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ARTICLE INFO ABSTRACT

Keywords: This article studies the physical and electrical behavior of indium tin oxide layers (ITO) grown by an uncon-
High Pressure Sputtering ventional technique: High Pressure Sputtering (HPS), from a ceramic ITO target in a pure Ar atmosphere. This
photovoltaics

technique has the potential to reduce plasma induced damage to the samples. The aim is to obtain, at low
temperature via HPS, good quality transparent conductive oxide layers for experimental photovoltaic cells with
emerging selective contacts such as transition metal oxides, alkaline metal fluorides, etc. We found that the
resistivity of the films was strongly dependent on Ar pressure. To obtain device-quality resistivity without
intentional heating during deposition a pressure higher than 1.0 mbar was needed. These films deposited on glass
were amorphous, presented a high electron mobility (up to 45 cm?V~*s™!) and a high carrier density (2.9 x 10%°
cm~ for the sample with the highest mobility). The optimum Ar pressure range was found at 1.5-2.3 mbar.
However, the resistivity degraded with a moderate annealing temperature in air. Finally, the feasibility of the
integration with photovoltaic cells was assessed by depositing on Si substrates passivated by a-Si:H. The film
deposited at 1.5 mbar was uniform and amorphous, and the carrier lifetime obtained was 1.22 ms with an
implied open circuit voltage of 719 mV after a 215 °C air anneal. The antireflective properties of HPS ITO were
also demonstrated. These results show that ITO deposited by HPS is adequate for the research of solar cells with
emerging selective contacts.

transparent conductors
Selective contacts

1. Introduction

Heterojunction with intrinsic thin layer (HIT) photovoltaic cells are a
particular structure that is being researched for increasing energy effi-
ciency while maintaining a low levelized cost of energy (LCOE) [1,2]. In
fact, there are commercial modules that are fabricated with this type of
cells [3]. A particularity of these cells is the low temperature budget
needed: the maximum processing temperature can be as low as 200 °C
[3]. This presents several advantages, such as reduced silicon need
because the wafers suffer less warping when annealing and, thus, can be
cut thinner [4]. To further improve this kind of cells, a topic that is being
researched is the substitution of the doped hydrogenated amorphous
silicon (a-Si:H), used in the electron and hole contacts, by materials with
a wider bandgap. In the standard HIT cell these doped regions are
needed to produce carrier separation. However, the moderate bandgap
of doped a-Si:H (around 1.7-1.9 eV [5,6]) produces parasitic blue light
absorption at the illuminated side of the cell. These photogenerated
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carriers recombine before being separated, which leads to a reduction of
the attainable short-circuit current. Thus, the research community is
trying to achieve the carrier separation using materials with wider
bandgaps. The structures that enable carrier separation are generally
denominated selective contacts (SC). To separate the carriers there are
emerging alternatives to the traditional p-n junction. For instance, ma-
terials that present large valence band offsets with minimal conduction
band offsets, such as TiO, on n-Si [7]. Also, materials with extreme
workfunction values that, in contact with Si, bend the bands upwards,
such as MoOy [8-11], WOy [12] or V0y [13], or downwards, such as
LiFy [7]. As first explained by Wurfel et al. [14,15], the first type of
materials enhance the conductivity of holes while hindering the con-
ductivity of electrons, and are used to substitute the p-doped a-Si:H.
These materials are included in hole-selective contacts. Conversely, the
materials used to enhance electron selectivity are used in
electron-selective contacts. One of the first cells that used these struc-
tures was the Dopant-free Asymmetric Silicon Heterojunction solar cell
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(DASH). These cells initially showed conversion efficiencies under 14%
[16-18]. However, Bullock et al. [19] significantly improved the effi-
ciency to 19.4% by introducing MoOy and LiFy as hole and electron
contacts, respectively. Since then, the efficiency of this structure has
been improved to 20.7% [20]. In fact, cells with a 23.1% efficiency and
an electron SC in the backside have been fabricated [7]. The factors
affecting the efficiency of selective contacts have been studied theoret-
ically [21,22], by simulation [23-25] and empirically [13,25,26].

Most of the emerging materials that produce carrier selectivity are
semiconductors that have a moderate to high resistivity. Thus, to ach-
ieve low series resistance of the final cell, they have to be included with a
limited thickness of only a few nm and have to be capped by a high
conductivity layer to facilitate the lateral transport of the photo-
generated carriers. For the top contact, this conductive layer needs also
good transparency in the visible region, and usually it also acts as anti-
reflective coating. The materials that achieve these characteristics are
denominated Transparent Conductive Oxides (TCO) and are typically
degenerated semiconductors [27]. If the cell is intended to be used in a
bifacial configuration it needs to be transparent also at the bottom, so
both sides of the cell must be covered by the TCO. The most widely used
TCO is tin-doped indium oxide (ITO) [12,20,28]. At present, due to the
scarcity of indium [29] and environmental and health concerns [30]
there is a growing interest in indium-free TCOs, such as
aluminum-doped zinc oxide (AZO) [31-33] and gallium doped zinc
oxide (GZO) [34-36].

A critical step for the reliability of the fabrication process of the cell is
the transfer from the selective contact deposition chamber to the TCO
deposition equipment. During this transit, the film could be contami-
nated either by atmospheric exposure (for instance, by water absorp-
tion) or due to sample manipulation (C contamination). These spurious
effects can lead to non-reproducible results. Thus, they could hinder the
DASH cell development by introducing undesired non controlled pa-
rameters and obscuring the physical understanding of the processes. The
goal of our research is to deposit both the material that provides selec-
tivity and the TCO in the same novel HPS system without sample
manipulation or exposing it to the atmosphere. As a first step, in this
work we focus on the TCO material.

