mobility  µ, carrier concentration n and resistivity ρ of 

AZO films deposited on glass substrates have been extracted 

from Hall measurements. Transmittance T and reflectance R of 

AZO films was measured with a dual beam photo spectrometer 

Lambda 950 in  the wavelength range of 300-1300 nm.

Absorptance A was calculated as .

Effective carrier lifetime in the wafers with silicon layer 

stacks was measured by Quasi Steady-State Photo Conductance 

(QSSPC) technique with Sinton WCT-120 instrument in  

transient mode. The values for the effective carrier lifetime 

 presented in the manuscript are taken at the excess carrier 

density of 10
15

cm
-3

. Implied open circu it voltage (iVoc) and 

implied  fill factor (iFF) were evaluated from the effect ive 

carrier lifetime measurements. In addition to solar cells 

sketched in Fig. 1, symmetrical structures with 

a-Si:H<i>/nc-Si:H<n> (i/n stack) or a -Si:H<i>/a-Si:H<p> (i/p 

stack) on both sides of the wafer have been prepared to study 

individual impact  of AZO sputtering and annealing on the 

passivation quality of front and rear layer stacks of the cell.  

III. RESULTSAND DISCUSSION

A. AZO Films 

Optical transmittance and reflectance spectra of AZO films  

used in the study have been reported earlier [22]. W ithout 

considering the absorptance and reflectance of the glass 

substrate, the average absorptance in the 300-1200 nm 

wavelength range is 5 %, and the value can be as low as 0.5 % 

in the wavelength range of 400-1200 nm. The subsequent 

annealing at 180 
o
C for 30 min in air has only marg inal effect 

on the optical properties . 

Resistivity of the characterized as-deposited AZO film was 

1.8 × 10
-3

Ω cm with charge carrier mobility of 16.7 cm
2
/Vs, 

and carrier concentration of 2.2× 10
20

cm
-3

. The resistivity is 

reduced after annealing to 1.2 × 10
-3

Ω cm with the increase in

carrier mobility to 18.8 cm
2
/Vs, and in carrier concentration to 

2.9 × 10
20

cm
-3

. The improvement in  electrical properties after 

annealing is attributed in  literature to the improvement in the 

microstructure of AZO films [23]-[25]. The AZO sheet 

resistance of approximate 150 Ω/sq is on par with recent 

literature reports [19]. Even though the AZO sheet resistance is 

higher than it for the best ITO, the AZO application in SHJ 

solar cells is still not the major limitation for the achieving high 

efficiency SHJ solar cells [26]. In the view of both optical and 

Fig. 1. Schematic illustration of rear emitter SHJ solar cells with nc-Si:H<n> 

layer and RT sputtered AZO
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electrical properties, AZO film sputtered at room temperature is 

suitable for the application as TCO in SHJ solar cells.    

B. The Influence of AZO on Silicon Layer Passivation 

In order to investigate the effect of AZO sputtering on the 

effective carrier lifet ime, QSSPC measurements have been 

performed on the symmetrical silicon stacks after silicon  layer 

deposition, AZO sputtering, and annealing with the process 

sequence presented in Fig. 2. The same procedure has been 

applied to the SHJ solar cell precursors as well (section C). 

Every new layer prepared on silicon layer stack may change the 

effective carrier lifetime either due to the impact of the 

preparation process on the existing layers, or the properties of 

the new layer itself, e .g. via field effect. In this case AZO 

sputtering process may damage the underlying layers and at the 

same time the presence of AZO film may change occupation of 

the electronic states in the interface region. Both effects can 

result in the variation of the effective carrier lifetime. In order 

to separate the impact of AZO sputtering from the effect of 

AZO presence, the AZO films were removed by 0.5 % HCl 

solution after annealing (shown as the last step in Fig. 2). 

