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ABSTRACT: Crystalline-germanium photovoltaic cells are prom- Optical properties
ising candidates for thermophotovoltaics (TPV), but their potential
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is hindered by the difficulty in optimizing the out-of-band infrared . P T B v}
reflectance of the back contacts. A proposed solution is to use Morphology Ele?trlcal propeﬁles =, '
reflective hole-selective back-contacts based on transition metal Blaaeiio i i .o .
oxides (TMOs), contacted with indium tin oxide (ITO) and a P> 'L[mwv‘] ) Mlm]
silver mirror. We propose to substitute the ITO with a Hydrogen- P gs 5 | o

doped Indium Oxide (IOH) layer to improve the optical response
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of such contacts. To study the possibility of using IOH in TPV 0
applications, we RF-sputter IOH films and characterize them A Tum]
morphologically, electrically and optically, with a focus on their
infrared (IR) optical properties, also including the complex refractive index of one IOH film from 350 nm to 16 ym. We obtain films
with resistivities as low as 0.39 mQ-cm and IR absorptions, from 2.5 to 16 ym and weighted with a blackbody spectrum at 1200 °C,
as low as 6.1%; by comparison the absorption of ITO was 15.9%. Furthermore, we perform optical simulations of germanium wafers
with IOH or ITO, followed by a silver mirror, to show the potential gain in the reflected power. These results are made possible by
the high carrier mobilities, up to 130 cm? V! 57}, that counterbalance the effect of low carrier concentrations on the electrical
properties.

KEYWORDS: hydrogen-doped indium oxide, transparent conductive oxide, sputtering, thermophotovoltaics, germanium, selective contacts

B INTRODUCTION

Thermophotovoltaics (TPV) is a concept for electricity
generation in which the radiation power from a hot thermal
emitter is converted to electrical power with proper photo-
voltaics (TPV) cells." TPV has been proposed for a range of

as compared to InGaAs, and because there is already
established market for big sized Ge wafers.'” Different
architectures for Ge TPV cells have been proposed,'*™"
with the most recent record TPV power conversion efficiency
being #py = 23.2%."" In 2023 Martin et al. proposed to use

applications, including heat-to-electricity energy conversion in
thermal batteries,” direct solar energy conversion,” waste heat
scavenging” and space applications.” The emitter is typically
kept at a temperature between 1000 K and 2500 K, resulting in
a spectrum peaked at higher wavelengths and more broadband
than the solar spectrum used in standard photovoltaics. This
results in a lower optimal bandgap and a high fraction of out-
of-band (OOB) photons. TPV has been first proposed in
1956, but has become attractive in the last years thanks to the
development of highly reflective back-mirrors for the TPV
cells, which enable the reflection of out-of-band photons back
to the emitter. The realization of the importance of the back
mirror resulted in a series of breakthroughs,”® and recently a
TPV power conversion efficiency #rpy = 44.0% with a single
junction cell has been shown.” The best TPV cells up to date
are based on InGaAs, but alternative materials are desirable for
the development of potentially cheaper TPV cells.

A promising material for TPV cells is crystalline germanium
(c-Ge), because of its ideal bandgap of 0.66 eV, its lower price,
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back hole selective contacts (HSCs) consisting of transition
metal oxides (TMOs) in contact with Au or an ITO/Ag
stack."> They obtain their best out-of-band reflectance Roop =
87.5% with a MoOx/ITO/Ag stack. The reflectance was
limited by the free carrier absorption (FCA) of their ITO layer,
which is needed in HSCs as a barrier against Ag diffusion and
furthermore improves hole transport thanks to its high work
function.'® A possible route to improve Ry is to optimize the
ITO deposition process. Alternatively, one could substitute
ITO with another transparent conductive oxide (TCO), such
as hydrogen-doped indium oxide (IOH), which has a much
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Figure 1. SEM scans of TCO samples. (a) ITO reference sample, the magnification is 40kx (b) not annealed IOH sample, the magnification is
40kx (c, d) annealed IOH sample, the magnification is 15kX: the grain structure of IOH is visible (d) same annealed IOH sample as (c), the
magnification is 40kX: a nanocrystalline substructure is also visible. The IOH samples were deposited using 20 sccm Ar/O, and 80 sccm Ar/O,.

