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Abstract

Tungsten oxide (WO, ) can be incorporated into amorphous/crystalline silicon heterojunction solar cells as hole contact
and for interface modification between p-type amorphous silicon and indium tin oxide. This paper aims at understand-
ing the influence of tungsten oxides properties on silicon heterojunction solar cells. Using in-system photoelectron
spectroscopy on thermally evaporated WO, layers, it was verified that WO, with a stoichiometry close to WO; fea-
tures a work function close to 6eV and is therefore suitable as hole contact on silicon. Additionally the oxygen
vacancy concentration in WO, was measured using photoelectron spectroscopy. High oxygen vacancy concentrations
in WO, lead to a low band bending in the WO,/silicon-junction. Furthermore solar cells were fabricated using the
same WO,, and the band bending in these cells is correlated with their fill factors (FF) and open circuit voltages (Voc).
Combining these results, the following picture arises: Positively charged oxygen vacancies raise the Fermi-level in
WO, and reduce the band bending at the WO,/silicon-junction. This, in turn, leads to reduced Voc and FF. Thus,
when incorporating WO, into silicon solar cells it is important to minimize the oxygen vacancy density in WO,.
Therefore deposition methods, enabling adjustment of the WO, stoichiometry are preferable.

Keywords: amorphous/crystalline silicon heterojunction solar cells, tungsten oxide hole collector, x-ray

photoelectron spectroscopy, high work function metal oxide hole contacts

1. Introduction

Amorphous/crystalline silicon heterojunction solar cells have enabled the highest efficiency of all silicon wafer
based solar cells [1]. The main advantage of silicon heterojunction solar cells is their excellent contact passivation by
intrinsic amorphous silicon ((i)a-Si:H), which enabled open circuit voltages (Voc) of up to 750 meV [2].

Recently researchers focused on the carrier transport across the indium-tin-oxide (ITO)/p-type amorphous silicon
((p)a-Si:H) junction [3, 4]. During this studies it was found that the low work function of indium-tin-oxide [4] and
aluminum doped zinc oxide [5, 6] limits the carrier transport across the interface between the transparent conductive

oxide and the p-type amorphous silicon [5, 4].

*corresponding author
Email address: mathias.mews@helmholtz-berlin.de (Mathias Mews)

Preprint submitted to Solar Energy Materials and Solar Cells August 15, 2017


https://core.ac.uk/display/80168364?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

This has incited a number of works on different high work function metal oxides like molybdenum oxide [7], tungsten
oxide [8] and vanadium oxide [9] as hole contacts on silicon solar cells, or for band alignment adjustment at the
TCO/(p)a-Si:H-junction [4]. Recently interest has shifted towards the direct application of high work function metal
oxides as hole contacts on (i)a-Si:H passivation layers [10, 8], which already yielded 22.5 % efficiency for molybde-
num oxide hole contacts [11], with a conventional (n)a-Si:H electron contact. One advantage of this approach is the
lower parasitic absorption in metal oxides as compared to doped amorphous silicon contacts [10].

Also low work function materials were applied as electron contacts leading to 20.5 % efficiency for TiO, [12] with a
diffused hole contact, 14 % efficiency for Cs,CO3; with a PEDOT:pss hole contact [13] and 19.4 % efficiency with a
lithium floride electron contact and a molybdenum oxide hole contact deposited on (i)a-Si:H passivation layers [14].
Molybdenum oxide has been widely applied as a hole collection layer in organic solar cells [15, 16] and later trans-
ferred to silicon based devices to fulfill the same function. Multiple studies found that molybdenum oxide contacts
on silicon degrade under annealing at 200°C [8, 11] and atomic layer deposition of molybdenum oxide at higher
temperature was also found to yield low quality contacts [17, 18]. Therefore silicon heterojunction solar cells with
molybdenum oxide contacts degrade significantly during curing of common silver pastes [11].

In contrast tungsten oxide, which was also applied as hole collection layer in organic solar cells [15, 16], is stable
during annealing at 200°C [8] and yields better fill factors than molybdenum oxide, when applied for interface mod-
ification at the TCO/(p)a-Si:H interface [8]. Unfortunately tungsten oxide hole contact layers deposited directly on
(i)a-Si:H passivation layers [8], or n-type crystalline silicon [9] only yield comparatively low fill factors and limited
open circuit voltages.