So far, the best results for hole-selective materials have been ob-
tained with e-beam evaporated MoOy [20], while the most widely used
TCO material is ITO deposited by magnetron sputtering [10,12,20]. If
these two different deposition techniques are used, the only way to
avoid atmosphere exposure is by using expensive cluster systems that
are unaffordable for most research laboratories and would impose a
substantial increase in LCOE in an industrial plant. Low pressure con-
ventional sputtering is a technique that presents some intrinsic advan-
tages over evaporation: the targets can be fabricated with extremely
high purity and no crucibles are needed, and, since the gas used is
typically composed of high purity Ar, N3 and Oy, film contamination can
be minimal. The overall heating of the system is lower, so there is less
desorption from walls to the processing atmosphere. The vacuum re-
quirements are less stringent, due to the much higher working pressure.
Non-elementary materials can be obtained with composite targets [37],
by co-sputtering [38] or reactive sputtering [39], while in evaporation
compositional control for most compounds is very difficult due to the
very different vapor pressures of the elements. The cost in processing
materials is lower, since the life of the sputtering target is larger than an
equivalent e-beam crucible. Also, at the end of the target’s life, the
remaining material can be easily recycled (for expensive materials this is
a great financial advantage). Finally, reverse sputtering can be used to
clean in-situ the substrate before deposition. Due to these advantages,
conventional magnetron sputtering is the technique most widely used to
obtain high quality ITO, producing a low resistivity TCO with controlled
damage to the substrate [40-43]. Also, some recent works are starting to
study the deposition of MoOx by sputtering [10,44]. If this would be
achieved with reasonable material properties, then the sequential
sputtering of SC/TCO would be a very interesting option for novel solar
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cell fabrication.

However, low pressure conventional sputtering has certain limita-
tions, mainly the risk of permanent damage of the substrate surface by
fast particles bombardment [43]. At typical sputtering pressures (1072 —
1073 mbar), the mean free path of the plasma species is in the order of
some cm [45]. To avoid permanent plasma damage by non-thermalized
species the sputtering power can be reduced or the sample can be
separated from the plasma, but this leads to bigger processing chambers
and/or a re-design of the sputtering source [40,43]. In this work we
explore a non-conventional technique, HPS, that intends to minimize
this issue by increasing substantially the working pressure, to the 0.5-5
mbar range. At these pressures, the mean free path is in the 1072 cm
range. Thus, the energetic sputtered species suffer many collisions
within a short distance, decaying to their thermal energy and, from that
point, they are transported to the substrate by a diffusion process. This
way surface bombardment by un-thermalized particles is reduced, even
at a very low distance from the target, and this enables the use of a
compact processing chamber with less stringent vacuum requirements.
This non-conventional technique was initially developed by Poppe et al.
[46] for the epitaxial growth of YBaCuO, a high-T. superconductor.
Previously, we have successfully used it for the growth of high-k di-
electrics such as TiO, [47], HfO, [48], Gd203 [49] or GdySco O3 [50]. In
the DASH cell field, HPS can prevent permanent damage to the under-
lying a-Si:H passivation layer (if it is used in a TCO/SC/a-Si:H/c-Si
configuration [51,52]), or to prevent interfacial defect creation (if the
SC is directly deposited on c-Si [53-55]). In this work we have used HPS
to deposit ITO at pressures in the mbar range, as a first step before
depositing complete SC/TCO structures by sequential HPS deposition.
To our knowledge, this is the first reported application of HPS in the SC
field.

2. Experimental methods

ITO films were fabricated by means of HPS from a 2” ITO target (Kurt
J. Lesker, 99.95% purity) sputtered in a pure Ar atmosphere. The target
was bonded to the copper target holder with an Ag epoxy conductive
resin (Testbourne). Due to the indirect target refrigeration the maximum
rf power possible was 50 W. The sputtering pressure was varied in the
range from 0.5 mbar to 2.3 mbar. The pressure was fixed by introducing
the maximum Ar flow that our turbomolecular pump could withstand
(80 sccm) and limiting the pumping speed with a guillotine valve. No
intentional heating was applied to the sample. However, during the
deposition process the refrigerated sample holder increased its temper-
ature due to plasma heating. For instance, for the 50 W processes the
temperature typically reached ~70 °C. The chamber was evacuated
before sputtering to a base pressure lower than of 2 x 10~® mbar. The rf
power source used was a Hiittinger PFG 300 model working at 13.65
MHz, attached to a matchbox to minimize reflected power (the reflected
power was less than 4 W for all processes). For each process we fixed the
effective power that reaches the target, i. e. the difference between
applied power and the reflected power.

The substrates used were square glasses of 2 cm side and 0.5 mm
thick, or polished FZ n-Si 100 substrates with 1-3 Q cm resistivity
passivated on both sides with 5 nm of intrinsic a-Si:H deposited by
plasma-enhanced chemical vapor deposition. Only for transmittance -
reflectance measurements the films were deposited on square quartz of
2 cm side and 0.5 mm thick. The material was GE-124. All samples were
cleaned with iso-propil alcohol and deionized water before introduction
to the chamber. For residual water desorption, after introduction into
the chamber, the bare glass samples were first heated in vacuum at
400 °C for 20 min. Just before the introduction to the HPS chamber the
passivated Si samples were etched in a 1:50 HF solution during 30 s to
remove the native oxide.

For the analysis of the species present in the plasma we used Glow
Discharge Optical Emission (GDOS). Two independent spectrometers
were used, model Blue-Wave from StellarNet, with wavelength ranges of
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200-400 nm and 400-600 nm. The step was 0.25 nm. Each spectrometer
was attached to a dedicated optical fiber with 1 mm diameter and 2 m
long. The fibers were focused to the plasma through a sapphire window
to ensure UV transmittance. The fiber attached to the 200-400 nm
spectrometer was specific for the UV-VIS range.

