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A B S T R A C T   

Thermophotovoltaics has become a very attractive solution for heat-to-electricity conversion due to its excellent 
conversion efficiencies. However, further research is needed to reduce the device cost which is typically based on 
III-V semiconductors. To tackle this limitation, crystalline germanium (c-Ge) has been proposed as an excellent 
substrate for low-cost devices. One of the key advances behind high system efficiencies is the excellent reflec-
tance of the out-of-band photons at the rear surface of the photovoltaic device. These photons with lower energy 
than the absorber bandgap are reflected back to the thermal emitter reducing its thermal losses. In this work, we 
explore the performance of hole selective contacts based on evaporated transition metal oxides (MoOx, VOx, 
WOx) to be introduced at the rear surface of c-Ge devices. Regarding electrical properties, we characterize the 
selectivity of the contact by measuring effective surface recombination velocity (Seff) and contact resistivity (ρC). 
Best results are obtained with MoOx contacted by Ag/ITO with Seff = 588 cm/s and ρC = 55.6 mΩ cm2 which can 
be improved by using gold as a metal contact leading to Seff = 156 cm/s and ρC = 60.9 mΩ cm2. Regarding out-of- 
band reflectance, it is better for the case of Ag/ITO/MoOx contact with 87.5% compared to 78.9% for Au/MoOx 
when a 1473 K black body spectrum is used. Device simulations show potential system efficiencies in the range of 
18–19% which are comparable to the best reported efficiencies using c-Ge thermophotovoltaic devices.   

1. Introduction 

Thermophotovoltaics (TPV) is based on the heat-to-electricity con-
version using a photovoltaic cell which exploits the infrared photons 
emitted by a hot body [1]. These systems have the potential to achieve 
very high efficiencies and power densities due to the absence of movable 
parts and the proximity of the hot thermal emitter. As a consequence, 
they have become a promising approach to different energy applications 
like space power [2], energy storage [3,4], waste heat recovery [5] and 
solar energy conversion [6,7]. However, further technological devel-
opment is needed to reduce the cost per watt of TPV systems to make it 
competitive in front of other renewal energy sources. To do so, one of the 
approaches is to improve system conversion efficiencies where values in 
the range of 30% [8–10] and even up to 40% [11] have been recently 
reported. One of the key advances behind these high efficiencies is an 
excellent reflectance of the out-of-band photons, i.e. photons whose 
energy is lower than the bandgap of the absorber, at the rear surface of 

the photovoltaic device. By doing so, these photons are reflected back to 
the thermal emitter reducing its thermal losses and improving system 
efficiency. For further reduction of the device cost, crystalline germa-
nium (c-Ge) has been proposed as an excellent substrate for TPV 
low-cost devices [12,13] in front to the III-V semiconductors used as the 
low bandgap absorbers [8–11]. 

In this work, we combine the two strategies mentioned above by 
exploring the potential of transition metal oxides (TMO’s) as hole se-
lective contacts at the rear surface of p-type c-Ge TPV devices. In 
particular, we use molybdenum oxide (MoOx), vanadium oxide (VOx) 
and tungsten oxide (WOx), which have been successfully used as hole 
selective contacts on silicon [14–17]. Regarding c-Ge substrates, MoOx 
has been reported as hole selective contact on n-type substrates being 
responsible for creating the junction [18], but no previous work has 
been published using TMO’s as majority carrier contacts, i.e. using 
p-type c-Ge wafers. Due to its novelty, the main objective of this work is 
to demonstrate the suitability of this approach leaving further contact 
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optimization, like layer thickness or the incorporation of the contact to 
finished devices, for future research. 

2. Experimental 

As substrates, we used double side polished 175 μm thick (100) p- 
type c-Ge wafers with resistivity 1.2 Ω cm which corresponds to an 
acceptor doping density of 2.1⋅1015 cm− 3. To clean the germanium 
surface and remove native oxide, we used a HCl:H2O (1:1) dip for 3 min. 
In case that the TMO layer was deposited directly onto germanium 
surface, samples were immediately loaded into a thermal evaporator 
tool to deposit ~20 nm-thick layers of MoOx, VOx and WOx. In order to 
improve surface passivation, in some cases we introduced a thin (~2 
nm) layer of silicon rich amorphous silicon carbide (a-SiCx) deposited by 
Plasma Enhanced Chemical Vapor Deposition. This layer has demon-
strated a significant reduction of the interface state density [19] and it is 
kept thin to reduce its impact on carrier transport. In order to contact the 
TMO layers, we used Indium Tin Oxide (ITO) which was deposited by 
sputtering capped with a layer of evaporated silver. Alternatively, we 
also used thermally evaporated gold directly on the TMO material. 

