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Abstract 

The TCO/a-Si:H(p) contact is a critical part of the silicon heterojunction solar cell. At this point, holes from the emitter have to 
recombine loss free with electrons from the TCO. Since tunneling is believed to be the dominant transport mechanism, a high 
dopant density in both adjacent layers is critical. In contrast to this, it has been reported that high TCO dopant density can reduce 
field effect passivation induced by the a-Si:H(p) layer. Thus, in this publication, we systematically investigate the influence of a 
thin (~10 nm) ITO contact layer with dopant densities ranging from Nd = 1019 - 1021 cm-3 placed between an ITO bulk layer of 
70 nm with Nd= 2·1020 cm-3 and the a-Si:H(p) emitter on the J-V characteristics, with the aim to find an optimum Nd. We 
accompanied our experiments by AFORS-HET simulations, considering trap-assisted tunneling and field dependent mobilities in 
the a-Si:H(p) layer. As expected, two regimes are visible: For low Nd the devices are limited by inefficient tunneling, resulting in 
S-shaped J-V characteristics. For high Nd a reduction of the field effect passivation becomes visible in the low injection range. 
We can qualitatively reproduce these findings using device simulations.  
 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer review by the scientific conference committee of SiliconPV 2015 under responsibility of PSE AG. 
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1. Introduction 

Silicon heterojunction (SHJ) solar cells consisting typically of a stack of transparent conducting oxide (TCO)/a-
Si:H(p/i)/c-Si(n) wafer/a-Si:H(i/n)/TCO/metal are well known for their very high conversion efficiency [1]. The key 
advantage of this solar cell type is that there is no direct contact between the metal contacts and the absorber. 
Instead, the full area of the wafer surfaces is passivated by high quality a-Si:H(i) passivation layers allowing very 
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low surface recombination velocities. This however makes contacting of the solar cell challenging. Especially the 
emitter contact, consisting of a TCO, often indium tin oxide (ITO), deposited on the a-Si:H(p) emitter usually 
induces a considerable contact resistance [2]. Several studies have addressed this issue theoretically by means of 
device simulation. For example, Centurioni et al. have calculated using the device simulator AMPS that starting from 
a TCO work function of ITO = 5.1 eV, a change by -350 meV could reduce the energy conversion efficiency, , of 
the device by more than 40% due to the formation of an S-shaped current-voltage-(J-V-)characteristic. These 
findings were ascribed to the formation of a rectifying contact at the ITO/a-Si:H(p) interface. A further reduction to 

ITO = 4.3 eV lead to a complete blocking behavior of the cell. Similar results were calculated by Varache et al. [3] 
and Zhao et al. [4] using AFORS-HET, by Rached et al. using Amorphous Semiconductor Device Modeling 
Program [5] and Bivour et al. (AFORS-HET) [6]. All of these studies predict a high only for TCO > 4.8 eV. Then, 

TCO approaches the value of a-Si:H(p) ~ 5.2 eV, which can be calculated within the Anderson model to a-Si:H(p) = a-

Si:H(p) + Eg, a-Si:H(p) – Eact, a-Si:H(p), with being the electron affinity, Eg the mobility gap and Eact the activation energy 
(distance between Fermi-level and valence band), cf. Fig. 1c. If the Anderson model is valid, the band offset,  , 
becomes zero, when TCO = a-Si:H(p). In this case or when the work function difference is sufficiently low, transport 
across the junction via thermionic emission is efficient enough, corresponding to a loss free contact. If is high, 
tunneling is required for a loss free contact [7]. For an efficient tunnel contact, it is essential for both adjacent layers 
to be highly doped. Under the assumption of a constant TCO, this means a low TCO is desirable for an efficient 
tunnel contact. This aspect is only visible, if the TCO is calculated as a semi-conductor, as opposed to a metal as it 
has been treated in the above mentioned references [2–6]. In Fig.1b and c, the difference between the two 
approaches can be seen: If the TCO is treated as a metal, an increase in TCO leads only to a decrease in band bending 
on the a-Si:H(p) side, the negative effect on the TCO side is neglected. On the other hand, if the TCO is treated as a 
semi-conductor, an increase in TCO leads also to a band bending on the TCO side. This aspect has not been discussed 
in much detail in literature so far.  

