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 

Abstract— Parasitic absorption in the transparent conductive 

oxide (TCO) front electrode is one of the limitations of silicon 

heterojunction (SHJ) solar cells efficiency. To avoid such 

absorption while retaining high conductivity, TCOs with high 

electron mobility are preferred over those with high carrier 

density. Here we demonstrate improved SHJ solar cell 

efficiencies by applying high mobility amorphous indium zinc 

oxide (a-IZO) as the front TCO. We sputtered a-IZO at low 

substrate temperature and low power density, and investigated 

the optical and electrical properties as well as sub-band tail 

formation - quantified by the Urbach energy (EU) – as a function 

of the sputtering oxygen partial pressure. We obtain a EU as low 

as 128 meV for films with the highest Hall mobility of 60 cm2/Vs. 

When comparing the performance of a-IZO films with ITO and 

IO:H, we find that IO:H (115 cm2/Vs) exhibits a similar EU of 130 

meV, while ITO (25 cm2/Vs) presents a much larger EU of up to 

270 meV. The high film quality, indicated by the low EU, the high 

mobility and low free carrier absorption of the developed a-IZO 

electrodes result in a significant current improvement, achieving 

conversion efficiencies over 21.5%, outperforming those with 

standard ITO. 

 

Index Terms—amorphous indium zinc oxide, electron 

mobility, heterojunction, indium tin oxide, silicon, solar cells, 

transparent conductive oxides, Urbach energy.  

I. INTRODUCTION 

ransparent conductive oxides (TCOs) used as front 

electrodes in solar cells should simultaneously feature 

high lateral electrical conductivity, low contact resistance 

with the adjacent layers, low optical absorption from the UV 

to the IR, and an appropriate refractive index for maximal 
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light in-coupling. However, these properties may conflict with 

each other. For example, improving the conductivity by 

increasing the free carrier density inevitably leads to higher 

absorption in the IR. This explains the search for TCOs with 

high electron mobility [1-4]. Additionally, due to the presence 

of temperature sensitive layers in many solar cell designs (for 

example in thin-film silicon (Si) [5], Si heterojunction [6], 

CIGS [7], polymer [8] and perovskite solar cells [9]), low 

temperature deposition methods are needed, which might 

result in TCOs with amorphous structure. The intrinsic 

disorder of amorphous materials may, however, restrict the 

carrier mobility. 

Several deposition techniques have been explored to 

fabricate high mobility TCOs at low temperatures, including, 

sputter deposition [10-12], chemical vapor deposition (CVD) 

[13], solution process [14] and atomic layer deposition (ALD) 

[15,16]. Among this variety of methods, sputtering is the most 

established deposition technique, despite the fact it can lead to 

damage of underlying layers [17]. ‘Soft’ sputtering can further 

mitigate this potential issue.  

In this article, we study the properties of amorphous indium 

zinc oxide (a-IZO) thin films grown by RF sputtering as a 

high-mobility amorphous TCO. Using different oxygen partial 

pressures, we sputtered a-IZO films with a range of 

optoelectronic properties, and we study the correlations 

between its carrier mobility and Urbach energy, EU. The latter 

parameter quantifies the combined broadening of conduction 

and valence band tails and scales directly with the degree of 

disorder or defects in a material [18-21].  

To validate the use of a-IZO as front electrode, we also 

compared the performance of our a-IZO films with indium tin 

oxide (ITO) and hydrogenated indium oxide (IO:H), typically 

used as front electrodes in high efficiency c-Si heterojunction 

(SHJ) solar cells [6,22]. We found that the a-IZO films feature 

Urbach tails as low as the high-mobility (polycrystalline) 

IO:H. Furthermore, when applied as front electrodes in SHJ 

solar cells, the a-IZO front electrodes showed low contact 

resistance at the interface with the metal grids, representing an 

advantage over IO:H [22]. An improvement in the short-

circuit current densities (Jsc) is also observed in comparison 

with the cells with polycrystalline ITO. In addition, whereas 

the ITO films require an annealing step of 200 °C to improve 

their optoelectronic properties, the a-IZO films present 

excellent properties already in the as-deposited state. This 

makes a-IZO attractive for a large range of temperature 

sensitive applications. Finally, we show that sputtered a-IZO 
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thin films, due to the high mobility, fulfill the requirements as 

a front electrode in SHJ solar cells enabling conversion 

efficiencies above 21.5%.  