To evaluate electrical properties of the contacts, we measured the 
effective surface recombination velocity (Seff) and the contact resistivity 
(ρC). For the Seff measurement, we applied Quasi-Steady State Photo-
conductance technique [20] using commercial tool Sinton WCT-120 
where a flash lamp is photogenerating carriers and their evolution in 
time is recorded by measuring the photoconductivity of the sample 
through inductive coupling. This tool is widely applied to determine 
surface recombination in crystalline silicon and, recently, its applica-
bility to crystalline germanium has been demonstrated as well [21]. 
Using this measurement, the dependence of the effective lifetime (τeff) 
on the excess carrier density (Δn) is obtained. Integrating all the 
recombination mechanisms in the sample we obtain: 

1
τeff

=
1
τb

+
Seff |front
w

+
Seff |rear
w

(1)  

where τb is the bulk recombination lifetime, w is the thickness of the 
wafer and Seff|front (Seff|rear) is the effective surface recombination at the 
front (rear) surface. 

Examples of the measured τeff(Δn) curves is shown in Fig. 1. In 
particular, we show the measurement of a c-Ge substrate symmetrically 

covered with 22 nm thick amorphous silicon carbide layers (a-SiCx). In 
this case, assuming negligible bulk recombination, i. e τb tending to in-
finity, and equal Seff value at both surfaces, we can calculate an upper 
bound of the Seff. For this calculation and any other Seff value reported in 
this paper, we use the τeff value at Δn = 5⋅1014 cm− 3 (indicated by the red 
arrow in the graph). For this symmetrical sample, τeff is equal to 520 μs 
leading to a Seff of 17 cm/s. This value is also used for the determination 
of the Seff values related to the TMOs. In the fabricated samples, whose 
cross-section can be also seen in Fig. 1, we deposited the amorphous 
silicon carbide layer at the rear surface while on front surface we define 
the corresponding hole selective contact under exploration. As a result, 
we obtained τeff(Δn) curves like the one shown in Fig. 1 and the Seff at the 
selective contact surface can be calculated using equation (1) with τb 
tending to infinity and Seff|rear = 17 cm/s. In the example shown in Fig. 1, 
a Seff of 588 cm/s for the hole selective contact is calculated. 

Regarding contact resistivity, we applied Transfer Length Method 
[22]. In this technique, contacts are defined with different distances and 
the resistance between them is measured. In our case, we define 1 cm ×
200 μm contact pads separated 250, 350, 450 and 550 μm. The resis-
tance linearly increases with the distance between contacts due to the 
current flowing through a longer piece of wafer. As a consequence, 
applying a linear fit, we can extrapolate this dependence to the point 
without distance between contacts, i.e. the y-axis crossing point where 
only contact resistance is considered. In particular, the obtained value is 
two times the contact resistance which is then transferred to contact 
resistivity (ρC) by applying the geometry of the contact pads following 
equation (3) in Ref. [22] (see Supplementary Information file for further 
details). In Fig. 3, we show an example of the measured data using this 
method together with the typical cross-section of the samples. 

Finally, good selective contacts must simultaneously have low Seff 
and ρC. In order to summarize the electrical quality of the contact, 
Brendel and Peibst proposed the contact selectivity parameter (S10) 
defined as [23]: 

S10 = log10

(
vth
J0⋅ρC

)

(2)  

where vth is the thermal voltage and J0 is the saturation current density 
which is an alternative way to quantify surface recombination. In 
particular, J0 can be calculated from Seff applying: 

Seff =
Jo
q

(
Ndop + Δn

)

ni2
(3)  

Where q is the fundamental charge, ni is the excess carrier density of the 
semiconductor and Ndop is the bulk doping density. In our case, we use ni 
= 2.33⋅1013 cm− 3, a doping density of 2.1⋅1015 cm− 3 and Δn = 5⋅1014 

cm− 3 where we calculate the corresponding Seff. We will use the S10 
parameter as a figure of merit to evaluate the different explored contacts 
in this work. 

