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Abstract 

Passivating and carrier selective contacts formed by metal oxide induced junctions are promising candidates to improve the 
efficiency of silicon solar cell. Important aspects for the optimization of such induced junctions are addressed by means of 
numerical device simulations. Experimentally, atomic layer deposited (ALD) molybdenum oxide (MoOx) films are tested for 
their ability to form a hole-selective contact. To this end, the induced c-Si band bending, the external and implied Voc and the 
crystallinity of the films are analyzed. It is shown that the properties of the induced p/n-junction are strongly influenced by the 
deposition temperature and the type of buffer layer applied. While a clear correlation between the induced band bending and the 
external Voc is observed, the overall level remains well below that of a reference system for which thermally evaporated MoOx 
was used. These results indicate that for the investigated ALD films a too low work function is limiting the formation of an 
efficient hole contact. 
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1. Introduction  

The application of adequate high and low work function (WF) contact materials for the formation of the hole and 
electron selective contacts, respectively, is well known from conductor–insulator-semiconductor (e.g. MIS) systems 
[1]. The WF difference of the heterojunction formed between the contact material and the absorber induces a band 
bending into the absorber which leads to the formation of an induced homojunction. If properly designed, the 
rectifying behavior is similar to a junction formed by n- or p-type doping of the absorber surface but the overall 
voltage level can be higher. The latter is explained by the fact that the layer (stack) placed on top of the c-Si 
absorber can not only provide a selective excess carrier extraction from the absorber but also good chemical 
passivation of the c-Si surface and a low recombination in the layer (stack) itself. Furthermore, the detrimental 
influence of very high carrier densities in the contact region, i.e. heavy doping effects like Auger recombination and 
band gap narrowing (BGN) is expected to be of minor importance. 

With respect to high WF contact materials, the applicability of transition metal oxides adopted from organic 
electronics [2], [3] was invested for silicon thin film [4], [5] and more recently for c-Si absorbers [6], [7]. Thermally 
evaporated molybdenum oxide (MoOx), a material already proposed back in 1980 [8], revealed to be an interesting 
candidate to replace the p-type a-Si:H. However, while MoOx can outperform a-Si:H(p) in the as-deposited state [7], 
a crucial challenge is the formation of a hole barrier during low temperature annealing adversely affecting the FF 
and even the Voc [7], [9]. So far, the exact nature of this problem is not fully understood. In general, a more holistic 
understanding of the relevant MoOx / c-Si heterojunction properties is essential for an effective junction engineering.   

As an alternative to thermally evaporated films, MoOx formed by plasma enhanced atomic layer deposition 
(PE-ALD) [10], [11], [12] is investigated here. This is motivated by the facts that ALD might allow for a wide 
control over the material properties and that (spatial) ALD is an interesting approach for the industrial deposition of 
ultra-thin films [13]. While first investigations on device level [12] indicated that such films might not be suited, this 
paper is aiming for a more detailed investigation to assess the selective hole extraction. To this end the induced c-Si 
band bending, surface passivation and the external Voc of solar cell-like test structures are probed for a range of 
MoOx deposition temperatures. These electrical investigations are supplemented by Raman measurements. 
Furthermore, important aspects of such induced junctions are addressed by device simulations. 

2. Simulation  

2.1.  Basic requirements on induced junctions  

A simple metal-semiconductor like contact is simulated with AFORS-HET [14] to motivate the basic 
requirements of such passivating and carrier selective contact schemes based on an induced junction. By doing so 
the properties of the actual ITO / MoOx / a-Si:H(i) / c-Si(n) heterojunction (Fig. 1,right) are reduced to the WF of a 
metal like contact layer and the chemical surface passivation provided by the stack. While the WF was changed 
from the conduction band energy to the valence band energy of the c-Si absorber, three different surface 
recombination velocities (S0) were assumed to demonstrate the influence of the chemical c-Si passivation. The 
results for a hole (green) and electron contact (grey) are presented in Fig. 1, left. However, only the hole contact will 
be addressed in this work. For more details the reader is referred to Ref. [15], [16]. 