II. EXPERIMENTAL DETAILS 

The a-IZO films were fabricated by RF sputtering of an 

IZO target (90 wt% In2O3 and 10 wt% ZnO) at a substrate 

temperature of 60 °C. The RF power density was 1.9 W/cm
2
 

and the oxygen to total flow ratio, r(O2) = O2/(Ar+O2), 

introduced during the deposition was varied from 0.1% to 

0.6%. All films were 100  5 nm thick.  

The ITO and IO:H samples were fabricated by DC and RF 

sputtering respectively under optimized oxygen conditions at 

room temperature. Details of the deposition parameters can be 

found in reference [22]. 

For the electrical and optical characterization of the films, 

the TCOs were deposited onto glass substrates, and for the 

photothermal deflection spectroscopy (PDS) measurements 

onto fused silica substrates. The TCOs were characterized 

before and after annealing (in air at 190 °C for 20 minutes), 

simulating the TCO properties after full SHJ solar cell 

fabrication [6]. 

The crystal structure of the films was analyzed by X-ray 

diffraction (XRD) using the grazing incidence (GI) mode. The 

electrical resistivity (), carrier concentration (Ne) and Hall 

mobility (Hall) were measured by Hall-effect in the van der 

Pauw configuration. The optical transmittance (T) and 

reflectance (R) of the films were measured by an UV-vis-NIR 

spectrometer with an integrating sphere, and the absorptance 

was determined from 100-T-R. 

PDS was performed by an in-house developed system based 

on a 150W Xenon lamp. Fluorinert FC-72 was used as a 

temperature sensitive liquid. The principles of the PDS 

technique can be found in [23]. The transmittance and 

reflectance were measured simultaneously, and the absorption 

coefficient was evaluated as described in [24], corrected for 

second order terms, whereas the refractive index was 

simulated by a Drude model in a form taken from [25]. The 

thickness and refractive index parameters were varied to 

obtain the best fit to the measured transmittance and 

reflectance data. 

SHJ solar cells were fabricated on high quality n-type float 

zone (FZ) c-Si wafers (<100>; 250µm; 1-5 Ω•cm). The wafers 

were randomly textured in an alkaline solution, wet-

chemically cleaned and dipped in hydrofluoric acid (HF) prior 

to plasma-enhanced chemical vapor deposition (PECVD) of 

intrinsic and doped hydrogenated amorphous silicon layers (a-

Si:H). a-IZO or ITO films were used as the front electrode and 

deposited through a shadow mask (2×2 cm
2
), defining the 

device size. On the rear side of the wafer a TCO layer was 

used in all devices, followed by a silver back reflector also 

sputtered immediately after the back TCO. A silver front grid 

was screen-printed on the front of the 4 TCO pads, and the 

solar cells were cured for 20 minutes at 190 °C. Further details 

about the fabrication process can be found elsewhere [6]. 

Finally, the complete solar cells were characterized by current-

voltage (J-V) measurements on a sun simulator under Air 

Mass 1.5 global illumination.  

III. RESULTS AND DISCUSSION 

A. a-IZO: Structural, Electrical and Optical Properties 

Figure 1 shows the GI-XRD patterns of the a-IZO films 

deposited with various r(O2). For all the samples, a broad peak 

centered at 2 = 32° with an average full width at half 

maximum (FWHM) of 3.6° is observed. The large FWHM 

and the position of the peak indicate that the layers, as-

deposited and annealed, are amorphous [11]. 