The wet chemical etching was chosen as a robust and simple 

method to remove AZO, however, it is known that exposure of 

thin film silicon layers to air or aqueous solutions may 

influence conductivity [27], [28] or charge state of defects  in 

thin film silicon layers [29] which in turn may influence the 

effective carrier lifet ime. In order to study possible influence of 

HCl solution etching on the effective carrier lifetime, QSSPC 

measurements were conducted before and after i/n and i/p 

stacks exposed to the 0.5% HCl solution. In Fig. 3 the results of 

QSSPC measurements and evaluated implied cell parameters 

are presented for both i/n and i/p symmetrical stacks before and 

after the HCl exposure. It can be seen that for both i/n and i/p 

stacks, exposure to 0.5% HCl solution has no influence on the 

measured effective carrier lifetime curves or the values of τeff,

iVoc, and iFF, and therefore  it provides a practical way to 

evaluate the effective carrier lifetime after AZO sputtering. 

To study the effect of AZO sputtering on effective carrier 

lifetime in symmetrical structures the sputtering has been 

performed with various pressures and substrate temperatures.

The lifetime measurement results are summarized in Fig. 4 and 

Fig. 5 for the pressure series and in Fig. 6 and Fig. 7 for the 

substrate temperature series. The depositions of the pressure 

series were performed at room temperature. The results for all 

samples in pressure series (Fig. 4) show qualitatively same 

trend: high init ial lifet ime after silicon layer deposition is 

significantly reduced after AZO sputtering and mostly recovers 

after annealing. The samples with i/n stack show almost 

complete recovery after annealing and further removal of AZO 

slightly improves the effective carrier lifet ime shown in  Fig. 4 

(a)-(c). However, the samples with i/p stack show incomplete 

Fig. 2. Treatment procedures on i/n and i/p symmetrical stacks with doped silicon layers in the sequence: silicon layer stack deposition - AZO sputtering - annealing 
- AZO removal

(a)

(b)

Fig. 3.  Effective carrier lifetime as a function of the excess carrier density (a)
and the τ eff, iVoc, and iFF values (b) for i/n and i/p symmetrical silicon layer 
stacks before and after 0.5 % HCl solution exposure

before HCl exposure after HCl exposure
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lifetime recovery after annealing in the low excess carrier 

density region n < 10
15

cm
-3

 which can be eliminated by AZO 

removal step shown in Fig. 4 (d)-(f). These results indicate that 

on the one hand the detrimental effect of AZO sputtering 

process on silicon layers can be eliminated completely by 

annealing, and on the other hand, the presence of AZO film 

reduces the effective carrier lifetime in the low excess carrier 

density region. This latter reduction could result from the work 

function mis match between AZO and silicon layer which 

contributed to the reduction of field effect passivation [30]. A

set of parameters τeff, iVoc, and iFF evaluated out of the lifetime 

dependencies in Fig  4 is summarized in Fig. 5 on the sample 

history scale for i/n and i/p symmetrical structures. Colors and 

symbols in Fig. 5 represent three different pressures during 

AZO sputtering preformed at room temperature. The evolution 

of all three parameters with sample treatment steps naturally 

follows the trend of the lifetime curves in Fig. 4 and is almost 

identical for all three pressures of AZO sputtering. High init ial 

values of τeff, iVoc, and  iFF undergo sharp reduction after the 

AZO sputtering. The τeff is reduced by four orders of magnitude 

in i/n stack and three orders in i/p stack. The iVoc qualitatively 

repeats the trend of τeff with stronger degradation in i/n stack. 

The iFF  degrades stronger in i/p stack. The annealing recovers 

all three parameters approximately to the in itial level and 

further AZO removal does not have any systematical impact .

Note that the incomplete recovery at low carrier density in i/p 

stacks shown in Fig. 4 has no influence on iVoc or iFF. In  

summary the pressure variation did not alter neither the 

detrimental effect of AZO sputtering on the τeff , iVoc, and iFF

nor the way it recovered upon annealing.  

In contrast to the gas pressure, increase of substrate 

temperature in  AZO sputtering process has an obvious 

influence on both i/n and i/p symmetrical samples as presented 

in Fig. 6 and Fig. 7. The degradation of the effective carrier 

Fig. 4. Effective carrier lifetime as a function of the excess carrier density  for
the symmetrical stacks i/n (a)-(c) and  i/p (d)-(f) with the treatment procedure: 
silicon layer stack deposition - AZO sputtering - annealing - AZO removal. The 
experiments have been performed with three different AZO sputtering 

pressures: 0.1, 0.3, and 0.5 Pa as noted in each graph at room temperature.