Another aspect that has to be considered in this context is the interplay between TCO doping and absorber 
passivation. It has recently been shown that the deposition of a highly doped TCO can reduce the effective life time 
due to a reduction of the field effect passivation at the a-Si:H/c-Si interface, which is clearly visible in injection level 
dependent measurements such as photo-conductance decay- or illumination dependent open-circuit voltage (Suns-
Voc) measurements [8,9]. This reduced field effect passivation can lead to a fill factor deterioration. This again 
speaks for a low Nd, TCO (high TCO) as being beneficial for the device performance.  

As reported in literature, the work function of ITO, ITO, can be manipulated via the deposition parameters over 
the dopant concentration Nd  a-Si:H(p): e.g. Klein et al. show data between ~4.2 – 5.3 eV. A convenient way to 
manipulate Nd is via the oxygen partial pressure during the deposition [10]. Further reported methods to manipulate 

ITO are pre- and post-deposition treatments [11,12]. 

Fig. 1. (a) Device structure considered in this paper with the red box indicating the studied interface; (b) the respective band diagram zoomed-in 
to the TCO/a-Si:H(p) contact in case the TCO is treated as a metal or (c) treated as a semi-conductor for different dopant densities, Nd  and 

corresponding work functions Wf of the TCO contact layer. 
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In this work, we use ITO with Nd ranging from ~1·1019 – 1·1021 cm-3 as a 10 nm thin contact layer placed in 
between the a-Si:H(p) emitter and an ITO bulk layer (70 nm, Nd = 2·1020 cm-3) of SHJ solar cells. We observed that 
solar cells with contact layers with Nd < 2·1019 cm-3 show a considerable decrease in FF. On the other hand, pseudo 
FFs above 81% could still be measured with Nd ~ 1·1021 cm-3. The experimental results can be qualitatively 
reproduced using the device simulator AFORS-HET when certain tunneling related models are considered. This 
indicates that there is a trade-off between field effect passivation and a low resistivity tunnel contact when 
considering the optimal Nd. 

2. Experimental methods 

ITO films have been deposited by means of DC magnetron sputtering in a Leybold Optics system designed for 
substrate sizes of up to 30 × 30 cm² at a heater temperature of 220°C. The contact layer was deposited at 6.7·10-6 bar 
and deposition power of 0.5 kW; the bulk layer was deposited with 3.6·10-6 bar and 1.0 kW. The total Ar- and mixed 
gas flow (10% O2 in Ar) was 500 sccm and 250 sccm for the contact- and bulk-layer, respectively. The O2 partial 
pressure in the contact layer was varied between 0.0 – 6.0%, which resulted in films with carrier densities of Nd 
ranging from 1·1019 – 1·1021 cm-3 as obtained from Hall measurements on ITO/glass samples with ITO-thicknesses 
ranging from 160 – 220 nm (results shown in Fig. 2). The bulk ITO layer was deposited with a constant O2 partial 
pressure of 2.5% resulting in Nd = 2·1020 cm-3. Spectrophotometry measurements (not shown) revealed the expected 
increase in free carrier absorption in the near infra-red region of the spectrum with increasing Nd. 

Fig. 2. ITO dopant density Nd and resistivity  as obtained from Hall measurements as a function of O2 partial pressure. Film thickness was 
between 160-220 nm. 

The solar cells were fabricated on c-Si(n) wafers (FZ, ~3 cm resistivity, <111> termination, 270 μm thickness). 
Shiny etched wafer pieces were used to increase sensitivity to the contact resistivity. The layer stack is shown in Fig. 
1a. Plasma enhanced chemical vapor deposition has been performed using an AKT-1600 tool to deposit the a-Si:H 
i/n and i/p stacks. A lowly, trimethylboron-doped a-Si:H(p) layer has been used as emitter [13]. The back contact 
consists of a ZnO:Al/Ag stack. The front TCO consists of the mentioned ITO contact- (10 nm) and bulk-layer 
(70 nm) stack. A Ti/Ag grid with thicknesses of 10 and 1500 nm has been deposited on top of the front TCO. 
Multiple cells per wafer were defined by means of photolithography with an area of 1 cm². 