For the electrical characterization, sheet resistance was measured by
the 4-point probe method with an automated CMT-SR2000PV system.
The probe separation was 1 mm, much larger than the film thickness and
much smaller than the sample dimensions, thus the ideal correction
factor n/In 2 was used. The thickness of the films was obtained by
measuring with a mechanical profilometer (Dektak) a step defined on
the film by in-situ masking.

Also, the samples were cut in squares of 1 cm side and wire bonded
with Ag paint in the four corners. We measured in darkness using a
Keithley 4200 SCS equipped with four source and measure units con-
nected to each contact. To obtain the sheet resistance we used the van
der Pauw configuration: we introduced current ranging from 10 pA to 1
mA, depending on sample sheet resistance, between two contiguous
contacts and measured the voltage difference in the opposite contacts.
We measured the four different configurations applying the current in
both directions. Following Gonzalez-Diaz et al. [56] we corrected the
total of eight configurations with the F factor. With the same setup we
performed Hall effect measurements by introducing the current through
two opposite contacts and measuring the voltage difference between the
other two. The Hall effect was measured using a 0.9 T electromagnet
powered by a Kepco 50 20 MG power source. To avoid
thermo-galvanomagnetic effects, we measured the 8 configurations with
the magnetic field in both directions, a total of 16 measurements. To
study the thermal stability of the films, we performed several consecu-
tive hot-plate annealings in air, with a duration of 30 min, at tempera-
tures between 100 °C and 215 °C. After each anneal, the van der Pauw
and Hall effect measurements were repeated. A first set of samples were
deposited on glass, so substrate conductivity is negligible. Also, another
set of ITO films were deposited on a-Si:H/c-Si/a-Si:H passivated sub-
strates. Here, special care was taken to avoid that the Ag contacts could
touch the c-Si substrate at the sample sides. This way, the ITO film was
electrically separated from the c-Si wafer by the semi-insulating undo-
ped a-Si:H film.

X-ray Photoelectron spectra (XPS) were recorded using a Fisons
MT500 spectrometer equipped with a hemispherical electron analyzer
(CLAM2) and a non-monochromatic Mg Ka X-Ray source operated at
300 W. The samples were fixed on small flat discs supported on an XYZ
manipulator placed in the analysis chamber. The residual pressure in
this ion-pumped analysis chamber was kept below 10~° mbar during
data acquisition. The spectra were collected at a pass energy of 20 eV,
which is typical of high-resolution conditions. Spectra were analyzed
using CasaXPS software. The intensities were estimated by calculating
the area under each peak after subtraction of the S-shaped background
and fitting the experimental curve to a combination of Lorentzian and
Gaussian lines of variable proportions. Although specimen charging was
observed, it was possible to determine accurate binding energies by
referencing to the adventitious Cls peak at 285.0 eV. The maximum
allowed variation of the binding energy was +0.2 eV relative to the
value specified for peak center. The atomic ratios were computed from
the peak intensity ratios and the reported atomic sensitivity factors [57].

Grazing Incidence X-ray Diffraction (GI-XRD) patterns were
measured with a PANalytical diffractometer X’Pert PRO MRD, using the
Cu K, line of 0.1541 nm. The incident angle was 0.1° and the 26 angle
was varied between 5° and 70°.

For the optical characterization of the ITO films, transmittance T(4)
and specular reflectance R(1) spectra in the wavelength range from 300
to 2500 nm were obtained using a UV/Visible/NIR PerkinElmer Lambda
1050 spectrophotometer. Following J. L. Hernandez et al. [58], the T- R
results can be used to calculate the thickness of the film (and thus,
growth rate) and the n values can be fitted to a Cauchy dispersion law.
Once n(2) is known the absorption coefficient a can be calculated. From
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the (a*E)? vs E values [59,60] the optical bandgap can be obtained by
fitting to a Tauc law [61].

To analyze the antireflective properties of the HPS ITO the hemi-
spherical reflectance was also measured by the above-mentioned UV/
Visible/NIR spectrophotometer with illumination from the ITO side.
These measurements enabled the thickness calculation according to the
following equation [62,63]:

nd = Amin/4 (€9)]

Where n is the refraction index of the ITO films and A, the wavelength
for which the hemispherical reflectance is minimum, between 300 and
1250 nm.

Minority carrier lifetime (z) and implicit open-circuit at 1 sun (1-Sun
iVoc) of an ITO/a-Si:H/cSi/a-Si:H passivated sample were measured by
means of the Quasi-Steady-State Photoconductance technique using a
commercial setup (Sinton WCT-120) [64]. The measurements were
taken before and after ITO deposition to assess the damage created
during the deposition process and the control of surface recombination.

Finally, a cross sectional scanning electron microscopy (SEM) image
of the annealed ITO/a-Si:H/c-Si/a-Si:H sample was obtained with a Jeol
JSM 7600F operating at 15 kV. The sample was prepared by mechani-
cally scribing the backside of the wafer and applying pressure afterwards
until breakage.

3. Results and discussion

To examine the excited species presence and the stability of the
plasma, a detailed plasma characterization was perfomed by GDOS.
Also, we intended for each pressure to determine the onset of extraction
of the species (the minimum rf power that is needed to start the target
sputtering), and also it was used to check if both In and Sn were being
effectively extracted at the several plasma conditions used.

Firstly, we found that the plasma started even at a low rf power of
just 5 W. However, the minimum power needed to ionize Ar in the
pressure range analyzed, and thus, achieve target sputtering, was be-
tween 25 and 30 W. This corresponds to ~1.25 W/cm?. On the other
hand, as explained in the experimental section, the maximum rf power is
limited to 50 W. Thus, we studied the plasma in the 30 W-50 W range
(1.5-2.5 W/cm?).