The electrical properties of the as-deposited and annealed a-

IZO layers as a function of r(O2) are presented in Fig. 2a and 

b. As observed in Fig. 2a, the  does not change significantly 

except above r(O2) = 0.40%. This effect is given by the 

competing trends of Ne and Hall (Fig. 2b). For the range of 

r(O2) studied, the Ne decreases with increasing r(O2), from 4.8 

down to 0.2 x 10
20

 cm
-3 

for the as-deposited films. The 

annealed films follow the same trend. The Hall reaches a 

maximum of 60 cm
2
/Vs for r(O2) of 0.4%, above and below 

which it slightly drops. We furthermore plotted the 

dependence of Hall with Ne in Fig. 2c. We observed an initial 

increase in Hall with increasing Ne up to 2 x 10
20

 cm
-3

. For Ne 

> 2 x 10
20 

cm
-3

, Hall decreases from 60 down to 40 cm
2
/Vs. 

The rise and subsequent decrease of Hall with Ne, could be 

explained by the presence of different scattering mechanisms. 

At low Ne (< 2 x 10
20 

cm
-3

), possible Hall limiting factors are 

potential barriers (percolation-type conduction) or lattice-

scattering effects (phonon-like scattering) [26]. While for high 

Ne (> 2 x 10
20 

cm
-3

) ionized impurity scattering is the main 

limiting factor of Hall [10,27,28]. Lennheer et al. has shown 

that for a-IZO the maximum Hall is achieved when carrier 

transport is mainly limited by phonon-scattering, i.e. metal-

like transport and before ionized impurity scattering limits 

Hall [28]. This maximum in Hall is reached for a Ne of 1-2 x 

10
20 

cm
-3

, in accordance with our results. Fig. 2d displays the 

optical transmittance and absorptance of the a-IZO films with 

varying r(O2).  All the films present a high transmittance (>75 

%) in the visible and NIR region of the spectra. In the UV-Vis 

range we observe the well-known Burstein-Moss shift, i.e. a 

blue shift with increasing Ne (or decreasing r(O2)) [29,30]. A 

clearer picture of the band-edge shift with increasing Ne is 

observed in the Tauc plot (Fig. 3a), discussed below. The 

optical absorptance of the films in the NIR strongly increases 

with decreasing r(O2). This is due to an increase in free carrier 

absorption associated with the increase in Ne. Note that the a-

IZO r(O2) = 0.10% already shows higher absorptance in the 

Vis range compared to the rest of the layers. 

Based on the previous measurements, we selected three a-

IZO films with r(O2) = 0.10, 0.36 and 0.40% and measured by 

PDS. Results concerning their optical band gap (Eg), 

absorption coefficient (a) and Urbach energy (EU) are 

presented in Fig. 3.  

We evaluated Eg following the Tauc relation, a  (hv-Eg)
x
, 

with a the absorption coefficient and hv the photon energy. 
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The value of the exponent x changes according to the nature of 

absorption transitions: x = 1/2 for allowed direct optical 

transitions, x = 3/2 for forbidden direct optical transitions, and 

x = 2 for indirect transitions [31]. For a-IZO, as well as several 

amorphous and crystalline TCOs, it has been demonstrated 

that electron momentum is largely conserved. Therefore, a 

direct band gap optical absorption model, with a  (hv-Eg)
1/2

, 

closely describes the absorption edge of a-IZO [27,28,32,33].  

The determined Eg values from the intercept of a
2
 = 0 (Fig. 

3a), for as-deposited as well as annealed films (the later 

indicated in parenthesis), are 3.6 eV (3.64 eV) for the sample 

with r(O2) of 0.10%, 3.49 eV (3.52 eV) for r(O2) of 0.36%, 

and 3.44 eV (3.48 eV) for r(O2) of 0.40%. The measured Eg is 

in close agreement with values reported in the literature [10]. 