The devices were characterized by light J-V measurements using a sun simulator with dual-source illumination 
under standard test conditions (25°C, class AAA spectrum) and illumination dependent open-circuit voltage (Suns-
Voc) measurements. Measurements were performed through an aperture of 1 cm². The reported  and current 
density, J, values are calculated based on the aperture area (including the grid). Transmission-line-method- 
(TLM-)measurements were performed to test the influence of Nd in the contact layer on the sheet resistance, Rsheet, of 
the ITO layer stack on selected samples with dedicated test structures deposited on the same wafer as the solar cells. 
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3. AFORS-HET model and tunneling models 

A general description of the used simulation tool AFORS-HET can be found in Ref. [14]. The calculated layer 
stack consists of TCO/a-Si:H(p/i)/c-Si(n)/a-Si:H(i/n). For all of the layers except the TCO, AFORS-HET text book 
structures were used*. The data for the TCO and the a-Si:H(p) layer are given in the appendix. The surface 
recombination velocities at both contacts has been set to 1·107 cm/s to impose no additional loss mechanism.  

To simulate tunneling at the TCO/a-Si:H(p) interface, two additional models have been used: the trap assisted 
tunneling (TAT) model based on the theory of Hurkx et al. [15] as well as the field-dependence of the mobilities 
(FDM) suggested by Willemen et al. [16,17]. TAT allows holes to tunnel into states in the band gap and thus the 
effective tunneling mass, m*, has to be considered as a fraction of the electron mass, m*. FDM is based on the 
finding that the mobility of a-Si:H increases exponentially under very high fields and a field constant F0 has to be 
considered [18]. Both models depend heavily on the magnitude of the electric field, thus, have a very high 
sensitivity on the dopant densities in the adjacent layers. For m* and Fo values from literature were taken [16,17]. In 
Fig. 3, the influence of the models on the J-V characteristics is shown. As can be seen, by considering both models, 
the blocking J-V characteristic of the device, induced by the n/p/n structure is avoided by making the TCO/a-Si:H(p) 
junction ohmic. A weakness of our approach is the fact that we assume Maxwell-Boltzmann- as opposed to Fermi-
Dirac-statistics to calculate electron- and hole-densities in the TCO based on the density of states. This could 
theoretically lead to unrealistically high numbers. However, by carefully initializing the numerical model, we can 
confirm realistic electron densities close to Nd in the whole TCO (cf. Fig. 1c). Implementation of Fermi-Dirac 
statistics into AFORS-HET is ongoing. We expect a small difference in quasi Fermi level position, which would lead 
to minor differences when calculating an ideal Nd, but would not affect the general trend discussed in this paper. 

Fig. 3. Simulated J-V characteristics with and without the tunneling models TAT and FDM applied in the a-Si:H(p) emitter. 

4. Results & discussion 

4.1. Experimental results 

The solar cell characteristics short-circuit current density, Jsc, fill factor, FF, open-circuit voltage, Voc and power 
conversion efficiency, , are shown in Fig. 4 as a function of Nd in the ITO contact layer. Also given are the 
differential resistances, Rsc, calculated from the inverse of the light J-V slope near short circuit conditions and Roc 
calculated analogously near open circuit conditions. In the graph showing the FF, also the pseudo-FF data as 
obtained from Suns-Voc measurements is shown for comparison. The following observations can be made: Jsc shows 

 

 
*to be found online: http://www.helmholtz-berlin.de/forschung/oe/ee/si-pv/projekte/asicsi/afors-het/index_en.html 
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no systematic trend, some scattering is presumably related to a process error leading to increased under-evaporation 
during grid deposition for some samples. Increase in parasitic absorption due to increased free carrier absorption for 
very high Nd is believed to play only a minor role given the low contact layer thickness. The FF is overall on a 
relatively low level. We explain the large discrepancy to the pseudo FF by the low doping of the a-Si:H(p) layer and 
the resulting losses at the TCO/a-Si:H(p) contact. With respect to the influence of Nd, one can observe an increase 
for contact layers up to >2·1019 cm-3. Above this value, the trend is ambiguous due to the small number of data 
points but a small decrease in FF and pseudo FF is apparent. When looking at Roc, Rsc and the shape of the curve at 
high forward bias shown in Fig. 5a, one can observe that the reduction in FF is due to a more pronounced S-shape of 
the J-V curve. This, as we show below in more detail, can be explained by increasingly inefficient tunneling though 
the increasing space charge region at the TCO/a-Si:H(p) interface (Schottky-diode as opposed to ohmic behavior of 
the TCO/a-Si:H(p) junction) [19]. The small observable decrease in FF for very high Nd is accompanied by a 
pronounced reduction in effective carrier lifetime for low minority carrier densities, as obtained from SunsVoc 
measurements and shown in Fig. 5b. This can be explained by the reduction of field effect passivation, which 
usually affects more the FF than the Voc due to the shape of the lifetime versus minority carrier density curves [8]. 
The latter is therefore, as expected, relatively unaffected by the change in Nd and thus follows mainly the trend of 
the FF.    