Fig. 1 shows representative spectra of a typical sputtering process
(conditions were pure Ar atmosphere, 1.0 mbar chamber pressure and rf
power of 40 W) measured with the two spectrometers available. These
spectra contain all the features that were found in the remaining con-
ditions (although, as expected, the intensities were different depending
on pressure and rf power). We observe that there were many emissions
due to atomic transitions (narrow and intense peaks), but also some
molecular emissions were present (wider peaks and with particular
shapes for each molecule). We have labeled in the figure the main
emissions of each detected species and in Table I we summarize the
wavelengths of all the emissions identified in the plasma. Almost every
single peak in the spectra has been identified, even some Ar and Ar"
peaks that the reference tables mark as present with minimal intensity
[65]. Due to coincidence of emissions, some peaks (304 nm, 305.25 nm)
can be due either to In or Sn (or most likely, to a superposition of both).

The atomic species detected were Ar (neutral and ionized), In, Sn and
O [65]. The molecular emissions of OH™ and NH were also found [66].
The wavelengths summarized in Table I were in excellent agreement
with the tabulated references. Concerning the plasma stability, while the
intensity of the atomic peaks remained stable during the processes, the
intensity of the molecular emissions typically decreased with deposition
time. This fact indicates that the latter were due to chamber contami-
nation during sample load: during the process, due to heating and ul-
traviolet radiation, the walls degassed and the presence of molecules in
the plasma decreased with the time. Thus, we will focus on atomic
emissions.
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Fig. 1. Plasma emission as measured from GDOS of a process conducted at an
Ar pressure of 1.0 mbar and a rf power of 40W in the range [200 nm-400 nm]
(top) and [400 nm - 600 nm] (bottom). The most prominent emissions of the
identified species are labeled.

Table 1
Identification of the main emissions detected in the plasmas [65].

Species Emission (nm)

In 230.5, 256, 275.5, 277.5, 293.25, 295.75, 304, 305.25, 410.25, 451.25

Sn 271, 283.75, 285.75, 304, 305.25

Ar 416, 420.25, 519, 556, 549.75, 560.75, 565, 588.75, 591

Art 294.5, 349.25, 351.25, 354.75, 356, 357.75, 413.25, 426.25, 428, 433.5,
435, 442.75, 454.75, 459.25, 461, 466, 473, 473.75, 476.75, 480.75, 485,
488, 496.75, 502, 506.25, 509, 514.5, 516.5, 522.25

o 298, 394.75

OH™ band between 309 and 315

NH band with peaks at 336, 337, 339

The emission did not change significantly in the pressure range
studied (0.5 mbar-2.3 mbar). The same atomic emissions were found for
all pressures. However, at 2.3 mbar the plasma was less stable, showing
some random flickering in some processes. This effect could impact the
repeatability of the results. This was an indication that this pressure was
close to the limits of the system for the ITO target, thus the pressure was
not increased further. The main conclusion that can be drawn from
GDOS measurements is that sputtering ITO by HPS is feasible, since the
ionized Ar produced the sputtering of In, Sn and O as evidenced by their
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presence in the plasma.

For typical solar cell applications ITO thickness is 80 nm with a sheet
resistance of 100 Q/[7], which yields a resistivity of 8 x 107 Q cm.
Resistivity is determined by carrier concentration and mobility. The
literature shows that in polycrystalline ITO the Sn content has a big
impact on its resistivity: crystalline InyOs is an electrical insulator, and
the Sn atoms that get incorporated into the film introduce an excess of
electrons that converts ITO in a degenerate n-type semiconductor. There
are works showing that the resistivity strongly depends on the Sn con-
tent and its activation [67-69], with an optimal Sn/In atomic ratio
around 0.1. This is the reason why the typical ITO target composition is
90% Iny03/10%Sn0O; in weight, which translates to an Sn/In atomic
ratio of 0.102. On the other hand, in amorphous ITO the role of Sn is not
so straightforward. Some works [69-71] found that in this amorphous
material the oxygen vacancies determine the free carrier concentration,
and that Sn is mainly inactive. Concerning the mobility, typically
amorphous metals present lower values than their crystalline counter-
parts [8] because in the electronic cloud the electron mean free path is
similar to the atomic distance [72]. However, this is not the case in
amorphous ITO, where the main free path is in the order of 10 nm [73],
so the scattering due to collisions with the lattice is negligible. Thus,
amorphous ITO can present resistivity values comparable to poly-
crystalline ITO [73].

For our HPS deposited ITO, Fig. 2 shows the as-deposited resistivity
as a function of pressure and rf power. The data were calculated from the
sheet resistance value and the thickness. The thickness of the samples
was in the 100-200 nm range. As expected, the growth rate was higher
for the lower pressures.

Here we observe that the Ar pressure was the parameter that had the
strongest impact on resistivity. For instance, at a fixed power of 40 W the
resistivity variation was of more than two orders of magnitude. On the
other hand, for a fixed pressure the differences with rf power were less
than one order of magnitude for all pressures (for instance, at 1.5 mbar
the resistivity range was 3-6X10~% Q cm). There is a noticeable change
on resistivity when the deposition pressure changed from 0.75 mbar to
1.0 mbar. The minimum resistivity was obtained for pressures higher
than 1.5 mbar with a value of 3X10™* Q cm. However, the film
deposited at 2.3 mbar did not decrease resistivity significantly further.