3. Results and discussion 

3.1. Electrical performance of TMOs contacted by ITO 

Following the experimental procedure described in the previous 
section, we evaluate the Seff provided by the three explored transition 
metal oxides namely VOx, MoOx, WOx contacted by 80 nm of ITO. In this 
case, the evaporated silver was not evaporated on top because the 
passivating properties do not change with it since the contact is already 
created. The results are shown in Fig. 2. As we can see, Seff values of 588 
and 712 cm/s are obtained in the as deposited state for MoOx and VOx 
samples respectively, while a much worse result with Seff beyond 3500 
cm/s is measured for the WOx. In order to improve surface passivation, a 
thin (~2 nm) a-SiCx layer was introduced between the TMO and the c-Ge 
substrate. As can be seen in Fig. 2, the introduction of this layer leads to a 
much better result with Seff of about 300 cm/s for all three TMOs which 

Fig. 1. Examples of the τeff(Δn) curves measured using Sinton WCT-120. The 
corresponding Seff is calculated using equation (1) with τeff value at Δn = 5⋅1014 

cm− 3 which is indicated by the arrow. 
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can be interpreted as a reduction of the interface state density, as re-
ported in Ref. [19]. Importantly, we have also characterized the thermal 
stability of the passivation with cumulative annealings in Forming gas 
(N2/H2, 95/5%) of 10 min. We can see how the surface passivation 
provided for ITO/MoOx and ITO/VOx directly deposited on the c-Ge 
surface is stable up to 150 ◦C and then passivation degrades. In the case 
of introducing the thin (~2 nm) a-SiCx film passivation is stable in the 
explored range up to 200 ◦C. This improvement indicates that the 

degradation mechanism is impacted by the presence of an amorphous 
silicon rich film between TMO and c-Ge substrate, similarly to the re-
ported results in c-Si substrates [24]. It must be mentioned that, apart 
from the inherent value of the information, thermal stability can be 
relevant more in the compatibility of this contact with the rest of the 
device fabrication process than in device performance because ther-
mophotovoltaic devices are typically maintained to about room tem-
perature to provide reasonable efficiencies (see for example references 
[8,9] where a water cooling system is used). 

Once the surface passivation quality has been determined, we pre-
pared samples for measuring the contact resistivity by the TLM method 
where the ITO is contacted by 1 μm of evaporated silver to keep the 
contact under equipotential conditions (see Fig. 3 where a cross-section 
of the sample is shown). Deviations from this conditions are taken into 
account by measuring the resistance of the finger and subtracting it from 
the measured resistance following reference [22]. For all the samples 
with the thin a-SiCx layer we measure non-linear current-voltage (I–V) 
curves while the absence of this layer leads to ohmic contacts. To 
illustrate this point, we show in the inset of Fig. 3 the I–V curves 
measured for the MoOx sample, but similar curves are obtained for the 
other TMOs. This result indicates that the introduction of the a-SiCx 
layer jeopardizes carrier transport through the interface leading to a 
rectifying contact while the contact becomes ohmic without this layer. 
As a consequence, only reliable values for the resistance are obtained for 
the samples without a-SiCx. We apply the TLM method to these samples 
leading to experimental curves shown in Fig. 3 where the measured 
resistance (Rmeas) as a function of the distance (d) between contacts is 
plotted. As we can see, a linear trend is found for all three samples with 
similar slope which is related to the sheet resistance of the c-Ge sub-
strate. As it was mentioned in the experimental section, the contact re-
sistivity is calculated from the y-axis crossing point of the linear trends 
and the best result, i.e. the lowest value of the contact resistivity, cor-
responds to the MoOx material. The obtained ρC values together with the 
corresponding Seff ones are summarized in Table 1. Additionally, the 
effective surface recombination is translated to saturation current den-
sity (J0), also shown in the table, using equation (3) which enables the 
calculation of the contact selectivity parameter (S10) through equation 
(2). As can be seen in Table 1, the highest S10 value corresponds to the 
Ag/ITO/MoOx sample mainly because of the low ρC value. For VOx 
similar passivation is found, but with worse carrier transport properties, 
while WOx has very poor surface passivation. 