lower FCA and similar resistivity thanks to its lower carrier
concentration and higher carrier mobility.'’~"” Here we show
the feasibility of using IOH for the back contact of Ge TPV
cells. Magnetron sputtered IOH layers are characterized
electrically and optically up to the mid-infrared (MIR),
which at the best of our knowledge has never been done.
We compare the results to that of reference ITO layers. The
results are also useful for other applications of TCOs.

B EXPERIMENTAL SECTION

The substrates used for the depositions of the IOH and the reference
ITO films were 1 mm thick glass microscope slides and 300 ym-thick
crystalline Si wafers provided by Soka. The microscope slides were
used for the electrical characterization of the films, SEM, profilometry
and for optical spectroscopy (UV—vis-NIR) measurements. The Si
wafers were float-zone (FZ) grown and low-doped, with nominal
resistivities p > 1k€2-cm. Single side polished (SSP) wafers were used
for spectroscopic ellipsometry (SE), while double side polished
(DSP) wafers were used for Fourier-transform infrared (FTIR)
spectroscopic measurements.

A Singulus Vistaris 600 in-line magnetron sputter coater was used
for depositing 100 nm thick TCO layers. Direct current (DC)
sputtering was used for the ITO depositions. The power applied to
the ITO target was 2000 W (3.33 W-cm™2), and the gas fluxes were
500 sccm Ar and 9 sccm O,, corresponding to a process pressure of
9.96-10% mbar. In addition, the carrier was heated to 260 °C. For
depositing IOH layers, radio frequency (RF) sputtering was used with
an indium oxide (In,0;) target in an atmosphere including Ar, O,,
and H,. The oxygen was provided by a 95:5% Ar/O, gas mixture and
the hydrogen by a 98:2% Ar/H, gas mixture. The applied power was
900 W (1.50 W-cm™2); this power was chosen having in mind a low
damage deposition for future integration of the IOH with MoO,. The
Ar/0, gas flux was varied from 0 to 30 sccm (implying an O, content
from 0% and 0.5%), and the hydrogen flow was varied from 0 to 140
sccm Ar/H, (corresponding to a H, content from 0% and 0.93%).
During the depositions, the total gas flow was fixed to 300 sccm,
resulting in the total pressure being ca. 3.30-107° mbar. The layers
were deposited with no intentional heating. After the depositions, the
IOH samples were annealed in air at 200 °C for 30 min. Other
annealing conditions have been tried, whose results were less ideal
(see Supporting Information).

The thicknesses of the samples were measured with a profilometer
(DektakXT by Bruker). A SEM microscope (Gemini by Zeiss) was
used to observe their morphology and qualitatively confirm the
annealing induced recrystallization for IOH layers. The sheet
resistance was measured with a 4-point-probe (4PP) device (RM3-
AR by Jandel). The carrier mobility i and the carrier concentration N
were measured with a Hall effect measurement setup (HLSS00 by
Nanometrics), using the Van der Pauw (VdP) method. The device
has a permanent magnet with a magnetic field B = 0.5 T. During the
measurements the current was fixed at I = 0.1 mA. For preparing VdP
measurements, samples deposited on glass were cut into squares and
triangular VAP contacts were subsequently deposited at the edge of
the squares by sputtering Ag through a shadow mask.