The reason of the measured differences in resistivity with Ar pressure
is not straightforward. Many works show that the ITO resistivity is low
after annealing or deposition with elevated temperature [59,67,74,75].
These conditions result in polycrystalline films. In our films the substrate
temperature was mainly determined by the rf power and it was quite

I I I I ---0.5 mbar
- 0.75 mbar
. ™ 1 mbar
E 107 4 1.5 mbar
(&) 2.3 mbar
£
< e e .
O e
> 102 4 o 1
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= "
."5
% A A
oY 107+ A ]
qg--oooemr e W v
T T T T :
30 35 40 45 50
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Fig. 2. Resistivity of the HPS deposited ITO films calculated from 4 point-probe
measurements and profilometry as a function of rf power for several Ar pres-
sures. Lines are guides to the eye.
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low, always less than 75 °C. Also, for a fixed rf power the temperature
difference between the different pressures was less than ~10 °C, so it
cannot justify the large differences on resistivity measured. On the other
hand, the growth rate varied almost an order of magnitude (from 3
nm/min at 0.5 mbar to 0.82 nm/min at 1.5 mbar for an rf power of 40
W). A fast growth rate can produce porosity that would increase re-
sistivity [76]. Also, since the target to sample distance was not varied for
all pressures, at lower pressures there is a higher chance that energetic
species reach the growing film. This fast particle bombardment can
affect the film growth by impacting on the nucleation, the poly-
crystallinity, the Sn incorporation at doping sites or the oxygen vacancy
content. In the following we will attempt to rule out possible origins of
the large resistivity change between 0.75 mbar and 1.5 mbar.

To explore if the change in resistivity can be attributed to a
compositional change, we studied by XPS the Sn to In ratio in the range
where resistivity variation was more pronounced, between 0.75 mbar
and 1.5 mbar, and at a fixed rf power of 40W. No surface sputtering
during the XPS measurement was available, so the information comes
from the film top surface. Fig. 3 shows the XPS preliminary survey
spectra of these samples, where the main transitions of each atom
detected are indicated.

The first conclusion drawn was that no relevant differences were
found for the measured films. For all films we found the C 1s peak at
284.8 eV, which shows the presence of adventitious carbon during the
measurement. Besides, although all spectra present the O 1s peak, this
signal was not reliable for the calculation of oxygen content of the film,
due to water and NO» adsorption on the surface. The likely origin of this
adventitious contamination is sample manipulation during cutting and
transportation. Thus, we focused on the Sn to In ratio.

In Fig. 4 we show the 3d XPS peaks of In and Sn of the film deposited
at 1.0 mbar. The fits of the 3ds,, peaks are also shown. These fits were
used to calculate the atomic Sn/In ratio. The results for the other pres-
sures were very similar (not shown).

The results for the Sn/In ratio were 0.068 (0.75 mbar), 0.082 (1.0
mbar) and 0.070 (1.5 mbar). As a reference, in the target the atomic Sn/
In ratio was 0.102. Considering the uncertainty of the fits, we can
conclude from these results that in this pressure range there were no
relevant differences in the Sn/In ratio. Thus, the observed differences in
resistivity must arise from other sources.

To explore if we can relate the resistivity variation to changes in the
crystallinity of the films, GIXRD measurements were performed, and the
results are shown in Fig. 5. To ensure the maximum consistency between
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Fig. 5. GIXRD patterns of the same samples used for van der Pauw measure-
ments. Only diffractions related to Ag (from Ag paste) or Cu (from cables) are
detected, with the only exception of the 0.5 mbar sample, that shows the most
intense cubic In,O3 peaks.

electrical and structural results, the samples characterized by GIXRD
were the same square samples that were used for van der Pauw and Hall
effect measurements. Thus, the samples had copper wires glued to the
corners by silver paint.

As a consequence of using the samples prepared for electrical mea-
surements, in every diffractogram we found the main peaks of cubic Cu
[77] from the cables and cubic Ag [78] from the Ag paste used to con-
nect the cables to the corners of the sample, that will not be further
discussed. Some samples show a bump in the 15°-20° region, likely due
to the glass substrate. These were the only diffractions found, with the
only clear exception of the sample deposited at 0.5 mbar. This film
showed clearly the (220), (400) and (440) InyO3 peaks [74,75], but with
a low intensity. Also, the 0.75 mbar sample presents a peak at the (400)
Iny03 diffraction, but with an intensity very close to the noise level.
Thus, we can conclude that the ITO samples grown by HPS at a pressure
of 1.0 mbar and above are amorphous, while films deposited under 0.75
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mbar were polycrystalline. The origin of this difference must be the
enhanced energetic bombardment at the lower pressures. This addi-
tional energy enhances adatom movement through the surface, that
enables the polycrystalline arrangement of the growing film. At high
pressure, this activation due to fast particle bombardment is reduced,
and the film grows amorphous.

When we analyze the GIXRD results together with the resistivity we
find that there is a correlation on the resistivity decrease with the
polycrystalline/amorphous transition, being 0.75 mbar the turning
point. In conventional magnetron sputtering systems the deposition
pressure is much lower than 0.5 mbar (typically 10~ - 103 mbar), and
thus ITO films are typically polycrystalline, and the free carrier con-
centration is determined by Sn content and its activation [69]. On the
other hand, in our samples deposited at 1.0 mbar and above, the films
are amorphous and therefore the carrier concentration is mainly due to
the O vacancies [70].

In the TCO literature, many works focus only on the resistivity value
[59,67,74,75,79], without measuring carrier concentration and
mobility. In our amorphous material it is important to measure these
parameters, because a low mobility (due to the amorphous structure) for
samples with also a low resistivity would lead to a excessively high
carrier concentration. This would compromise near-infrared trans-
parency due to free-carrier absorption [68]. As a reference, low tem-
perature polycrystalline ITO typically presents mobilities under 20
em?V~1s71, while annealing-optimized polycrystalline ITO had mobil-
ities around 30-50 cm?V~!s! [68,80]. This mobility is lower than the
Iny03 bulk value, due to the strong hybridization of Sn and In s-orbitals
that define the conduction band [60,81]. On the other hand, optimized
amorphous ITO mobility can be comparable to InyO3 [69,82].

We measured the mobility and carrier density in the whole deposi-
tion pressure range by the van der Pauw method together with the Hall
effect determination. Fig. 6 shows these results for the samples deposited
at an rf power of 40 W as a function of deposition pressure, before and
after the 30 min hot-plate anneal.