3.2. Electrical performance of MoOx contacted by gold 

Based on the above results, we focused on the MoOx as the most 
promising material for a hole selective contact for c-Ge devices. In order 
to improve its performance, we investigate the selectivity of the contact 
when it is contacted by thermally evaporated gold instead of ITO. In 
previous experiments, a degradation of the surface passivation quality 
was identified during the sputtering process of the ITO deposition which 
can be avoided if thermal evaporation is used. In addition, a gold contact 
on MoOx was already reported in the literature for crystalline silicon 
devices [16]. Finally, gold is used in high efficiency TPV systems as the 
rear contact of the device due to its high reflectance for the out-of-band 
photons [8,9]. 

Fig. 2. Seff values measured for the TMO contacts contacted by ITO with and 
without a thin (~2 nm) a-SiCx interlayer. The introduction of such layer results 
in better passivation most likely due to a reduction of the interface state den-
sity. Additionally, stability with annealing is also improved with constant 
values up to 200 ◦C. Lines are a guide to the eye. 

Fig. 3. Measured resistance as a function of the distance between contacts 
leading to linear trends which permit to calculate contact resistivity by applying 
the Transfer Length Method (TLM). Contact resistivity is calculated from the y- 
axis cross point and applying the contact area. (inset) I–V curves of the MoOx 
with and without a-SiCx interlayer. A rectifying behaviour is found when this 
thin film is introduced. 

Table 1 
Seff and ρC experimental values for the explored hole selective contacts. The 
calculated J0 and S10 values are also shown.   

ρC (mΩ⋅cm2) Seff (cm/s) J0 (μA/cm2) S10 

Ag/ITO/MoOx 55.6 588 19.6 4.4 
Ag/ITO/VOx 245.7 712 23.8 3.6 
Ag/ITO/WOx 146.2 3787 126.5 3.1 
Au/MoOx 60.9 156 5.1 4.9 
Au/MoOx/a-SiCx 104.0 139 4.6 4.7  
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We repeated the procedure to determine Seff using Au as a contact for 
two samples: with and without the thin a-SiCx interlayer. In contrast to 
the previous experiment where silver was not considered in the 
passivating samples, now the gold layer is impacting on the contact 
creation, so it is needed for a correct characterization of passivating 
properties. In this case, a thin (~10 nm) gold layer was used to prevent 
saturation of the amplifier of the Sinton WCT-120 instrument due to the 
high gold conductivity, while the effect of metal layer on surface 
configuration is maintained. The obtained Seff results are shown in 
Table 1 where we can see that Seff is reduced well below 200 cm/s for 
both cases which can be linked to the gentler deposition technique of the 
contact. As in the previous section, the best passivation (Seff = 139 cm/s) 
is obtained with the a-SiCx layer, most likely due to the reduction of 
interface state density. 

Regarding contact resistivity, we apply TLM method leading to 
ohmic contacts on both samples. This result is surprising taking into 
account that a rectifying behaviour was observed for the sample with a- 
SiCx and contacted by ITO (see inset Fig. 3). As reported in Ref. [18], 
carrier transport at the MoOx/c-Ge contact consists of electrons from the 
conduction band of the MoOx being injected by tunneling through MoOx 
gap states close to the interface into the valence band of the c-Ge. This 
transport mechanism is similar to the one reported in silicon (see for 
example reference [25] and references therein) and it depends on the 
hole concentration at the c-Ge surface and the presence of transport 
barriers to charge carriers. Keeping this in mind, we can see the a-SiCx 
layer as a transport barrier that is easier to overcome when gold is used 
as the metal contact, i.e. gold creates a higher hole density at the c-Ge 
surface compared to ITO. We think that increase in hole density could be 
related to the relatively high workfunction of the gold (~5.2 eV) 
compared to ITO (the most common values for ITO workfunction are in 
the range of 4.4–4.8 eV [26–29]) which places the Fermi level of the 
contacting material well below its position in the c-Ge substrate (sub-
strate workfunction is about 4.6 eV). As a consequence, when the se-
lective contact is created a stronger electric field at the interface might 
be induced increasing the hole density at the c-Ge surface and helping 
them to be transported through the deposited material stack. Notice that 
despite creating an ohmic contact, the presence of the a-SiCx film still 
increases the contact resistivity to 104.0 mΩ cm2 compared to its 
counterpart without this layer (60.9 mΩ cm2) which indicates the 
presence of a transport barrier. Despite the mechanism described hereby 
is a reasonable interpretation of the results, a deeper knowledge of the 
band structure and interface characteristics of MoOx/c-Ge is needed to 
fully understand how carrier transport mechanism takes place. 