The present article studies WO, as an interlayer, or hole contact in SHJ solar cells and investigates the influence of
its chemical structure on solar cell properties. The reason for the low performance of thermally evaporated tungsten

oxide hole contacts on silicon is identified and a way to improve the material is proposed.

2. Materials and methods

2.1. Preparation of tungsten oxide

Tungsten oxide was deposited by thermal evaporation at 920 °C from a tungsten crucible onto a substrate kept
at ambient temperature. The depositions were conducted in an ultrahigh vacuum system with a base pressure of
1x10"°mbar. The substrates were either crystalline silicon wafers, or nominally identical wafers covered by 6 nm
intrinsic amorphous silicon. These substrates were dipped in diluted hydrofloric acid (1 %, 1 min) before they were
transfered into the ultra high vacuum system. The source material was tungsten oxide (WO3) powder with a purity of
99.99 % from Alfa Aesar. The deposition rate was varied from 0.3 to 2 nm/min to attain different stoichiometry and
oxygen vacancy concentrations in these layers.

Selected layers were exposed to oxygen plasma treatments in the same chamber at an oxygen pressure of 1x10~>mbar



for 10 min. These layers were neither included in solar cells, nor used for work function measurements. Instead they

were only used to attain x-ray photoelectron spectra of near stoichiometric layers.

2.2. Solar cell process

Single 1x1cm solar cells were prepared on 3x3 cm pieces of 280 um thick, polished phosphorous doped float-
zone grown c-Si wafers with (111) surface orientation and a resistivity of 3 Qcm. Wafers were cleaned using the RCA
process and dipped in diluted hydrofloric acid (1 %, 2 min) before layer deposition. Then intrinsic a-Si:H passiva-
tion layers were deposited using plasma enhanced chemical vapor deposition with 13.56 MHz excitation, a process
pressure of 0.5 mbar, a substrate temperature of 170°C, an electrode distance of 3 cm, a plasma power density of
19 mW/cm?, and a silane flow of 10sccm. Afterwards the layers were exposed to a hydrogen plasma treatment step
to decrease the interface defect density at the silicon heterojunction [19]. The plasma parameters were 1 mbar pro-
cess pressure, a power density of 56 mW/cm?, a substate temperature of 170°C, an electrode distance of 5cm and
a hydrogen flow rate of 20 sccm. For solar cell fabrication wafers were coated with 4 nm intrinsic a-Si:H and 8 nm
n-type a-Si:H on the backside and 5 nm intrinsic a-Si:H and tungsten oxide layers with thicknesses of 5 to 30 nm on
the front side. These WO, layers were also prepared in the ultra high vacuum system. Reference solar cells were
coated with 8 nm p-type a-Si:H instead of tungsten oxide on the front side. The solar cells were then completed by
ITO sputtering at room temperature and from a ceramic target. Afterwards the samples were annealed for 5 min at

200°C and metalized with Ti/Ag stacks. The full solar cell process is discussed elsewhere.[20]

2.3. Photoelectron spectroscopy

All photoelectron spectroscopy measurements were conducted in the same UHV system as the tungsten oxide

evaporation. The chamber for photoelectron spectroscopy measurements is connected to the evaporation chamber,
but the connection is interrupted during depositions and measurements. The base pressure in the whole measurement
and deposition set-up is 1x10™" mbar. He-UPS measurements with an excitation energy of 21.2 eV were conducted
directly after the depositions (maximum 20 minutes between deposition and measurement), since He-UPS is very
surface sensitive and contaminations such as adsorbates from the residual gas could influence the work function of
the samples. The work function was determined by fitting a Boltzmann sigmoid function to the secondary electron
cut-off.
X-ray photoelectron spectroscopy was applied to obtain the stoichiometry of tungsten oxide layers. The tungsten 4f
core level was measured and fitted according to the analysis presented by Bussalotti et al. [21] and adjusted by other
groups [22, 23]. According to this interpretation the 4f orbital signal of tungsten oxide consists of a doublet of the 7/2
and 5/2 spin states with an energy shift of 2.12 eV between the two components of the doublet, an intensity ratio of
0.75 and the same full with at half maximum for both peaks.