The first result for the as-deposited samples was that the van der
Pauw measurements produced sheet resistance values that were
consistent with the values obtained with the aligned 4-probe method.
Also, the trend is that the carrier concentration increases with deposition
pressure, with the only exception of the 0.5 mbar sample. This is the only
one that is clearly polycrystalline, so we can justify this deviation from
the trend by the polycrystalline structure of this film. For pressures
above 1.0 mbar the electron concentration is quite high, in the
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Fig. 6. Carrier density (filled symbols, left axis) and electron mobility (open
symbols, right axis) of the ITO films as-deposited on glass substrates (squares),
and after a 30 min anneal in air at 150 °C (diamonds), 200 °C (circles) and
215 °C (triangles) color online.
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102°-102! ¢m 3 range. The maximum value is 6.3 x 10%° cm™ for the
2.3 mbar sample, which is a very high value considering the amorphous
character of the films. It is known that in polycrystalline ITO Sn doping is
the main origin of free carrier density, while in amorphous ITO Sn does
not play a major role, and it is the oxygen vacancy concentration the
parameter that determines the electron density [70,71]. The trend of the
carrier concentration shown in Fig. 6 agrees with this scenario: for low
pressure we are detecting the Sn doping of polycrystalline ITO, while
increasing the pressure produces films with more O, vacancies due to a
reduced energy of the incoming species.

Focusing on mobility, its value increases with pressure up to a
maximum of 45 cm?V~!s™! at 1.5 mbar, and slightly decreases at 2.3
mbar. An unexpected result was that the polycrystalline film presented
the minimum mobility of the set, with a very low value of only 0.2
em?V~1s71. This means that for this sample the electrons are dispersed
by the grain boundaries, and this is the limiting factor for the mobility.
On the other hand, the amorphous films present very high mobilities,
with values comparable to optimized polycrystalline ITO films. In these
films the limiting factor must be the ionized impurities (oxygen
vacancies).

Thus, our results show that, in principle, the amorphous structure of
the films growth at pressures of 1.0 mbar and above does not hinder its
use on photovoltaic devices. As explained before, when choosing the
deposition conditions between two films with similar resistivity values,
the one with the higher mobility would be preferred.

Combining these results with the Sn/In results from XPS confirms
that for amorphous ITO films having an adequate Sn content does not
guarantee a high carrier concentration: the samples deposited at 0.75
mbar have an electron density of only 2.5%10'° cm™3, while with
comparable Sn content the samples deposited at 1.5 mbar have
2.9%10%° cm ™3 electrons. These results show that for the HPS deposited
amorphous ITO, the deposition pressure determines the oxygen va-
cancies and, thus, the carrier concentration.

To study the thermal stability of the films, we performed several
consecutive hot-plate anneals in air at temperatures between 100 °C and
215 °C. After each anneal the van der Pauw and Hall effect measure-
ments were repeated. Annealing at 100 °C in air with a hot plate for 30
min did not produce any relevant effect on the mobility and carrier
concentration (not shown), indicating that the HPS ITO films were stable
at typical cell operating conditions. On the other hand, annealing at
higher temperatures affected mainly carrier concentration, with a small
impact on mobility. The samples showed different trends depending on
the crystal structure. The polycrystalline sample was the only sample
that improved both mobility and carrier density and, thus, resistivity.
However, for the samples with lowest resistivity values before annealing
(1.5 and 2.3 mbar), the carrier concentration strongly decreases while
the mobility slightly improves. This is consistent with the fact that ox-
ygen vacancies are in the origin of the carrier concentration: annealing
in air produces the oxidation of the amorphous films, reducing the
amount of oxygen vacancies and therefore reducing carrier
concentration.

The overall effect of these trends with temperature is that the re-
sistivity increases since the mobility improvement does not fully
compensate the carrier density loss. This trend is most severe for the 2.3
mbar sample, where the electron concentration decreases almost an
order of magnitude. After annealing at 215 °C the best sample was the
one deposited at 1.5 mbar, with a resistivity of 9X10™* Q cm. From a
processing point of view, these results indicate that the incorporation of
HPS deposited amorphous ITO on finished cells would require to keep
the processing temperature in air as low as possible, to achieve the
minimum resistivity.

For the successful integration of HPS ITO on a photovoltaic cell the
films need to have good transparency on the visible and near-infrared
region of the spectrum. To characterize the transparency, films with
thicknesses ~100 nm were deposited on quartz substrates. Again, we
focused on the samples where the change in resistivity was more
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pronounced (0.75 mbar-1.5 mbar). The transmittance, specular reflec-
tance, and absorptance of these samples in the visible and near infrared
region are shown in Fig. 7.

From the fitting of these spectra the calculated thickness of the films
was 88.1 nm (0.75 mbar), 134.2 nm (1.0 mbar) and 86.7 nm (1.5 mbar).
Thus, the thicknesses of the films are in the typical range for photovol-
taic cells.

We can observe that from the transparency standpoint there are no
relevant differences between these samples: the films present a high
transmittance value in the 70%-90% range in the visible region, with
the typical oscillations due to interference. Focusing on the absorptance,
it is negligible in the visible region (the small negative values are due to
the measuring tool, that needs to be modified between T and R mea-
surements, and thus the measuring region is not exactly the same for T
and R). In the infrared region there is a small increase of the absorptance
with pressure, which can be related to the increase of free carriers
measured electrically. In any case, the absorptance is lower than 10% in
the whole high wavelength region. The differences in resistivity do not
have a relevant impact on the transmittance. We calculated the average
transmission in the 350-1100 nm range weighted by the AM1.5G
spectrum:

_ 3151(?0 T(2)Gami s6(A)dA

110

T, o
350 Gamsg(A)dA

(2)

The results of these calculations were very similar for the three films:
79.5% (0.75 mbar), 82.1% (1.0 mbar) and 79.1% (1.5 mbar). The
growth rates that we obtained by optical measurements were consistent
with the growth rates that we had previously determined with profil-
ometry. The results of n and @ were very similar for all three samples. As
a reference, the refractive index at 1 eV was 1.91 (0.75 mbar), 1.90 (1.0
mbar) and 1.87 (1.5 mbar), while a was 4.8-55%10* cm™! at 3.5 eV.
From the a values we obtained the optical bandgaps by fitting to a Tauc
law [61]. These fits are shown in Fig. 8.