The optical characterization was carried out in the wavelength
range from 350 nm to 16 pm. All samples have been characterized
from 350 to 2500 nm in transmittance (T) and reflectance (R)
measurements with a UV—vis-NIR spectrometer using a diffuse
reflectance integration sphere (Cary-Series UV—vis-NIR and DRA-
2500 by Agilent Technologies). Near-infrared (NIR) and mid-
infrared (MIR) R and T measurements in the wavelength range from
2.5 to 16 um have been taken with a FTIR spectrometer
(PerkinElmer Frontier) and a gold integrating sphere (Mid-IR
IntegratIR by Pike Technologies). For R measurements the angle of
incidence was 12°. Moreover, Ellipsometry measurements have been
carried out in the wavelength range from 350 to 1700 nm at 50°, 60°,
and 70° with an UV—vis-NIR ellipsometer (Woollam RC2-DI).

The optical data has been analyzed with the software CODE,” by
fitting appropriate optical models with the experimental data. The
model used to describe the sample comprises 2 layers: the substrate
(glass or silicon) and the thin films (ITO or IOH); the optical
response is computed with the transfer matrix method, considering
the angle of incidence and the polarization. From the analysis the light
absorption of the films could be extracted, together with the nk data,
where ellipsometry measurements were available. This procedure was
chosen to compensate for the absorption of the substrates, which was
expected to be non-negligible especially for the FTIR measurements.
Furthermore, CODE has been used to simulate the reflectance of a
Ge wafer with a back stack consisting of an IOH or ITO thin film,
followed by an Ag back mirror.

In order to identify the IOH layers with the best electrical
properties, 4PP and Hall measurements were taken by iteratively
varying O, and H,. In the first phase of the optimization, 4PP
measurements were used to find a range of O, and H, content in
which the resistance was sufficiently low. For instance, samples with
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Figure 2. Results of the electrical characterization of IOH films deposited at different conditions, before and after annealing: (a) varying Ar/H,
content, with 20 sccm Ar/O, and (b) varying the Ar/O, content, with 80 sccm Ar/H,.

varying O, content for a given H, content were analyzed, and the O,
that minimized the sheet resistance was taken for the next step, in
which the optimal H, content was located. After this phase, in
addition to 4PP measurements, Hall measurements have been taken,
and a similar iteration has been repeated, looking for the maximum
carrier mobility and lowest resistivity. During this phase, UV—vis-NIR
R and T measurements have been carried out in parallel.

The recipes that gave the highest mobilities and lowest resistivities
have been used to deposit further samples to be characterized with the
FTIR and the best sample has been characterized with the
ellipsometry. In addition, the ITO sample has been fully characterized
electrically and optically for comparison. The deposition parameters
of all prepared samples can be found in Tables SI—S3 in the
Supporting Information.

B RESULTS AND DISCUSSION

SEM images were taken for both ITO and IOH films to
investigate their microstructure. IOH films have been
measured before and after annealing to check whether the
annealing recrystallizes the films. The results are shown in
Figure 1: The as-deposited ITO and IOH samples are shown
in (a) and (b), while (c) and (d) show the results for annealed
IOH films at 15kX and 40kX magnification. It can be seen that
there is a drastic change of morphology: before annealing, the
IOH samples are more uniform, with a visibly granular
structure. On the other hand, annealed samples are
characterized by grains with sizes between 200 and 500 pm,
which are visible in Figure 1c,d. An additional substructure is
also visible (see Figure 1d). It must be noted that SEM images
taken with EBS detectors bear information about the surface
and that alone they do not prove the full recrystallization of the
IOH films. Nevertheless, the recrystallization of IOH has been
already proved by means of XRD and EBSD,'”*" and the grain
structure observed with the SEM is consistent with these
EBSD images. Therefore, the observation of grains with the
SEM scans provides a relatively quick way to qualitatively
confirm the recrystallization of the films.