Finally, the obtained ρC values together with the corresponding Seff 
when gold is used are combined to calculate the corresponding S10 
parameter (all shown in Table 1) which improves up to 4.9 for the 
sample without a-SiCx. In this case, the better surface passivation pro-
vided by the a-SiCx interlayer is compensated by the increase in contact 
resistivity resulting in a worse contact selectivity. 

3.3. Internal optical reflectance of out of band photons 

As we have seen in the previous section, selective contacts based on 
MoOx are the ones with the best electrical performance for both ITO or 
gold contacts. Focusing on these two selective contacts, we character-
ized the optical reflectance of the photons whose energy is lower than 
the bandgap, i.e. out-of-band photons. These photons are not contrib-
uting to the photovoltaic performance and they should be internally 
reflected at the rear surface of the device and returned back to the 
thermal emitter to reduce its thermal losses. We carried out reflectance 
measurements at quasi-normal incidence (13◦) using a FT-IR Bruker 
Vertex 70. In this case, the contact to characterize was defined at the rear 
surface while the front surface was kept bare. A cross-section of the 
samples used can be seen in the inset of Fig. 4. These measurements were 
carried out in a photon energy range from 0.2 to 0.7 eV (1.77–6.20 μm in 
wavelength) and with a resolution of 8 cm− 1 to average optical 

interferences in the bulk. 
As can be seen in Fig. 4, the results show an increase of the reflec-

tance for both contacts up to about 80–85% compared to the case of bare 
c-Ge (~55%), which is also included in the plot. As a reference of rear 
reflecting contact, we also measured the reflectance of a sample with an 
aluminum film directly deposited on the rear c-Ge surface. As we can 
see, reflectance is very similar to the ones obtained for the MoOx con-
tacts indicating a similar performance. Among the explored contacts, the 
one with ITO shows a slightly higher internal reflectance compared to 
gold which can be further improved if the thickness of the ITO is reduced 
to 20 nm leading to values beyond 90% for the lowest energy part of the 
spectrum. This improvement suggests that free carrier absorption in the 
ITO is limiting the internal reflectance performance of such contacts. 

These results are promising taking into account that no further 
optimization of the contact structure has been done which is not a 
straightforward process. For example, all these results are measured 
using a 175 μm thick c-Ge substrate which provides a significant free 
carrier absorption. In fact, this effect is enhanced when the device is 
operating under thermophotovoltaic conditions where the thermal 
emitter is close to its surface creating a high excess carrier density due to 
a strong photogeneration rate. This is one of the reasons why the best 
reflectance results reported in the literature for III-V semiconductor use 
absorber thicknesses in the range of a few microns [8,9]. Due to the 
optical absorption coefficients of the c-Ge, a few tens of microns of this 
material can be enough to absorb a significant percentage of the 
incoming photons, despite some reduction of the output power is un-
avoidable. As a consequence, a trade off between photovoltaic perfor-
mance and reflectance of out-of-band photons exists as a function of the 
absorber thickness. Moreover, substrate thickness also impacts the 
optimization of film thicknesses at the rear surface from an optical point 
of view. As a consequence, all this procedure is beyond the scope of this 
paper and it will be published elsewhere. 