The intercept with the abscissa axis gives the gap energy. In our
samples, as expected from the transmittance results, the bandgap is very
similar in all three films: 3.60 eV (0.75 mbar), 3.61 eV (1.0 mbar), and
3.83 eV (1.5 mbar). These values are within the variability of the Tauc
representation and are in accordance with the results obtained in other
works [59,83]. No clear Burstein-Moss displacement can be observed
[84]. Thus, we can conclude that, although the ITO films deposited in
this pressure range present quite different resistivities, there are no
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Fig. 7. Transmittance (dashed line), specular reflectance (solid line) and
absorptance (dotted line) of ITO samples deposited at 40W of rf power and Ar
pressure in the [0.75 mbar-1.5 mbar] range.
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relevant differences in optical behavior. Also, all these films have a good
transparency that makes them adequate for solar cell applications.

In Table IT we summarize the most relevant results that we obtained
for these films up to this point.

The results shown so far were obtained using glass or quartz sub-
strates. This characterization is relevant for a general purpose ITO, but
aiming at the use of HPS ITO films with DASH cells it is also important to
characterize the electrical characteristics of the films when they are
deposited on a-Si:H passivated c-Si. It is known that hydrogen effusion
from the a-Si:H film when the samples are annealed at low temperature
can induce modifications on the film atomic arrangement, thus pro-
ducing changes on the electrical behavior. Fig. 9 shows the carrier
concentration and mobility of the ITO films deposited on a-Si:H/c-Si/a-
Si:H substrates as a function of annealing temperature.

While the overall trend for this set of samples is similar to the sam-
ples deposited on glass, there are some differences. The as-deposited
films present higher mobilities that decrease with the annealing at
100 °C for the amorphous films, while for the 0.75 mbar ITO the
mobility increases monotonically with annealing temperature. Also, this
sample presents a higher electron concentration. The origin of the dif-
ferences of the as-deposited films as compared with the glass substrate
results is unclear, but it can be related to the difference on substrate
temperature during deposition due to the different heat conductivity of
Si and glass. Although the substrate holder reached roughly the same
temperature, we do not have a direct measurement of the substrate
surface.

As with glass substrates, the carrier density decreases with annealing
temperature for all three samples, but with these c-Si substrates the
decrease is more pronounced than for the glass substrate samples. In
fact, after the 215 °C anneal, the resistivity of the 1.5 mbar sample
degraded to 3 x 1072 Q cm, which indicates that H effusion from the a-
Si:H plays a significant role in the ITO carrier concentration. Thus, to
ensure that this effect is limited, a pre-deposition annealing step would
be needed to promote lightly-bonded H effusion from the a-Si:H. In the
future we will perform this study aiming at the optimization of HPS ITO
for its use on HIT cells.

To sum up the results obtained up to this moment, we found that the
films deposited at a pressure lower than 0.75 mbar were polycrystalline,
while at high pressure were amorphous. For these amorphous samples
Sn content does not impact carrier concentration, which must be due to
oxygen vacancies. Although before annealing the film deposited at 2.3
mbar presents lower resistivity than the sample deposited at 1.5 mbar, it
is at the expense of reduced mobility, and the impact of annealing
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Table 2
Summary of the properties of ITO films deposited by HPS at 40 W.
Deposition Pressure Electron density Mobility (cm?/ Resistivity (Q R. after 215°C (Q  Growth rate (nm/ Refractive index @ Gap energy Tami.56
(mbar) (cm’3) V.s) cm) cm) min) leVv (eV)
0.75 2.5%10'° 8.1 3.1%1072 2.3X1072 1.71 1.91 3.60 79.5%
1.0 1.1x10%° 22 2.6X1073 1.2x1072 1.45 1.90 3.61 82.1%
1.5 2.9%10% 45 4.7%107* 9.1x107* 0.96 1.87 3.83 79.1%
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Fig. 9. Carrier density (filled symbols, left axis) and electron mobility (open
symbols, right axis) of the ITO films as-deposited on a-Si:H/c-Si/a-Si:H
passivated substrates (squares), and after a 30 min anneal in air at 100 °C
(pentagons), 150 °C (diamonds), 200 °C (circles) and 215 °C (triangles)
color online.

temperature on resistivity was less severe for the film deposited at 1.5
mbar. The films deposited on a-Si:H/cSi/a-Si:H showed similar trends,
but for annealing temperatures of 200 °C and above the resistivity was
worse than the equivalent samples deposited on glass. Also, from a
practical standpoint, at 2.3 mbar the plasma was unstable, and the
growth rate was lower. This reduced growth rate implies that if we
worked at 2.3 mbar, to deposit 75-80 nm the process would be longer,
with the result of an increased UV irradiation to the sample. This UV
irradiation can also impact cell performance. Thus, in the final part of
the article we will focus on the amorphous ITO films deposited at 1.5
mbar.

As final test to check if the HPS deposited ITO films were suitable to
be used in HIT solar cells, we deposited a ~80 nm thick ITO film on the
top surface of a high quality c-Si sample passivated with undoped a-Si:H
on both sides. The conditions chosen were the ones that showed the
minimal resistivity after annealing for the glass and c-Si substrates: 1.5
mbar of Ar and 40 W of rf power. Fig. 10 shows the carrier lifetime
measurements of the passivated sample before deposition. A maximum
of 1.8 ms at an excess carrier density of 10'° cm ™2 is observed. The 1 Sun
iVyc was 731 mV.