Each doublet consists of three signals. One is the signal of W®, which has a binding energy of about 35.9¢eV for
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the 7/2 spin state. This is stoichiometric tungsten trioxide (WO3). The second signal is W3+ (W,0s) and its binding
energy was kept as a fixed energy distance of 1.2eV lower than the one of W°*. Finally the third signal is located
0.5eV above the binding energy of W* and is related to the barrier height inhomogeneity (BHI) [24] induced by
oxygen vacancy defects at the tungsten oxide surface. Note that the signal of the BHI is purely surface related and
absent from samples measured with atmospheric contaminations like adventitious carbon [25]. Therefore in-system
measurements without a vacuum break are instrumental for an analysis of this property.

Fitting of the data with only one, or two signals per doublet was done, but three signals and especially a signal with a
binding energy of about 0.5 to 0.6 eV above the binding energy of W6™ are needed to attain good fits to the data.

All in all this fit model has seven fitting parameters, being the binding energy of the W®* 7/2 spin state, which also
determines all other binding energies, and the three intensities and three full withs at half maximum of the three sig-

nals.

2.4. Other measurements and numerical device simulation

Surface photo voltage measurements with 905 nm laser excitation [26] were used to measure the band bending
in samples with tungsten oxide on n-type crystalline silicon, or n-type crystalline silicon with intrinsic amorphous
silicon passivation layers and in finished solar cells. The passivated back side of the finished solar cells increases
the decay time of the voltage pulse, since recombination at this interface is suppressed. This is of no consequence to
the measured value of the voltage pulse. Additionally the n-doped layer on the back-side fixes the Fermi-level at the
back-side and provides a defined back contact. Therefore surface photo voltage measurements on finished solar cells
should be less variable than on samples with unprocessed back-sides.
Solar cell measurements were conducted using a solar simulator with class AAA AM1.5GMM illumination at 25°C.
The numerical device simulator AFORS-HET [27] was used to simulate the carrier extraction from a crystalline silicon
absorber using different contact systems. The simulation model consisted of 250 um thick n-type crystalline silicon
symmetrically passivated by 5 nm intrinsic hydrogenated amorphous silicon. The a-Si:H layers were simulated using
an electron affinity of 3.724 eV, a band gap of 1.68 eV. The charge selective contacts were implemented by defining
two Schottky-contacts with a recombination velocity of 1 cm/s for one carrier type eftfectively blocking the extraction
of this carrier type and 1x107 cm/s for the other. Tunneling through the Schottky barrier was used as carrier transport

mechanism.

3. Results and discussion

3.1. Device simulation
The band alignment at the hole and electron contacts of a solar cell depends largely on the work functions of the

respective contact materials. Numerical device simulations were employed to investigate the influence of the contact
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Figure 1: Simulation of the fill factor of a solar cell consisting of an n-type crystalline silicon absorber, symmetrically passivated by intrinsic
hydrogenated amorphous silicon, with a carrier selective contact on either side. The work function of the electron contact layer was set to 3 eV,
while the hole contact work function was varied. Similarly the hole contact work function was set to 6 eV, while the electron contact work function

was varied. The vertical lines mark the electron affinity and ionization energy of crystalline silicon.

work function on the solar cell properties and to identify the appropriate work functions for both contacts. For this
simulation the device structure was defined as an n-type crystalline silicon wafer, symmetrically passivated by intrinsic
hydrogenated amorphous silicon layers with charge selective contacts on both sides of the wafer. Figure 1 displays
the simulated solar cell fill factor values for varying contact work function. The hole contact work function was set to
6 eV, while the work function of the electron contact was varied from 3 eV to 4.3 eV. The solar cell fill factor remains
constantly at about 85 % as long as the work function of the electron contact is below 4.05 eV, which is the electron
affinity of crystalline silicon i.e. the distance of its conduction band to the vacuum level. The fill factor decreases for
work functions above 4.05 eV, since the contact work function is then higher than the electron affinity and a transport
barrier is introduced at the electron contact. The numerical simulation becomes unstable if the electron contact’s work
function is higher than 4.3 eV, since electrons generated in the crystalline silicon absorber are no longer efficiently
extracted.