In order to understand the differences between the electrical
and optical properties of IOH and ITO, one has to consider
the carrier mobility ¢ and the carrier concentration N. On the
one hand, the resistivity is related to both N and p by the
equation p~' = euN.”> On the other hand, the IR optical
behavior of the films is characterized by the intraband
transitions of the free carriers, and is well described by the

Drude model (see Supporting Information). According to this
model N is related to the plasma carrier frequency by

R

_ Ne* . PP .
wp = \/ — where &, is the vacuum permittivity, &, is the
0500

high-frequency permittivity of the material, and m* is the
effective mass of the carriers (electrons for ITO and IOH).*’
The resulting free carrier absorption (FCA) increases with the
wavelength. Moreover, a lower plasma frequency results in a
lower absorption in the IR band. Hence, a trade-off between a
low resistance and a low IR absorption is given. In addition, it
should be mentioned that from a microscopic point of view
both u (and therefore p™') and wp depend on the carrier
concentration N, the effective mass m* and on the relaxation
time 7.”* Importantly, 7 depends on grain-boundary scattering,
which is much lower in IOH thanks to its relatively big
grains.17

The results of the electrical characterization of IOH samples
with varying O, and H, content near the optimum value of the
highest mobility and the lowest resistivity are shown in Figure
2. The top part of the graphs shows the resistivity, computed as
p = Rgt, where Ry is the sheet resistivity and ¢ is the thickness.
The middle part of the graphs shows the Hall mobility ¢ and
the bottom part shows the bulk carrier concentration N.
Regarding the O, optimization, it can be seen that the
resistivity has a minimum for the flow Ar/O, = 20 sccm, and
that both lower and higher O, contents result in a lower carrier
mobility and higher resistivity. A similar behavior is observed
for a varying H, content, with a minimum of the sheet
resistivity at Ar/H, = 80 sccm. Nevertheless, the resistivity
remains low even for high Ar/H, flows. In addition, it can be
seen that the resistivity is more sensible to O, flux changes
during the deposition. This behavior was always observed
during the optimization iterations. Regarding the Hall
measurements, one can see that annealing always results in a
decrease of the carrier concentration, and that increasing O,
content results in a lower carrier concentration. This is
expected because a greater O, content in the films results in
less O, vacancies and therefore less free electrons, and it
explains the high resistivities observed for Ar/O, flows greater
than 20 sccm. On the other hand, the carrier concentration
before annealing increases with the H, content, while its value
after annealing seems independent of the H, content.
Regarding the behavior of p, by changing the O, content
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Table 1. Results of the Electrical Characterization of the TCO Films Deposited for Both Electrical and Complete Optical

Characterization from 300 nm to 16 gm

sample Ar/O, [sccm] Ar/H, [sccm] thickness [nm] p [mQ-cm] u [em? Vs N [10%° cm ™3]
ITO n.a. n.a. 97 + 5 0.30 + 0.02 36.7 + 0.7 62 + 03
IOH 216 20 80 99 + 2 0.61 + 0.01 127 + 1 0.8 + 02
IOH 199 20 60 102 +3 0.36 + 0.01 134 £ 2 1.32 + 0.04
IOH 200 20 100 102 +2 0.54 + 0.01 97 +1 0.87 + 0.02
30+ 100 ~
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Figure 3. (a) Reflectance and (b) transmittance measurements and their fits for an annealed IOH sample (IOH 212, see Supporting Information),

deposited with 20 sccm Ar/O, and 80 sccm Ar/H,.

one can see a maximum at Ar/O, = 20 sccm, where also the
minimum resistivity is observed. By changing the Ar/H,, two
regimes can be seen: fluxes below 60 sccm result in lower
mobilities which increase with the flux, whereas higher fluxes
result in very high mobilities above 130 cm® V™' s7. The
highest mobilities have been observed for oxygen flux Ar/O, =
20 sccm and Ar/H, fluxes between 60 and 100 sccm, with
mobilities up to # = 130 cm®> V™' ™!, comparable to state-of-
the-art IOH.

Table 1 resumes the electrical properties of the reference
ITO layer and IOH layers which have been deposited with the
optimal recipes for subsequent analysis. The ITO has the
lowest sheet resistance thanks to its high carrier concentration
and in spite of its relatively low mobility. Nevertheless, the high
carrier concentration is also expected to (and indeed does)
increase the FCA of the layer, degrading the optical properties
and limiting the IR reflectance of back selective contacts in
both PV cells*® and TPV cells.'"® On the other side, annealed
IOH has a lower carrier concentration whose influence on the
resistivity is compensated by its high mobility, resulting in a
similarly low resistivity as for ITO.