The importance of a sufficiently high WF to induce a band bending ( c-Si) and p/n-junction with an equilibrium 
hole density (p0) similar to that of a junction formed by doping can be derived from the upper graph. For a WF close 
to the valence band the n-type absorber is highly inverted (p0

 >> n0). The increase of the WF directly translates in a 
likewise increase of c-Si, meaning the slope of c-Si is unity over the whole range. The implied voltage (iV) and 
external voltage (V) for open-circuit and maximum-power-point conditions are shown in the graphs below. The 
upper limit of the extractable voltage is given by the iV for all cases. It is defined by the interplay between excess 
carrier generation and recombination in the bulk and at the surface of the absorber. A high WF close to the valence 
band ensures that p >> n  n, i.e. low-injection conditions, are maintained in the contact region during operation 
which is the basic requirement to fully extract this voltage at the external electrodes. For such conditions the 
gradient of the majority carrier quasi Fermi-level in the contact region is negligible [17] and the external V matches  
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iV. Hence, excess carrier and voltage extraction can be regarded as ideal. While a better surface passivation 
improves the excess carrier density in the absorber and thus the overall voltage level. The higher excess carrier 
density comes along with greater demands on the WF. A higher induced p0 is needed to ensure that p >> n in the 
contact region remains fulfilled for all working conditions. Additionally, by comparing the middle and lower graph, 
it becomes apparent that maintaining V = iV is more crucial for MPP compared to open-circuit conditions. Basically, 
since Fermi-level pinning and other (adjacent) junctions than the induced p/n-junction are not considered here, the 
slope of the external voltage is defined by the induced band bending. Hence, it is also unity until the limitation of 
implied voltage by the intrinsic bulk recombination of the absorber is reached (~755 mV for open-circuit). 

For some qualitative consideration on the more heterojunction specific aspect of the experimentally investigated 
structures, the equilibrium band diagram and carrier densities of the ITO / MoOx / a-Si:H(i) / c-Si(n) structure are 

 

 

Fig. 1: Left, simulation results for a metal-semiconductor like contact system showing the influence of the contact layer work function and the 
chemical c-Si passivation on the properties of an induced p/n-junction. In green and grey the results for a hole contact of a n-type absorber and 
the electron contact of a p-type absorber, respectively. Right, possible equilibrium band diagrams and carrier densities for the experimentally 
investigated structure obtained with wxAMPS [18]. Numbers in the lower graph correspond to the induced equilibrium hole density at the 
MoOx / a-Si:H(i) and the a-Si:H(i) / c-Si interface. 
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shown in Fig. 1,right. Three different WF values were assumed for the high band gap n-type MoOx by modifying 
only the electron affinity of the layers. The WF of the high band gap degenerated n-type ITO is fixed to about 
4.7 eV. As shown above, an decrease of the MoOx WF decreases c-Si and hence p0 in the a-Si:H(i) / c-Si(n) contact 
region. Further on, the overlap of the valence band of the a-Si:H(i) buffer and the conduction band of the 
MoOx vanishes. Accordingly, besides a reduction of p0 a carrier transport based on band-to-band tunnelling at the 
MoOx / a-Si:H(i) junction might also be adversely affected by a low WF of MoOx hampering the hole extraction. For 
such conditions an efficient tunnelling recombination junction must be formed by the contact to enable an efficient 
transport. The latter also being strongly influence by the defects of the films involved. It should be noted that these 
problems shows some affinity to the ITO / doped a-Si:H contact discussed in Ref. [19]. Another possible barrier for 
which the actual influence is hardly investigated is the conduction band offset at the ITO / MoOx junction and the 
induced junction which results from the (significant) WF difference between both materials. A further variable not 
shown here is a very low electron density in the MoOx layer. It could limit the conductivity of the MoOx films 
and adjacent layers can easily modify the Fermi-level / carrier density within the MoOx. The latter should be a 
problem especially if the MoOx is thinner than its effective screening length. Aiming for a more holistic view, 
further work is needed to shed light on such issues.   