Similarly the hole contact’s work function was varied, while the electron contact’s work function remained at 3 eV.
The fill factor is stable at about 84 % for hole contact work functions from 5.4 to 6 eV. Once the hole contact’s work
function is below 5.4 eV, the fill factor decreases with decreasing work function. The reason is the introduction of a
hole transport barrier at the interface, since the contact work function is lower than the ionization energy of crystalline
silicon and therefore above the valence band of crystalline silicon.

A similar simulation for the work function of the transparent conductive oxide layers on the hole and electron contacts
[4] found a less severe impact of the work functions. This is mainly because the high carrier concentrations in the
p- and n-doped contact layers and the transparent conductive oxides mitigate the impact of the non optimal band
alignment. In the present simulation even a slight transport barrier has a great detrimental impact on the fill factor,

because no highly doped layers are included in the model and the band bending in the device fully depends on the
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Figure 2: XPS spectra of WO g9 (a) and WO 97 (b). The measured data (black) was fitted with the sum (red) of the doublets of W6+ (green),

W5+ (blue), the signal shifted by oxygen vacancies (brown) and a Shirley background (violet). The residual (orange) is also shown.

work function differences between the absorber and the contact layers.
Overall it can be concluded that efficient carrier selective contacts on silicon must have an appropriate work function.
A work function higher than 5.5V is needed for the hole contact and a work function below 4 eV is needed for the

electron contact.

3.2. Chemical analysis of tungsten oxide

Tungsten oxide was deposited by thermal evaporation and then analysed by photoelectron spectroscopy without
leaving the ultra-high vacuum system. This allows to investigate the chemical structure and also the work function
of the material: Especially the latter parameter, being a surface property and sensitive to adsorption/contamination, is
likely to change upon vacuum break.

Figure 2 shows x-ray photoelectron spectra for the W4f core level of WO,. The spectrum shown in Figure 2a was
measured on an as deposited sample with an as calculated stoichiometry of WO, g9. In contrast, the sample in Figure 2b
was treated with an oxygen plasma leading to its stoichiometry of WO;97 and a negligible concentration of W,Os.
Additionally both spectra show a significant signal of WO; shifted by the oxygen vacancy induced BHI. This implies,
that the changes in stoichiometry measured by the ratio of WO3 to W,05 does not dominate the oxygen vacancy
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Figure 3: Work function of tungsten oxide plotted against the stoichiometry of the layer.
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Figure 4: Band bending induced by tungsten oxide on n-type c-Si plotted against the oxygen vacancy concentration at the tungsten oxide surface.

density concentration. Most likely the measured oxygen vacancy signal is related to a defect density, which is small
compared to the overall amount of oxygen in the layer, but has a strong electronic impact.
As explained in the discussion of figure 1 a high work function is favorable for a hole contact layer. The stoichiometry
of tungsten oxide is known to influence its work function [22]. Combining measurements of the stoichiometry and
He-UPS measurements of the work function of WO, leads to the results depicted in Figure 3. A strong positive
correlation of the work function and the stoichiometry of tungsten oxide is visible. An increase of the stoichiometry
from 2.82 to 2.95 leads to an increase of the work function by roughly 1eV and WO, with a stoichiometry close to
WOj; has a work function of more than 6 eV. It is therefore suitable for application as hole contact layer in SHJ solar
cells, or for application in the tunnel recombination contact with a (p)a-Si:H hole contact.

Apart from a suitable band alignment a strong band bending in the junction is needed to facilitate efficient charge
separation in a solar cell. The band bending induced by WO, on n-type c-Si was measured using surface photovoltage

and correlated to the chemical analysis presented earlier. The band bending induced by tungsten oxide on c-Si and



(i)a-Si:H/c-Si samples is plotted in Figure 4 vs. the intensity fraction of the oxygen vacancy related signal in the W4f
measurements. This intensity fraction is a qualitative measure for the density of oxygen vacancies in WO, [23]. We
confirmed this assessment by measuring the BHI signal before and after annealing in air and vacuum (200°C, 5 min)
and found that the BHI intensity increases after annealing in vacuum, but vanishes after annealing in air.

These oxygen vacancies are known to constitute donor states [28] and the positive charge constituted by the activated
donors lead to reduced band bending in the junction [29], or even Fermi-level pinning in the c-Si. Additionally, as
can be seen in Figure 4, these oxygen vacancies are predominantly generated if the WO, is deposited onto a-Si:H.
A possible explanation would be hydrogen diffusion from the a-Si:H into the WO, layer, as hydrogen can be used to
reduce tungsten oxide to tungsten [30].