All samples investigated with the Hall setup during the
optimization have been also analyzed in the UV—vis-NIR band
with UV—vis-NIR spectroscopy, taking R and T spectra and
fitting both curves with an optical model. More details about
the optical model can be found in the Supporting Information.
Figure 3 shows the experimentally observed reflectance on the
left and transmittance on the right side for an annealed IOH
layer and its related fit.

The optical model was used to fit the data and calculate the
single layer absorption of the TCO in the wavelength range
from 350 to 2500 nm. Figure 4 compares the absorption of

—ITO

—— |OH (as deposited)

—— IOH (annealed)
1200°C blackbody

-
[$,]
1

-
o
L

TCO layer absorption A [%]

T T T T
500 1000 1500 2000 2500
Wavelength A [nm]

Figure 4. Comparison of the TCO light absorption as determined by
the fit procedure for ITO sample and IOH 212, the latter being
deposited with 20 sccm Ar/O, and 80 sccm Ar/H,. The spectrum of a
blackbody at 1200 °C is also shown for reference.

ITO and IOH layers (before and after annealing). It can be
seen that all TCOs have a low absorption in the visible range,
and that ITO is the most absorptive, reaching 4.8% absorption
at 750 nm, at the edge of the visible spectrum. The absorption
of TCOs increases with the wavelength and for ITO it almost
reaches 29% at 2500 nm. By comparison, IOH absorbs less
visible and IR light both before and after annealing. Before
annealing the IOH layer absorption is 1.4% at 750 nm and 15%
at 2500 nm. Nevertheless, annealing drastically reduces the
absorption to 0.2% at 750 nm and 3.0% at 2500 nm. These
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facts are explained by the effect of N on the FCA in the films
and show one of the main advantages of IOH over ITO in
applications where visible or IR absorption is a matter of
concern, such as in TPV.

For a first quantification of the quality of the IOH layers for
TPV applications, the weighted absorption of the layers with a
blackbody at 1200 °C has been computed in the band between
1880 nm (corresponding to the bandgap of Ge, i.e., 0.66 eV)

S AE)9(E)dE
Jom p(B)-dE

Emn

and 2500 nm as Ay, = , where E = hc/4A is the

energy of the photons, E_;, and E_, are respectively the
minimum and maximum energies in the relevant band, A(E) is

-1
the layer absorption and ¢(E) = %E2<exp<£> - l) is

the photon flux of a blackbody at temperature T, assuming a
solid angle equal to 7 sr.”° The Results are shown in Figure 5.
The weighted absorption of the ITO layer is 27.3%, while

annealed IOH films have consistently lower absorption, the
lowest being 2% and found for the IOH film deposited with 20
sccm Ar/O, and 80 scem Ar/H,. Nevertheless, for Ar/H,
fluxes greater than 60 sccm the weighted absorption is always
around 2.5%, without showing a clear minimum. Therefore,
the samples with the greatest y and lowest sheet resistance are
found to be also the ones with the lowest NIR absorption.

In a next step, the samples described in Table 1 have been
analyzed optically in the UV—vis-NIR and in the NIR-MIR
range. All these samples have been characterized with the UV—
vis-NIR and the FTIR. In addition, the sample IOH 216 has
also been characterized with ellipsometry. Figure 6 shows the
FTIR data from 2.5 ym to 16 um of all the samples and their
fit with a Drude model.