The band gap blue-shift with increasing Ne is described by the 

Burstein-Moss shift as commented earlier.  There is no 

significant shift between the as-deposited and annealed 

samples, confirming the results from the Hall effect 

measurements. The refractive index (n) of the films show a 

shift towards lower n values with increasing Ne consistent with 

the Drude model.  

We furthermore extracted EU following the Urbach relation, 

a=Aexp(-hv/EU), where A and EU are constants and EU 

represents the width of the tail states. The fitted slope used to 

obtain EU is indicated by points in Fig. 4a. It is clear from the 

plot that the slope steepens, and therefore EU decreases, with 

increasing oxygen content in the film. The obtained EU values 

range from 225 meV for the film with r(O2) of 0.10% down to 

128 meV for the film with r(O2) of 0.4%. 

Sub-band tails (quantified by EU) are characteristic of 

disorder in amorphous semiconductors. For the specific case 

of TCOs, it is proposed that these tails are mainly caused at 

the valence band (VB) tail, and those tails at the conduction 

band (CB) are much smaller. The low tailing at the conduction 

band is explained by the spherical 4s or 5s orbitals of the 

metal atoms forming the CB, which are less sensitive to 

disorder than the O 2p orbitals forming the VB [26]. This 

contribution from CB and VB tails, though, cannot be 

separated from our optical measurements. Importantly, several 

recent reports [21,34,35] proposed that under-coordinated 

oxygen, formation of metal pairs (e.g. In-In, In-Zn) or even 

sub-nanometer metal inclusions in amorphous TCOs will 

induce tail-like optical absorptions as well as deep defect 

levels close to the VB and CB edge [21,35,36]. The formation 

of sub-nanometer scale metal clusters inside the amorphous 

matrix, might affect the average atomic coordination, i.e. 

locally modify the structural properties of the films [37] 

influencing EU. The formation of metal pairs or inclusions 

within the amorphous TCO matrix will also limit the carrier 

mobility due to electron scattering. This could explain why 

with increasing oxygen content, the formation of metal 

inclusions is reduced and the mobility of the films improves. 

Increasing the oxygen content will then allow the Hall 

improvement, as observed in Fig. 2.b for r(O2) < 0.4, and the 

decrease in EU as commented above. While this correlation is 

clearly observed in Fig. 4b, further studies are required to 

evaluate this preliminary conclusion and a complete analysis 

on this topic will be presented elsewhere.  

B. Comparison with ITO and IO:H 

In this section we compare the studied a-IZO thin films to 

ITO and IO:H, typically used as front electrodes in SHJ solar 

cells [6,22].  

For this comparison, all the films have similar Ne after the 

annealing step, optimized to achieve low optical absorptance 

in the IR (Fig. 5), and the same thickness (100 ± 5 nm on 

glass), optimized to reduce reflectance losses with a reflection 

minimum near 600 nm when used on our textured SHJ solar 

cells [38]. 

The sheet resistance (Rsh) of the layers is different for the 

three TCOs due to their different Hall. The maximum Hall 

after annealing is found for IO:H with 115 cm
2
/Vs, followed 

by a-IZO (r(O2) = 0.40%) with 60 cm
2
/Vs and finally ITO 

with the lowest Hall of 25 cm
2
/Vs. The overview of the 

electrical properties of the ITO, IO:H and a-IZO films, before 

and after annealing, is presented in Table 1. Note that while 

ITO and IO:H are both polycrystalline after the annealing step, 

the IZO films remain amorphous (Fig. 6). 

It is worth noting from Table 1 and Fig. 5 that a-IZO 

presents excellent optoelectronic properties already from the 

as-deposited step, presenting an advantage over IO:H and 

ITO. Considering also that the deposition is performed at 

substrate temperatures below 60 °C and at low power 

densities, a-IZO presents ideal properties for application in 

several temperature and damage sensitive technologies, like 

polymer and perovskite solar cells, flexible and paper 

electronics among others.  

We furthermore performed PDS measurements of the 

ITO and IO:H samples, before and after annealing. The 

summary of the extracted Eg and EU for each of the films and 

their comparison with the a-IZO films are presented in Fig. 7a 

and 7b respectively.  