After ITO deposition the lifetime decreased several orders of
magnitude, to a low value of 14 ps at an excess carrier density of 10'°
cm™3. This is due to the well-known a-Si:H degradation when it is
exposed to UV radiation [85]. This damage is not permanent and can be
recovered by low temperature annealing in air. The origin of the
degradation is the Si-H bond breakage by UV radiation of the plasma
that takes place without atomic displacement. Low temperature
annealing can heal most of these broken bonds, as Fig. 10 shows. We
performed several hot plate anneals at 200 °C. After 30 min annealing,
the maximum lifetime increased drastically to 0.93 ms. After increasing
the total annealing time to 1 h the lifetime only increased marginally, to
0.97 ms, with a 1 Sun iV, of 710 mV. This temperature and lifetime

Excess carrier density [cm‘3]

Fig. 10. Carrier lifetime measurements as a function of photogenerated excess
carrier density of an a-Si:H passivated c-Si substrate before ITO deposition
(solid line), after ITO deposition and annealing in air at 200 °C during 30 min
(short dashed line), 60 min (dotted line) and after additional annealing at
215 °C for 30 min (long dashed line). The arrows are included to highlight the
evolution with thermal budget.

values are adequate for HIT cell fabrication, but in order to check if even
higher temperatures produced an improved lifetime, we further
annealed the sample for 30 min at 215 °C. We found that the lifetime
increased to 1.2 ms, and the 1 Sun iV, was essentially recovered, with a
value of 719 mV, that remained stable after several days.

To study the antireflective properties of the optimized HPS ITO film
after the anneals, the hemispherical reflectance of the same sample as
Fig. 10 was measured in the 300-2500 nm wavelength range, and the
results are shown in Fig. 11.

We observe the typical characteristics of an antireflective coating on
polished Si, with a reflectance minimum of only 0.8% at a wavelength of
656 nm. From the minimum of the reflectance we can calculate the
thickness of the film using eq. (1), which produces a value of 79 nm. The
weighted reflectance in the 350-1100 wavelength range was calculated
by the expression:

1100
350

Riem (A) Gann s (A)dA
f;;élo Gamrsc(A)dA

As a reference, while a polished Si wafer has a weighted reflectance
around 45%, in our case the weighed value was 16.4%. This is a satis-
factory value for untextured Si solar cells, thanks to the optimized ITO
thickness.

Finally, through cross-sectional SEM we can observe the surface
morphology to detect roughness, adhesion problems or evidence of
crystallization. Fig. 12 shows the cross-sectional SEM image of the ITO
film deposited on passivated Si after the annealing processes.

There is a clear contrast between the ITO film and the Si substrate.
However, the a-Si:H film that is present between these layers is not
distinguishable (its thickness is in the ~5 nm range). The film surface is

3
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Fig. 11. Hemispherical reflectance of the a-Si:H passivated c-Si substrate after
ITO deposition and annealing at 215 °C.
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Fig. 12. Cross sectional SEM image of the ITO film deposited on a-Si:H
passivated c-Si at 1.5 mbar with 40W of rf power.

flat and free of pinholes or irregularities. As expected from GIXRD re-
sults, there is no evidence of polycrystallinity in the image, such as
columnar growth or surface topology. The surface is free of defects or
bumps that would appear if there were adhesion problems [86]. The ITO
thickness is 80 + 3 nm, which is coherent with the optically measured
thickness.

These results show that HPS deposited ITO has adequate properties
to be used on the research of HIT solar cells in general and, in particular,
in new structures with emerging selective contacts, such as the DASH
cell.

4. Summary and conclusions

In this article we have shown the feasibility of the fabrication of ITO
thin films by HPS of an ITO target in pure Ar atmosphere. The deposition
pressure impacts strongly on the ITO resistivity value. At pressures
above 1.0 mbar the as-deposited ITO films were amorphous and pre-
sented an adequate resistivity, lower than 10~ Q cm. The lowest value
obtained was 3 x 10~ Qcm for 1.5 mbar. The mobility was quite high
for an amorphous film, as expected from ITO, with a maximum value of
45 cm?V~!s7!. The carrier concentrations were strongly dependent on
deposition pressure and annealing temperature. In the 0.75-1.5 mbar
range we did not measure any significant differences on Sn/In ratio
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(0.068-0.082), on the weighted transmittance (79.1-82.1%) or in the
bandgap value (3.6-3.8 eV). As expected for amorphous ITO the most
probable origin of the high carrier concentration are the oxygen va-
cancies, that are determined by growth dynamics and annealing. We
also analyzed the impact of ITO deposition on a-Si:H passivated Si
substrates by measuring mobility and carrier concentration, and we
found that H effusion produced a severe decrease on carrier concen-
tration for hot-plate annealing of 200 °C and above. Finally, we focused
on the pressure that yielded more promising results, 1.5 mbar, and
deposited a thickness-optimized film on a a-Si:H/c-Si/a-Si:H passivated
substrate. After a low temperature annealing at 215 °C the 1Sun-iV,. was
719 mV, and the weighted reflectance was 16.5%. SEM images of this
sample confirmed the amorphous and uniform structure of the ITO film.
All these results prove the feasibility of the use of HPS deposited ITO for
the research of HIT cells.

Given that we found that low temperature air annealing affects HPS
ITO properties, in the near future we will study the deposition at mod-
erate substrate temperatures (under 250 °C), and the effect of hydrogen
effusion from a-Si:H on carrier concentration and mobility. In any case,
in this work we have shown that HPS is a promising technique for a
single-tool deposition of the multilayer selective contact (selective layer
+ transport layer) needed for the research of non-conventional DASH
cells.
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