3.  Experimental  

About 10 nm thick MoOx films were deposited by a plasma assisted ALD process using (NtBu)2(NMe2)2Mo as 
Mo precursor and O2 plasma as oxidant in a Oxford Instruments OpAL system. Mo precursor dosing was done by 
bubbling, using 50 sccm of Ar as carrier gas. The Mo precursor bubbler was held at 50 °C, and the delivery lines 
were heated to 60 °C to avoid condensation of the precursor. The table temperature (Tdep.ALD) is the reported 
temperature and was varied between 100 and 350 °C. The chamber walls are heated to the table temperature, with a 

Fig. 2: Left, c-Si band bending as a function of the ALD deposition temperature for MoOx films on a-Si:H or SiOx buffer layers. Results for a 
thermally evaporated MoOx and a-Si:H(p) reference are also shown. Right, external Voc and implied Voc as a function of the c-Si band bending, 
arrows are a guide to the eye. The grey lines correspond to results from numerical device simulations for the three different levels of chemical 
surface passivation, taken from  Fig. 1. Inside the graphs, sketch of device structures used to determine the induced c-Si band bending (left) and 
the implied and external Voc (right). 
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maximum of 180 °C. The Mo precursor dose and purge times are 6 and 3 s, respectively. The O2
 plasma step took 

4 s with 50 sccm O2 and a plasma power (ICP) of 100 W followed by a purge of 5 s. Thermally evaporated MoOx 
(non-reactive, no intentional heating) and a-Si:H(p) were used as reference. Further details on the samples 
preparation and the measurement setups can be found elsewhere [20], [7], [11]. 

3.1. Induced c-Si band bending 

 To probe the induced c-Si band bending surface photo-voltage (SPV) measurements were performed on 
structures featuring either an wet chemically grown SiOx buffer layer or an a-Si:H(i) buffer as indicated in Fig. 2 
Fig. 2: Left, c-Si band bending as a function of the ALD deposition temperature for MoOx films on a-Si:H or SiOx 
buffer layers. Results for a thermally evaporated MoOx and a-Si:H(p) reference are also shown. Right, external Voc 
and implied Voc as a function of the c-Si band bending, arrows are a guide to the eye. The grey lines correspond to 
results from numerical device simulations for the three different levels of chemical surface passivation, taken from 
(SPV samples).  

The left graph in Fig. 2  reveals that c-Si
 is reduced for higher Tdep.ALD

 and that the induced band bending is much 
higher for samples with the SiOx buffer. The latter might be explained by the fact that Fermi-level pinning is less 
pronounced for the SiOx buffer, that some band bending is lost in the a-Si:H buffer or that the type of 
buffer / substrate is influencing the actual film grows and properties. While a final statement cannot be given here, 
according to simulation results (not show) it is unlikely that 200 meV are lost in the about 7 nm thick a-Si:H buffer. 
Regarding Fermi-level pinning, at least for metal contact layer a less pronounced pinning is observed for SiOx [21] 
compared to a-Si:H [22], [16], [23]. For the a-Si:H buffer the maximum c-Si remains about 100 meV below the 
references. Considering the close dependence of the external voltage on the WF and hence c-Si from Fig. 1,left a 
significant voltage loss and a non-ideal carrier extraction are expected for the ALD films combined with an a-Si:H 
buffer. 

3.2. Voltage extraction and surface passivation  

The films were also investigated with the solar cell like test structures in Fig. 2 (QSPPC and Suns-Voc samples). 
The iVoc and the external Voc near 1 sun conditions was analyzed to evaluate whether the external Voc is limited by 
surface passivation or a non-ideal voltage extraction. Both parameters are plotted in the right graph in Fig. 2 as 
function of c-Si

 determined in the previous subsection. The grey lines serve as a guide to the eye and are taken from 
the simulation results in Fig. 1. A detailed investigation of structures featuring the SiOx buffer was not performed 
due to the absence of surface passivation. 