The FTIR fits have been used to compute the IR absorption
A of the TCO layers from 2.5 ym to 16 ym, as shown in Figure
7. Note that the absorption at 2.5 ym with the FTIR is in
general different than the one obtained at 2.5 ym with the
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Figure 7. Comparison of the infrared (IR) TCO light absorption as
determined by the fit with the Drude model for the IOH samples and
the ITO reference. The spectrum of a blackbody at 1200 °C is also
shown for reference. The IR absorption is due to free carrier
absorption (FCA) and its increase with the wavelength is related to
the plasma frequency. Note that despite its higher carrier
concentration, the sample IOH 199 absorbs less IR light than IOH
200.

UV—vis-NIR: this is because of the different refractive indices
of the substrates used for the experiments, which are also
responsible for the different transmittance and reflectance.

As expected, the sample IOH 216 has the lowest absorption,
thanks to its low carrier concentration. Nevertheless, the
sample IOH 199 has a lower IR absorption than IOH 200, in
spite of the higher carrier concentration; this can be explained
by the higher reflectance of the former, which compensates for
the lower transmittance. The absorption of all IOH samples
increases visibly with the wavelength throughout the range in
consideration. On the other hand, ITO has the highest carrier
concentration and therefore the highest plasma frequency,
which results in a much higher FCA for the shorter IR
wavelength. Nevertheless, the high plasma frequency results in
a very low increase of the absorption with the wavelength, so
that some of the IOH samples become more absorptive for
wavelengths greater than 10 ym. Note that the region where
the IOH is more absorptive is far from the peak of emission of
the thermal emitters used in TPV, as it can be seen by looking
at the blackbody radiance spectrum; therefore, the contribu-
tion to the weighted absorption is very low.

The results for the IR absorption have been used to compute
the weighted absorption of the TCO in the same range.
Moreover, the absorption data in the visible and in the IR
range have been combined to estimate the weighted absorption
between 1.88 um and 16 ym. Nevertheless, one has to keep in

mind that the substrates are different for UV—vis-NIR data and
the FTIR data, and that the target application requires
germanium substrates. Therefore, these results are to be
taken only qualitatively. Table 2 shows the results of the
analysis for the weighted absorption.

Finally, the spectroscopic ellipsometry data and the UV—vis-
NIR data have been used to determine more accurately the
complex refractive index of the IOH 216 sample in the range
between 350 and 2500 nm, and the FTIR fit with the Drude
model has been used to estimate the complex refractive index
of the same sample, from 2.5 ym to 16 um. The results are
shown in Figure 8. The ellipsometry data is provided in Figure
S3 in the Supporting Information.

When comparing these results with the results of other
studies, it must be noted than besides the characteristics of the
deposition machines, there are many parameters which can be
optimized: for instance, IOH films can be deposited with both
pulsed DC and RF sputtering, using either H,O or a mixture of
H, and O,, with different pressures etc. Moreover, different
annealing environments, temperatures and durations can be
studied. As an example, Schuldes et al. optimized IOH films in
similar conditions, using RF sputtering with Ar/H, and Ar/O,
mixtures and annealing in air at 200 °C for 30 min, but a
higher pressure.'® They obtained mobilities up to 90 cm? V™
s™' and higher carrier concentrations around 2-10*° cm™,
which in turn result in resistivities around 0.4 mQ-cm, and in
spite of the relatively high value of N they report a low 1.28%
IR absorption from 800 to 1300 nm, weighted with the AM
1.5G spectrum. By comparison, the IOH films presented in this
work have higher carrier mobilities, which enable similar
resistivities with lower carrier concentrations.

The IOH process has been developed for subsequent use in
optoelectronics devices, in particular TPV cells. Most TPV
cells are designed to minimize the IR OOB parasitic
absorption, because reflected OOB photons can be reabsorbed
by the thermal emitter, avoiding excessive heating of the cells
and at the same time increasing the overall efficiency.” In order
to accomplish these goals many device architectures have been
developed, including air-bridges,” dielectric layers”” etc. The
IOH layers shown in this study target a specific device
architecture proposed by Martin et al,,'> which employs Ge as
the active material and reflective back hole-selective contacts,
consisting of 1D stacks of a transition metal oxide TMO and a
metal mirror. One of the problems of this architecture is that
silver mirrors contacted with ITO to the TMO layers are more
reflective but also have worse electrical properties than gold
mirrors in direct contact with the TMO. In particular, the best
reflectance is 87.5% observed with a MoO,/ITO/Ag stack.
The FCA of ITO limits the reflectance of the contact and
therefore of the TPV cell. In spite of the limitation of the
absorption analysis, which has been carried out on glass and