Fig. 5. The τeff, iVoc, and iFF values for i/n stack (a), (c), (e) and i/p stack (b), (d), 
(f) at different steps of the treatment procedure: silicon layer stack deposition -
AZO sputtering - annealing - AZO removal. The values are evaluated from the 

QSSPC data presented in the Fig. 4.
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Fig. 6. Effective carrier lifetime as a function of the excess carrier density for the 

symmetrical stacks i/n (a)-(c) and i/p (d)-(f) with the treatment procedure: silicon 
layer stack deposition - AZO sputtering - annealing - AZO removal. The 
experiments have been performed with three different substrate temperatures: 
RT, 150 °C, and 200 °C as noted in each graph with pressure of 0.1 Pa.

Fig. 7. The τ eff, iVoc, and iFF values for i/n stack (a), (c), (e) and i/p stack (b), (d), 
(f) at different steps of the treatment procedure: silicon layer stack deposition -

AZO sputtering - annealing - AZO removal. The values are evaluated from the 

QSSPC data presented in the Fig. 6
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lifetime after the AZO sputtering at 150 °C is much s maller as 

compared to the RT process , and at 200 °C there was no 

degradation observed. Qualitatively the effect  of the elevated 

substrate temperature is consistent with the fact that the 

degradation of the effective carrier lifetime can be eliminated 

by annealing. The degradation observed in the samples after 

AZO sputtering at RT and at 150 °C has been eliminated by

post-deposition annealing. Consistently in the samples with 

AZO sputtered at 200 °C no influence of post-deposition 

annealing has been observed. 

Comparing i/n and i/p stacks in Fig. 6 it can  be seen that the 

evolutions of the lifet ime curves with the treatment steps are 

similar for each sputtering temperature. The only exception is 

the case of annealing with AZO. Incomplete lifetime recovery 

in the i/p symmetrical stacks was observed at the low excess 

carrier density, similar to the results presented in Fig. 4. This 

bend in the lifetime curves vanished after the AZO removal in  

all cases and is therefore related to the presence of AZO rather 

than to the sputtering process. 

Further evaluation of the effective carrier lifetime data of the 

substrate temperature series is presented in the Fig. 7 where τeff,

iVoc, and iFF are p lotted versus the sample treatment steps. The 

substrate temperature during AZO sputtering has evident 

impact on the degradation of τeff, iVoc, and iFF. The samples 

processed at RT show the highest degree of degradation, the 

samples processed at 150 °C show smaller degradation, and no 

effect is observed in the samples processed at 200 °C. However, 

the degradation discrepancies among the samples with d ifferent 

AZO sputtering temperatures are eliminated by the annealing.

Further AZO removal does not have any noticeable effect. All 

dependencies converge in Fig. 7 after annealing. Therefore we 

consider RT AZO sputtering as a viable option for SHJ solar 

cell production for the cases when Ag-paste curing or other 

annealing step is present.

The degradation of the passivation quality after AZO 

sputtering process can be related to either ion bombardment 

damage [31] or light-induced degradation from the p lasma 

luminescence, especially in the UV region [32]. Resolution of 

these two effects is in the scope of our future work. Our 

observations of the lifet ime recovery by annealing are in line 

with literature reports on SHJ prepared with ITO and a-Si:H 

doped layers [33].

C. Effective carrier lifetime in cell structures and solar cell 

performance 

In parallel to the experiments  performed on symmetrical 

stacks, the effective carrier lifetime evolution has been tested in

the solar cell precursor with i/n stack at the front and i/p stack at 

the rear. The results of QSSPC measurements on the cell 

precursor performed after the silicon stack deposition, after RT

AZO sputtering, and after annealing are presented in Fig. 8 (a).