A clear correlation between c-Si
 and the Voc is observed. However, the Voc remains well below that of the 

references. That these low Vocs are limited by a poor carrier selectivity rather than surface passivation can be 
followed from two facts. Firstly, the gap between the iVoc and the Voc is significant and increased for lower c-Si. 
Secondly, a Voc well below 600 meV can only be reached if a poor carrier selectivity is involved. This becomes 
obvious considering the simulation results. For a highly inverted c-Si surface ( c-Si > 0.8 eV) without any chemical 
surface passivation (S0 = 107 cm/s) the Voc predicted by the simulations remains well above the 200 - 500 mV 
obtained for the ALD MoOx films. Regarding the iVoc, the drop for lower c-Si will partly be caused by a reduced 
field-effect passivation, due to the lower inversion of the c-Si surface. But a thermal degradation of the chemical 
surface passivation by the a-Si:H buffer for Tdep.ALD

  200°C is also very likely. The results above suggest that the 
WF of MoOx is significantly influenced by Tdep.ALD

 and increases for lower Tdep.ALD. The fact that the c-Si remains 
well below that of the references is pointing towards a too low WF of the ALD MoOx films which is limiting the 
selective extraction of excess holes from the absorber.  

It should be noted that other investigations like annealing the samples, omitting the a-Si:H buffer, using a thinner 
a-Si:H buffer, replacing the ITO by a metal and decreasing the MoOx thickness have also been conducted. However, 
without significantly affecting the limitation of the external voltage by an insufficient carrier selectivity. 
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3.3. Crystallinity  

To link the electric properties from above with the films properties, the crystallinity of the different layers has 
been determined by Raman spectroscopy. The results in Fig. 3 reveal that the crystallinity of the ALD films 
increases with Tdep.ALD. A pronounced peak around 818 cm-1 for above 250°C is visible indicating the films are in the 
stable orthorhombic -phase. The absence of such peaks for films deposited at lower temperatures and the thermally 
evaporated films indicates their amorphous nature which is in line with the results from Ref. [11]. The results 
suggest that amorphous MoOx is preferred, possibly due to a higher WF of such films. However, for a final 
statement further investigations are needed to link the poor carrier selectivity obtained for the ALD films with their 
material properties. This includes detailed investigations of the chemical and structural MoOx properties and a 
comparison with the well performing evaporated films.  

4. Summary  

Important aspects for the optimization of passivating and carrier selective contacts based on induced junction 
were addressed by means of numerical device simulations. Their close affinity to the well-known conductor-
insulator-semiconductor system was stressed. Experimentally, a variation of the deposition temperature of plasma 
assisted ALD deposited MoOx revealed to have a strong influence on the properties of a hole selective contact 
formed by such films. In accordance with simulations, a clear correlation between the induced c-Si band bending 
and the external Voc was observed. While both are increased for lower deposition temperatures, the induced band 
bending and hence the Voc remain well below the level obtained for films deposited by thermal evaporation. It could 
be shown that the low Voc is limited by poor carrier selectivity, most likely caused by a too low work function of the 
ALD MoOx, rather than an insufficient surface passivation. Raman measurements revealed that the film crystallinity 
is also influenced by the deposition temperature and that better carrier selectivity and higher Vocs are obtained for 
amorphous films. The presented investigations pointed out that that further optimization of the ALD films is needed 
to form an efficient hole contact. This includes structural investigations to link the crystallinity and other films 
properties like the chemical composition / stoichiometry with e.g. the work function and the obtained carrier 
selectivity.   

 

Fig. 3:  Raman spectra of the MoOx films deposited at temperatures between 100 and 350 °C. 
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