Table 2. Weighted Absorption at Different Ranges for the ITO Reference and the IOH Samples®

Ar/0O, Ar/H, NIR weighted absorption
sample [scem] [scem] (1880—2500 nm) [%]
ITO n.a. n.a. 27.3
IOH 216 20 80 0.8
IOH 199 20 60 3.0
IOH 200 20 100 3.5

IR weighted absorption (2.5—16 yum) weighted absorption (1.88—16 ym)
%

(%] (%]

15.9 17.5
6.1 54
8.2 7.5
8.6 7.9

“The investigated ranges are the NIR range from 1880 nm (i.e., the bandgap of Ge) to 2500 nm, using UV—VIS—NIR data (left); the IR range
from 2.5 pm to 16 um (center), using FTIR data; and the range from 1.88 ym to 16 um, using all the data (right).
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Figure 8. Complex refractive index extracted for the sample IOH 216. (a) In the range from 350 to 2500 nm with the use of UV—vis-NIR
spectrometry and spectroscopic ellipsometry. (b) In the range from 2.5 to 16 um with the use of FTIR.

silicon, the low IOH weighed absorption shows the potential
to increase sensibly the performance of the selective contact
taken into consideration. In addition, one must consider that
the IOH layers shown here are much thicker than the ones
considered by Martin et al. (ca. 20 nm), which means that if
thin recrystallized IOH layers could be obtained in contact
with MoO, and Ag, then the absorption contribution of the
TCO would be even further suppressed. Nevertheless, it must
be noted that the integration of IOH with the other materials is
challenging, because of the possible sputtering damage of IOH
on MoO, and because of the sensibility of MoO, with
annealing.

Nevertheless, in order to provide a preliminary assessment of
the performance of the contacts, the OOB reflectance of the
contacts has been computed with CODE. A simplified layer
stack has been assumed, consisting of a 175 pm thick
Germanium wafer in contact with 100 nm of IOH or ITO,
followed by Ag. The refractive index and absorption coeflicient
published by Blanco et al. for intrinsic germanium wafer have
been used to model the wafer.”® The reason for using intrinsic
germanium is to estimate an upper bound of the reflectance.
IOH and ITO are modeled with the complex refractive indices
obtained in this work (for ITO without ellipsometry). The
complex refractive index of Ag was taken by the database of
CODE. MoOx films have not been included because, at the
best of the knowledge of the authors, complex refractive
indices of MoOx are not yet available in the IR. The so-
obtained reflectance has been then used to estimate the OOB
power reflected back to the emitter in a TPV system, using P,¢

= ﬁ:ﬂ::gaPR(ﬂ)-B(l)dﬂ, where P, is the reflected power density,

ABandgep = 1880 nm corresponds to the bandgap of Ge, Ayax =
16 um, R(A) is the reflectance of the contact and

-1
B(4) = VF-ZJThCZ'l_S-<eXp(/1:CT) — 1) is the blackbody

spectral irradiance, which depends on the view factor VF.
Table 3 shows, for different values of VF, the incoming power
density P, = 2 B)dA hitting the TPV cells and the
reflected power density P, In addition, for both contacts the

average OOB reflectance Ryop of the contacts is also shown in
brackets.