Overall, these results demonstrate that WO, with a stoichiometry close to WOj3 is suitable as a hole contact layer on
silicon absorber layers, but the achievable band bending is limited by oxygen vacancies in the thermally evaporated
material. This could explain the low fill factors reported for solar cells with tungsten oxide hole contacts on silicon

absorbers [8, 9]. Solar cell results obtained with the WO, layers investigated here will be discussed in the following.

3.3. Solar cell results

Solar cells using tungsten oxide layers were fabricated and the overall band bending in these solar cells was mea-
sured using surface photovoltage. The tungsten oxide layers used for this experiment were deposited using varying
deposition rates from 0.3 to 2 nm/min, had final thicknesses from 5 to 30 nm and featured varying microscopic prop-
erties. These microscopic properties and their influence on the band bending in these samples will be discussed in the
following. The total thickness of WO, and ITO was always adjusted to 80 nm.

A first group of samples includes solar cells were the WO, was deposited onto intrinsic amorphous silicon and there-
fore WO, acts as the hole collection layer. A second group of samples includes a p-type amorphous silicon hole
collector and a WO, layer. In this case the p-type amorphous silicon induces the band bending into the junction and
the WO, acts as interlayer at the (p)a-Si:H/ITO interface. The third group of samples includes our standard ITO/(p)a-
Si:H hole contact and no WO,. Typical j(V) curves for all three sample types are shown in Figure 5. The short circuit
current of these solar cells is limited, because of the planar wafer substrate and the variation between the solar cells is
mainly due to variation of the ITO/WO, stack thickness and the resulting variation in front surface reflection.

The solar cell with a regular ITO/(p)a-Si:H contact shows a high fill factor of 76.7 % and a V¢ of 708 mV. Adding a
tungsten oxide interlayer at the ITO/(p)a-Si:H junction leads to a decrase in fill factor to about 69.2 %. The reason for
this is the series resistance introduced by the low conductivity of the tungsten oxide, as can be deduced from the j(V)
curve. The open circuit voltage stays comparable to the reference solar cell. Omitting the p-doped amorphous silicon
leads to a further reduction of the fill factor and the introduction of an s-shape, as well as a decrease in open circuit
voltage. This cannot be explained by an increase in series resistance and points towards weak carrier selectivity at the
p/n-junction, or a hole transport barrier [31].

The band bending in solar cells of all three types with varying fill factors and open circuit voltages was measured to
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Figure 5: Solar cell j(V) curves of three different solar cells processed planar wafer, which are passivated by amorphous silicon. The three different
solar cells are a regular silicon heterojunction solar cell with ITO as transparent conductive oxide and a p-doped amorphous silicon hole contact,
a solar cell with a tungsten oxide interlayer between the ITO and the (p)a-Si:H and a solar cell without (p)a-Si:H and only tungsten oxide as hole

contact layer.

further elucidate the reason for the poor charge selectivity at the tungsten oxide/silicon junction. Plots of the solar
cells Voc and FF in dependence of the band bending are shown in Figure 6. Figure 6a shows the V¢ of the solar cells
against the band bending measured in the devices and Figure 6b shows the FF values of the same solar cells plotted
against the band bending. Over all three sample groups it is obvious that a high band bending leads to a high V¢ and
FF, whereas a low band bending leads to low Voc and FF values. The reason for the poor junction selectivity of the
tungsten oxide/silicon junction seems to be a low band bending in this junction. Additionally the wide spreading of
data points suggests that further factors are impacting the device output parameters. Comparing the regular ITO/(p)a-
Si:H junctions with the WO, /(p)a-Si:H junctions it is obvious that these junctions feature similar band bending but
the solar cells including tungsten oxide display lower fill factors of about 65 to 70 %, while the open circuit voltages
remain comparable. The decrease in fill factor can be explained by an increase in series resistance due to the low
conductivity of the tungsten oxide layers, as can be deduced from the j(V) curves in Figure 5. The V¢ of both cell
types is comparable because the band bending is determined by the p-doping in the amorphous silicon hole contact
layer. Both device types could reach comparable fill factors and efficiencies, if the conductivity, or thickness of the
tungsten oxide is further optimized.