Starting with Eg, we observed a shift to larger gaps for 

both ITO and IO:H after annealing. While for ITO the shift of 

Eg to higher energies can be attributed to the Burstein Moss 

shift due to the increase in Ne with annealing (Table 1), in 

IO:H the shift of Eg to higher energies cannot be attributed to 

the same effect. Instead this shift may be caused by the 

amorphous to crystalline phase transition induced by the 

annealing step at 190 °C [12,39]. This phase change is clearly 

seen in the XRD data presented in Fig. 7. Note that for a-IZO 

and ITO no phase change is observed. Finally, the a-IZO films 

only present a small shift in Eg after annealing. 

Following with the Urbach tail, we found the largest EU 

for ITO in the as-deposited state, with only a small drop from 

300 to 270 meV after annealing. As proposed previously by 

several groups, the incorporation of Sn into In2O3 leads to 

severely extended tail states in ITO [40], similar to the case of 

SnO2 [41]. The extended tail states have been explained 

mainly as originating from ionized impurities, although other 

mechanisms like phonon scattering and excitonic effects have 

also been considered [40]. Remarkably, although the presence 

of the extended tail states has been widely commented in 

literature, to our knowledge, there are no reports of measured 

EU values for sputtered ITO. 

Contrary to ITO, we measured much lower EU values for 

IO:H, which are very close to those measured for a-IZO with 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

4 

r(O2) = 0.40%. The lowest EU achieved is 130 meV for IO:H 

and 128 meV for a-IZO. We note that IO:H does not present a 

strong shift in EU before and after annealing regardless of the 

phase transition from the amorphous to the polycrystalline 

phase (Fig. 6), which may be surprising. The high mobility of 

IO:H and its crystallization after annealing suggest passivation 

of defects and/or decrease disorder in the films, and therefore 

a clear lowering of EU was expected. More investigations 

would be required to explain these results.  It is also important 

to note that we achieve similar EU values for a-IZO and IO:H, 

although IO:H presents Hall twice as large as that of the a-IZO 

at r(O2) = 0.40%. This together with the advantage that a-IZO 

presents excellent optoelectronic properties already from the 

as-deposited state, confirms the strong potential of a-IZO as a 

replacement for ITO and/or IO:H as a front electrode for solar 

cells. 

 

C. Application of a-IZO as Front Contact for SHJ Solar Cells 

To validate the potential of a-IZO as transparent electrode 

for solar cells, we fabricated SHJ solar cells and used the a-

IZO films with r(O2) = 0.10; 0.36; 0.40% as the front TCO 

contact. The solar cell configuration is shown in Fig. 8a. The 

short-circuit current density (Jsc), open-circuit voltage (Voc), 

fill factor (FF) and efficiency results are shown in Fig. 8. A 

reference device with front ITO is also shown for comparison. 

The Jsc of the a-IZO-based devices, increases with 

increasing r(O2). Indeed, as observed in Fig. 2d, the a-IZO 

layers with lower oxygen ratios feature higher free carrier 

absorption causing parasitic losses in the device. The observed 

Burstein-Moss effect does not compensate these Jsc losses in 

the final device. In spite of the enhanced optical properties of 

the a-IZO films with higher r(O2), the electrical properties 

behave in the opposite direction, causing electrical losses in 

the device. FF decreases for the film with the higher oxygen 

content, r(O2) = 0.40%, which is well correlated with the 

decreasing Ne trend presented in Fig. 2b. However, the FF 

values for the three cells are still high and suggest a good 

contact resistance between the a-Si and the metal grid. This is 

an advantage over IO:H-based devices as reported in [22]. In 

comparison with the ITO-based devices, the a-IZO devices 

present a clear advantage mainly on improved Jsc (Fig. 8b). In 

addition, the lower Rsh of a-IZO (35, 40 and 50 /sq for the 

films with r(O2) = 0.1%, 0.36% and 0.4% respectively) as 

compared to that of ITO (100 /sq), would allow a further 

increase of the pitch size of the front metal grid electrode and 

with it an even further improvement in Jsc is expected for the 

a-IZO devices [42,43]. 