To confirm that the decrease in FF is predominantly related to the contact resistance, the sheet resistance of the 
ITO contact and bulk layer stack has been measured on the TLM structures on the samples with Nd = 1.9·1019 cm-3 
(average FF = 68%) and Nd = 2.3·1019 cm-3 (average FF = 71%). It increased by only <5 . Given the geometry of 
the metal grid, this would lead to an expected increase in series resistance of  < 0.02 cm , which can hardly 
explain the drop in FF. This and the pronounced S-shaped J-V characteristics are strong indications that insufficient 
tunneling at the TCO/ a-Si:H(p) interface is the dominating mechanism reducing the FF. 

Fig. 4. Solar cell characteristics as obtained from light J-V- and Suns-Voc-measurements as a function of the dopant density, Nd in the ITO contact 
layer. Lines are guides to the eye indicating the influence of Nd on the two mechanisms: Tunneling and field effect passivation.  
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Fig. 5. (a) Experimentally obtained light J-V characteristics under high forward bias and (b) effective carrier densities as a function of minority 
carrier density for selected cells with different Nd. The color code is the same for both graphs. 

4.2. Simulation results 

Variations of the dopant density, Nd, in the TCO of the above described model structure have been performed and 
for two different electron affinities TCO and the light J-V characteristics have been calculated. The results are 
shown in Fig. 6. Simulations show qualitatively similar trends as the experiments: J-V curves of structures with low 
Nd become S-shaped due to insufficient tunneling at the TCO/a-Si:H(p) interface. There is only a small reduction of 
Voc visible, which could be related to a reduction in field-effect passivation for high Nd. Comparing the two TCO, it 
can be seen that the dependence on Nd is less pronounced for high TCO. This can be explained by the fact that the 
band bending is mostly affected by TCO and its change affects directly, whereas the change in work function 
from Nd = 1·1019 to 1·1021 cm-3 is only ~120 meV. 
 

Fig. 6. Simulated light J-V characteristics at high forward bias for electron affinitys of (a) TCO = 4.5 eV and  (b) TCO = 4.0 eV and varying Nd. 

5. Conclusions and outlook 

Solar cells with ITO contact layers with various dopant densities, Nd, have been investigated. The systematic 
formation of S-shaped J-V characteristics (increased Roc) is observed for ITO contact layers with decreasing doping 
densities (and presumably increased work function) for Nd < 2·1019 cm-3. On the other hand, the negative influence 
of reduced field passivation on the device performance for very high charge carrier densities is relatively low. These 
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trends can qualitatively be reproduced using the device simulator AFORS-HET when tunneling models are 
considered, which suggests that inefficient tunneling can lead to the S-shaped J-V characteristics. 

Under the assumption that the work function increases with reducing Nd (an assumed constant electron affinity), 
the presented data indicate that there are two competing mechanisms: (1) a good field effect passivation demands a 
high work function (low Nd), whereas (2) an efficient tunnel recombination contact demands a low work function 
(high Nd). This aspect should be considered in the search for an “ideal” TCO contact layer for HIT solar cells. 

The best manufactured solar cell had a contact layer with Nd = 2.3·1019 cm-3. The data indicates that a slight 
increase in Nd could further improve the contact resistivity. For more meaningful and predictive simulations in the 
future, a calibration of the model and determination of the many unknown parameters by in-depth characterization 
and analyses is essential. 
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Appendix A. important model input parameters 

Parameter Thickness
(nm)

Electron
affinity,
X (eV)

Mobility
gap (eV)

Dopant density, Nd

(cm 3), activation
energy (meV)

Defect
density
(cm 3)

Electron (hole)
mobility
(cm²/Vs)

F0
(V/cm)

m*/
melectron

TCO 80 4.5, 4.8 4 variable – 40 (20) – –

a Si:H(p) 8 4 1.72 1020, 200 4 1020 20 (5) 2 105 0.012
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