ABandgap

Table 3. Simulated Incoming Power P,,. and Reflected Out-
of-Band Power P, of the Ge/TCO/Ag Stacks, Where the
Ge Substrate is Considered to be Intrinsic and the TCO is
Either IOH or ITO”

P [W-em™]
I0H (Roop = 91.1%)  ITO (Roop = 85.6%)

VF P, [W-em™2]

0.1S5 3.97 2.62 247
0.5 13.22 8.72 8.24
0.7 18.51 12.21 11.53
1.0 26.45 17.44 16.47

“Pi,c and P, are computed assuming a blackbody emitter at 1473 K
and different view factors VF. The average OOB reflectance is also
shown in brackets for each stack.

Naturally, the stacks employing IOH perform better than
those with ITO. For comparison, Martin et al. reported a
contact with a 20 nm thick ITO film, for which Ryop = 87.5%;
they also estimate P, = 2.67 W-cm™2 for VF = 0.15. Note that
they used a 1.2 Q-cm germanium wafer and that they integrate
from 0.2 eV (ie, Ayax = 6.2 pm) to the bandgap of
germanium. The TPV efficiency is defined as 7rpy = Pyy/Pyps =
P/ (Pyne — Preg), where P, is the output power and P, = P,
— P, is the power absorbed in the TPV cell. If one considers
two TPV cells with the same P, and respectively employing
the IOH and the ITO contact, it follows that the former has a
TPV efficiency ca. 10% higher than the latter (note that this
does not depend on VF as both P,,. and P, are proportional to
the view factor). Nevertheless, it must be noted that the
doping of Ge results in FCA which impacts both Roop and P,
Furthermore, while lower doping results in better reflectance, it
also implies a higher resistivity, which is a serious issue for TPV
devices, as they are expected to operate with currents of the
order of 1 to 10 A-cm™2, where resistive effects are important
and result in a significant degradation of the fill factor.

Another important factor impacting the TPV efliciency is
the contact resistivity of the HSCs. At the best of the
knowledge of the authors, contacts using IOH have been
mainly researched for the front contact of silicon solar cells or
for thin film solar cells,”” ™" which are not comparable to the
present case. In addition, both the contact resistivity and the
passivation of the contacts depend on many parameters, such
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as the deposition technique and its conditions, the doping of
the substrate, the presence of a back surface field etc.
Therefore, further work is needed to determine the electrical
performance of the contacts and their potential use in TPV
applications. Nevertheless, the contact resistivity and surface
recombination velocity of the MoO,/ITO/Ag contact shown
by Martin et al. are still far from optimal. A more complete
analysis of the electrical performance of the contacts, the effect
of the introduction of MoO,, the eftect of different low doping
concentrations of Ge on the optical and electrical properties
and of TPV cells using the final contacts, and of the possibility
of finding a suitable trade-off between these properties, are
beyond the scope of the paper.

B CONCLUSIONS

In this study the optimization of IOH thin films and the
electrical and optical characterization of the optimized films
has been shown. Furthermore, the IOH films have been
compared to a reference ITO film. In particular, the films have
been characterized in the NIR-MIR range up to 16 ym, having
in mind applications of the films in TPV cells. In addition,
some preliminary optical simulations have been performed to
assess the potential of the MoO,/ITO/Ag hole selective
contacts. The results confirm indeed that IOH has advanta-
geous optical properties compared to ITO while maintaining
good electrical properties, thanks to its higher carrier mobility
and lower carrier concentration. Nevertheless, ITO still has a
slightly lower sheet resistance. Moreover, there are other
phenomena that should be taken into consideration, when
choosing the TCO to be used as the contact material between
the carrier selective material (here for instance MoQ,) and the
silver back mirror and contact: for instance, the contact
resistivity between the layers of the stack has to be determined,
or the effect of possible chemical reactions at the interfaces
must be assessed. Therefore, it is still unknown whether using
IOH instead of ITO in the stack proposed by Martin et al."
will result in a better back cell and more work is needed to
develop and characterize the stack. However, beside the field of
TPV, the results of this work will be beneficial other
applications where materials with high conductivity and low
IR absorption are needed, for instance in solar cells and
transparent electrodes for IR photodetectors and IR LEDs.**
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