Finally, the best Jsc-FF compromise is found with the 

device featuring an a-IZO film with r(O2) = 0.36%, achieving 

an energy conversion efficiency of 21.5 %.  

Comparing the results of the a-IZO cells with the record 

IO:H-based SHJ device reported by L. Barraud et al. [22], no 

marked difference is observed in the Jsc of both cells. This is 

expected due to the low optical absorptance of IO:H and a-

IZO (Fig. 5). Both devices have the same configuration and 

were fabricated in the same laboratory. The reported IO:H 

cells have Jsc values of 38.9 mA/cm
2
, while the maximum Jsc 

of the a-IZO cells reported in this work is of 38.6 mA/cm
2
. 

The main advantage of the front a-IZO electrodes in 

comparison with the IO:H-front electrodes is that the former 

can be deposited on a single step process, it doesn’t require of 

a capping layer to achieve good contact resistance with the 

metal grid, and it presents higher stability under damp heat 

conditions [44].   

These results clearly demonstrate that the a-IZO films 

developed within this work present excellent performance as a 

front TCO contact in high-efficiency SHJ solar cells. 

IV. CONCLUSION 

In summary, we have shown the influence on the carrier 

transport properties and sub-band tail formation of the oxygen 

partial pressure applied during sputtering deposition of a-IZO 

thin films. With increasing the oxygen partial pressure, the 

Hall mobility increases while EU decreases. The highest 

mobility achieved for the a-IZO films is 60 cm
2
/Vs, 

corresponding to an EU of 128 meV. Comparing to ITO and 

high mobility IO:H, a-IZO presents a much lower EU and Hall 

mobility than ITO, while it presents similar EU than IO:H, 

although IO:H is polycrystalline and has a higher mobility 

compared to a-IZO. When applied as front contact in SHJ 

solar cells, a-IZO presents the advantage of good contact 

resistance with the front metal grids contrary to the IO:H, and 

an improved Jsc as compared to the cells with ITO. The low 

temperature deposition and excellent optoelectronic properties 

of a-IZO already from the as-deposited state makes this an 

excellent front electrode for SHJ solar cells and a wide range 

of temperature sensitive devices like flexible OLEDs and 

perovskite solar cells.  
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Fig. 1. GI-XRD patterns of a-IZO films on glass substrates with different oxygen partial pressures. Data is offset for clarity. 
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Fig. 2. a) Resistivity, b-c) carrier density and hall mobility and d) optical transmittance and absorptance of the a-IZO films with 

varying oxygen flow ratios r(O2) during sputtering deposition. 
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Fig. 3. a) Tauc plot and b) refractive index of the a-IZO thin films with varying oxygen flow ratio r(O2). 
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Fig. 4. a) Absorption band edge of a-IZO thin films with varying oxygen flow ratio r(O2). The round symbols indicate the slope 

used to extract the Urbach energy values for each sample. b) Relation between the Hall mobility and Urbach energy for the a-

IZO layer. 
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Fig. 5. Optical transmittance and absorptance of ITO, IO:H and a-IZO thin films. 

 

 

Table 1 Electrical properties of ITO, IO:H and a-IZO thin films. 
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Fig. 6. GI-XRD data of the ITO, IO:H and a-IZO thin films as-deposited and annealed at 190 °C in air for 20 min. 
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 Fig. 7. a) Tauc gap and b) Urbach energy of ITO, IO:H and a-IZO thin films. 
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Fig. 8. Output characteristics extracted from current-voltage measurements of 4 cm

2
 solar cells with varying front TCO. (a) 

Short-circuit current density (Jsc), (b) open-circuit voltage (Voc), (c) fill-factor (FF), and (d) conversion efficiency (). 

 

 

 