Fig. 4. Experimental reflectance of the hole selective contacts based on MoOx 
deposited at the rear surface of c-Ge wafer. A sample of bare c-Ge and with rear 
surface covered by aluminum are also shown for a direct comparison. Better 
external reflectance is observed for the case of ITO contact compared to gold 
which is improved when ITO thickness is reduced to 20 nm. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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3.4. Simulations of potential system efficiencies 

Finally, we perform simulations of potential system efficiencies for 
thermophotovoltaic devices whose rear contact incorporates the two 
best MoOx contacts, i.e. Ag/ITO (20 nm)/MoOx and Au/MoOx. In this 
case, we use the ITO of 20 nm because it does not significantly change 
the electrical performance of the contact, but it improves its optical 
response. As a figure of merit, we define the Power Conversion Effi-
ciency (PCE) as: 

PCE=
Pelectrical

Pincident − Preflected
(4)  

Where Pincident is the incident power where we consider a black body at 
1473 K with a view factor of 0.15, similar to the one reported in Ref. [9], 
which leads to an incident power of 3.9 W/cm2; Preflected is the power 
reflected back to the thermal emitter which is calculated using the 
experimental reflectance values multiplied by the incident spectrum 
(S1473K (E)) and integrating the results for the out-of-band photons (a 
bandgap of 0.67 eV is considered for the c-Ge): 

Preflected =
∫ EGAP

0.2
Rx(E)⋅S1473K(E)⋅dE (5) 

Finally, the electrical power extracted from the photovoltaic device 
(Pelectrical) is calculated using device simulator PC-1D [29] where we 
defined a 175 μm thick 1.2 Ω cm p-type germanium absorber where only 
intrinsic recombination is considered, i.e. Auger and radiative recom-
bination with a combined effective lifetime of 83.9 ms which leads to a 
minority diffusion lengt of 2.87 cm, and on the front surface, we defined 
a perfect electron selective contact (no surface recombination and no 
contact resistance) with no front reflectance. Regarding light trapping 
properties, we can consider perfect light trapping for photons with en-
ergy higher than bandgap, so as we can obtain the maximum potential 
efficiencies with the contacts proposed hereby. On the contrary, no light 
trapping properties can be also considered with flat surfaces whose in-
ternal reflectance values match the experimental ones reported in Fig. 4. 
In particular, a good general agreement can be found with an internal 
rear reflectance of 85% and a front internal reflectance of 36% 
(considering the interface between air and c-Ge with a constant refrac-
tive index of 4). The exploration of both extreme cases is justified by the 
1473 K black body spectrum whose peak is at 1967 nm with most of the 
profitable photons with energies close to the c-Ge bandgap and, thus, 
low absorption coefficients. As a consequence, the light trapping prop-
erties of the device introduce a significant difference in the electrical 
output power (see Supplementary Information for further details about 
the simulated External Quantum Efficiency curves). The different per-
formance of the explored contacts was introduced at the rear surface 
recombination velocity where the experimental values of Table 1 were 
used, in particular 588 cm/s for the case of ITO contacting the MoOx and 
156 cm/s for the case of gold. Additionally, the contact resistivity is 
modeled by a lumped resistance element equal to the experimental 
value, i.e. 55.6 mΩ cm2 for ITO on MoOx and 60.9 mΩ cm2 for gold 
contacting the MoOx. 

In Table 2, we show the electrical performance, open circuit voltage 
(Voc), short circuit current density (Jsc) and fill factor (FF), of the 
simulated devices with the two contacts under test for the case of no 

light trapping and perfect light trapping (in brackets). Additionally, we 
also include the case where the rear surface is directly contacted with an 
aluminum film where we assume no passivation (Seff = 5⋅106 cm/s) and 
no contact resistivity (ρC = 0 Ω cm2). As we can see, both contacts with 
MoOx show a much better result in Voc and Jsc compared to the case of 
just aluminum due to the better rear passivation, whereas a lower FF is 
obtained related to the higher contact resistivity. Despite this higher 
parasitic resistance, the simulated electrical power demonstrates the 
potential benefit of the contacts proposed in this work compared to a 
simple aluminum rear contact. If we compare the two MoOx contacts 
among them, a much better electrical result is obtained for the case of 
Au/MoOx which is related to the improved selectivity of the contact that 
is mainly impacting on a much higher Voc value. In addition, the higher 
Voc also permits a higher FF despite similar ρC values for both contacts. 