The related values of τeff, iVoc, and iFF are presented in Fig. 8 

(b). Similar to the results presented in Fig. 4 the effective carrier 

lifetime drops severely after AZO sputtering, recovers after 

annealing, and shows incomplete recovery at low excess carrier 

density due to the i/p stack. The variations of the τeff, iVoc, and 

iFF values presented in Fig. 8 (b) follow the trend of the 

lifetime variation: degrade severely after AZO sputtering and 

recover after annealing. Note that unusually high value of iFF

after AZO sputtering with the open symbol is an art ifact of 

evaluation due to extremely low lifetime and therefore weak 

response in QSSPC measurement. Along with the data on 

symmetrical stacks presented in Figures 4-7 the QSSPC results 

of the solar cell stack show that with proper annealing, RT 

sputtered AZO can be applied to produce SHJ solar cells. 

Finally, the 19 mm × 19 mm aperture area SHJ solar cells  

were fabricated with nc-Si:H<n> layer as window layer and RT 

sputtered AZO as TCO contacts. The cell efficiency of 21.2 %

was achieved with Voc = 720 mV, Jsc= 39.1 mA/cm
2
 and  FF =

75.4 %.

The Voc in the cell is 15 mV below the iVoc of 735 mV. The 

difference is attributed to the sample geometry with high ratio 

of perimeter to area resulting in high recombination in the 

perimeter region [34] and non-ideal carrier selectiv ity of the 

selective contact stacks [35], [36]. The EQE and reflection 

(a)

(b)

Fig. 8. Effective carrier lifetime as a function of the carrier density (a) and the
τ eff, iVoc, and iFF values (b) for solar cell precursor with the treatment 

procedure: silicon layer stack deposition - AZO sputtering - annealing - AZO 

removal
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spectra for the cell are shown in  Fig. 9. The integrated Jsc from 

EQE is 38.6 mA/cm
2
 which deviates from the Jsc of 39.1 

mA/cm
2
 obtained from I-V measurement by 1.3 % due to the 

measurement error from the different light sources and metal 

fractions in the illumination area. A loss of 3.2 % in FF from 

iFF  of 83.5 % to pseudo FF (pFF) of 80.3 % obtained from 

Jsc-Voc measurement is due to the recombination in selective 

contact stacks and the shunt resistance which contributes 

merely 0.1 % [37]. A loss of 4.9 % in FF from pFF to FF is due 

to the high series resistance of 1.3 Ω cm
2
 from the non-optimal 

screen printing.   

Though the cell parameters require further optimization the 

achieved performance shows viability of room temperature 

sputtered AZO application in mass production of SHJ solar 

cells. 

IV. CONCLUSION

Considering the mass production requirements, we exp lore 

the potential of implementing AZO prepared at room 

temperature (RT) with common magnetron sputtering 

technique in SHJ solar cells. We present a detailed study on the 

influence of the AZO sputtered at different press ures and 

temperatures on the effective carrier lifet ime in symmetrical 

structures and SHJ solar cell precursors. Significant reduction 

of the effective carrier lifetime has been observed after the 

AZO sputtering at room temperature. This effect is mostly 

related to the sputtering process. Variation of the gas pressures 

during sputtering has no influence on the degree of lifetime 

degradation. However, the degradation of the effective carrier 

lifetime after the AZO sputtering is reduced for the AZO 

sputtered at 150 °C and eliminated for the AZO sputtered at 200 

°C. The effective carrier lifetime degradation related to AZO 

sputtering is reduced or avoided by the in-situ annealing during 

sputtering process or the post-deposition annealing which is 

consistent with typical silver paste curing step. At last the RT 

sputtered AZO was applied in a rear emitter SHJ solar cell with 

n-type nanocrystalline silicon window layer. The cell shows an 

efficiency of 21.2 % with an aperture area of 19 mm × 19 mm. 

The most important optimization directions for the cell 

improvement are the reduction of Voc and FF losses. With these 

results we demonstrate potential of the earth abundant and 

environmentally friendly AZO prepared with room temperature 

magnetron sputtering for industry scale SHJ solar cell 

production. 
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