The third group of samples omits the p-doped amorphous silicon hole contact layer and employs a tungsten ox-
ide/silicon junction. These devices display a wide range of band bendings and a wide spread of open circuit voltage
and fill factor values. The scatter in the fill factor data is stronger and most likely due to variations in the tungsten
oxide thickness and series resistance. Still overall open circuit voltage and fill factor are correlated to the band bending
across the device. As established in Figure 4 this variation in band bending is based on a variation in oxygen vacancy
density in this layers. The band bendings range from 350 to 575 meV and the highest values are thus only 50 meV

below the band bending achieved in our standard ITO/(p)a-Si:H-structures. These layers supposedly have low oxygen
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Figure 6: (a) Voc of SHIJ solar cells with tungsten oxide contact layer plotted against the band bending measured in the same devices. (b) Fill

factor of silicon heterojunction solar cells with tungsten oxide contact layers plotted against the band bending measured in the same devices.

vacancy densities and an optimization of the tungsten oxide conductivity and oxygen vacancy density could lead to
optimized device properties. Note that the measured difference in band bending between the best tungsten oxide hole
collectors and the p-doped amorphous silicon hole collectors is only about 50 meV, while the difference in open circuit
voltage is about 100 mV. This in mainly due to the qualitative nature of band bending measurements based on surface
photovoltage, which lose accuracy for high band bendings due to higher dember voltages [26].

Overall it is therefore understandable that extended oxygen vacancy generation in WO, has to be prevented, to enable
high band bendings across the tungsten oxide/silicon junction. Additionally oxygen vacancies are known donors in
tungsten oxide [28]. Therefore a precise optimization of the oxygen vacancy density in tungsten oxide and the tung-
sten oxide stoichiometry is necessary to balance the requirements of high work function, high band bending across
the junction and sufficient conductivity. Additionally sophisticated analysis of this oxygen vacancy density e.g. by
capacitance voltage measurements [29] could proof worthwhile.

However the strong scatter in our data shows how difficult it is to achieve a good control of oxygen vacancies in WO,
during thermal evaporation. Therefore different methods for it’s deposition like reactive sputtering [32] and chemical

vapor deposition [33] should be employed.

4. Conclusions

WO, deposited by thermal evaporation has been investigated as hole collection layer on crystalline silicon ab-
sorbers passivated by intrinsic amorphous silicon. Overall it was shown that WO, is suitable as hole collection layer
on silicon. If the stoichiometry is close to WO; the work function is close to 6 eV and thus high enough. Additionally,

with WO, on silicon it is possible to achieve comparable band bendings as with p-type amorphous silicon hole contact
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layers. The main drawback of WO, is, that this band bending is reduced by deposition of WO, on amorphous silicon.
The most likely reason is the reduction of WO, by hydrogen present in the amorphous silicon.

Additionally, WO, prepared by thermal evaporation features a significant density of oxygen vacancy defects. These
defects are known to be n-type dopants and constitute positive fixed charges. An increasing concentration of oxygen
vacancies therefore leads to a decreasing band bending in the WO,/silicon junction. A possible explanation is a shift
in the Fermi-level in WO, by the electron donating nature of the oxygen vacancy defects. These oxygen vacancy
defects limit the V¢ and fill factor of silicon solar cells with WO, hole contacts, by decreasing the charge carrier
selectivity of the junction.

Combining this results, it becomes clear that silicon based solar cells with tungsten oxide hole collectors can be lim-
ited by oxygen vacancy defects in WO, and that a low concentration of oxygen vacancies in WO, is necessary for a
high band bending in the tungsten oxide silicon junction. Additionally the oxygen vacancy density has to be optimized
in respect to the work function and conductivity of tungsten oxide. Therefore the exact density of oxygen vacancies in
tungsten oxide has to be controlled for successful implementation of WO, hole collection layers in silicon based solar
cells. The results discussed in this article show that thermal evaporation is ill suited for this task and deposition meth-
ods allowing for the control of the oxygen fraction in WO, should be employed. Among others, reactive sputtering

and chemical vapor deposition WO, are already discussed in the literature as promising alternatives.
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