Regarding out-band-reflectance, we calculate for all three cases the 
reflected power using the experimental curves of Fig. 4 and equation (5). 
An out-of-band reflectance (ROOB) can be also calculated by weighting 
the experimental data with the black body spectrum used in the simu-
lations leading to values of 87.5% for the case of Ag/ITO/MoOx, 83.0% 
for the case of just aluminum and 78.9% for Au/MoOx. These optical 
properties are introduced into equation (4) to calculate the corre-
sponding PCE. As we can see in Table 2, the contact with gold has a 
better PCE value of 11.7% (18.9%) compared to 11.2% (18.5%) for its 
counterpart with ITO, while the aluminum contact shows a very poor 
performance as expected. Notice that the significant difference in elec-
tric power between the explored contacts, i.e. the Au/MoOx contact 
shows a factor of ~1.25 higher Pelectric than Ag/ITO/MoOx contact, is 
strongly reduced when PCE is calculated due to the better exploitation of 
the out-of-band photons provided by Ag/ITO/MoOx case. Although the 
novel contacts proposed hereby are not optimized, these simulations 
show that these hole selective contacts allow efficiencies at least com-
parable to the best efficiency (16.0%) reported in the literature for 
thermophotovoltaic devices based on c-Ge [12]. Further research is 
needed to introduce these contacts into optimized devices where their 
full potential can be exploited. 

4. Conclusions 

In this work, we report on electrical and optical characterization of 
hole selective contacts based on transition metal oxides for thermo-
photovoltaic c-Ge devices. From an electrical point of view, the best 
performance is obtained for MoOx contacts compared to VOx and WOx. 
Focusing on MoOx, this material contacted with ITO leads to a Seff and ρC 
of 588 cm/s and 55.6 mΩ cm2, respectively, and a contact selectivity 
parameter of 4.4. Surface passivation can be improved by the intro-
duction of a thin (~2 nm) a-SiCx layer, but it jeopardizes carrier trans-
port leading to the formation of a rectifying contact. This detrimental 
effect can be avoided by replacing sputtered ITO by thermal evaporated 
gold whose higher workfunction helps in hole transport through the 
contact. With such metal, electrical quality of the contact improves with 
Seff of 156 cm/s and ρC of 60.9 mΩ cm2 resulting in S10 of 4.9. Regarding 
the out-of-band reflectance, higher values are obtained for the Ag/ITO/ 
MoOx contact compared to Au/MoOx. Using a 1473 K black body 
spectrum, a best result for ROOB of 87.5% is measured when ITO thick-
ness is reduced to 20 nm. Potential system efficiencies using Ag/ITO/ 

Table 2 
Photovoltaic figures obtained from PC-1D simulations where the rear contact is defined using the experimental Seff and ρC values from Table 1. A rear contact fully 
covered with aluminum is also shown as a reference where no passivation and no contact resistance is considered. Values in brackets are referred to simulations with 
perfect light trapping properties. Reflected power calculated from the experimental reflectance and using equation (5). Power conversion efficiency calculated using 
equation (4).   

Voc (mV) Jsc (A⋅cm− 2) FF (%) Pelectrical (W⋅cm− 2) Preflected (W⋅cm− 2) PCE (%) 

Ag/ITO/MoOx 337 (359) 0.762 (1.243) 53.6 (50.9) 0.138 (0.227) 2.671 11.2 (18.5) 
Au/MoOx 377 (390) 0.771 (1.259) 60.1 (57.4) 0.175 (0.282) 2.412 11.7 (18.9) 
Al 202 (209) 0.616 (0.896) 62.8 (63.0) 0.078 (0.118) 2.541 5.7 (8.7)  
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MoOx and Au/MoOx at the rear surface of c-Ge thermophotovoltaic 
devices are simulated with PC-1D. Simulations show a better electrical 
performance of the Au/MoOx contact, as expected from the previous 
characterization, while similar maximum potential system efficiencies 
in the range of 18–19% are obtained due to the higher reflectance for the 
out-of-band photons for the Ag/ITO/MoOx contact. These results 
demonstrate the high potential of the contacts proposed hereby whose 
introduction into optimized devices will be addressed in the future. 
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