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Abstract

To optimize the optical response of a solar cell, specifically designed materials with
appropriate optoelectronic properties are needed. Owing to the unique microstructure of
doped nanocrystalline silicon oxide, nc-SiOy:H, this material is able to cover an extensive
range of optical and electrical properties. However, applying nc-SiOx:H thin-films in
photovoltaic devices necessitates an individual adaptation of the material properties according
to the specific functions in the device. In this study, we investigated the detailed
microstructure of doped nc-SiOy:H films via atom probe tomography at the sub-nm scale,
thereby, for the first time, revealing the three-dimensional distribution of the nc-Si network.
Furthermore, n- and p-type nc-SiOx:H layers with various optical and electrical properties
were implemented as a window, back contact, and an intermediate reflector layer in silicon
heterojunction and multi-junction thin-film solar cells with a focus on the key aspects for
adapting the material properties to the specific functions. Here, nc-SiOx:H effectively reduced
the parasitic absorption and opened new possibilities for the photon management in the solar
cells, thereby, demonstrating the versatility of this material. Remarkably, using our adapted
nc-SiOx:H layers in distinct functions enabled us to achieve a combined short circuit current
density of 15.1 mA cm™ for the two a-Si:H sub-cells in an a-Si:H/a-Si:H/pc-Si:H triple-
junction thin-film solar cell and an active area efficiency of 21.4 % was realized for a silicon
heterojunction solar cell.



1. Introduction
Hydrogenated nanocrystalline silicon oxide (nc-SiOx:H), often also called microcrystalline
silicon oxide (pc-SiOx:H), attracts significant attention as a material for photovoltaics [ 1-6].
The unabated interest in doped, both n- and p-type, nc-SiO:H prevails mainly due to its
remarkable variability. Particularly, the optical and electrical properties of this material can be
varied in a broad range, providing a tunable refractive index, a low absorption coefficient in
the relevant energy range, and a sufficient electrical conductivity. This is made possible by its
characteristic microstructure, which is usually described as comprising of well conducting
filaments or pearl-chain like arrangements of nanocrystalline silicon (nc-Si) embedded in a
highly transparent, oxygen rich amorphous silicon oxide (a-SiOx:H) matrix as indicated by
TEM investigations [1,2,7,8]. As a result, nc-SiOx:H is widely applicable as a window, back
contact (BC) or intermediate reflector (IR) layer in various solar cell concepts. So far, nc-
SiO4:H has been utilized in photovoltaic devices like thin-film (TF) silicon solar cells [3,9—
11], multi-junction solar cells [12—14], crystalline silicon solar cells with diffused emitters
[6], and silicon heterojunction (SHJ) solar cells [ 15—-18]. Each of these applications requires
specific optoelectronic properties in order to improve the overall spectral utilization and the
response of the solar cell. In this study, we investigate the microstructure of device relevant
nc-SiOx:H n- and p-type nc-SiOy:H films by atom probe tomography (APT) revealing the
three-dimensional network structure of nc-Si in nc-SiOy:H for the first time. Furthermore, we
present our most recent results on SHJ and triple-junction TF solar cells employing n- and p-
type nc-SiOx:H films.

2. Materials and methods

The n- and p-type nc-SiOx:H TFs described in this study were deposited on Corning Eagle
2000 glass substrates via plasma enhanced chemical vapor deposition (PECVD) at a plasma
frequency of 13.56 MHz (RF). While the substrate temperature was around 185 °C and the
power density was fixed at around 300 mW cm™. The deposition pressure was set to 4 mbar.
Silane (SiH,), hydrogen (H,), methane (CH4), and carbon dioxide (CO,) served as precursor
gases and the n- and p-type doping of the films were achieved by adding phosphine PHj3 or
trimethylborane B(CHs)3, respectively. The composition of the gas mixture during the
deposition was characterized by the silane concentration SC and the CO, gas flow ratio rcoa,

defined by SC = L5iA,] [€Oz]

[H2]+[SiH4] and Tco, = [CO,)+[SiH,]

, respectively.

To evaluate the properties of the nc-SiOy:H films, the thickness was measured using a Vecco
DEKTAK 6M Stylus Profiler. Here, the thickness of the deposited films ranged from 0.3 to
about 1 um. The electrical performance was evaluated by determining the lateral dark
conductivity op with coplanar silver contacts. To describe the optical properties of the films,
the spectral transmittance and reflectance were obtained using a Perkin Elmer LAMBDA 950
spectrometer. Afterwards, the spectral absorption coefficient a(\) was evaluated [19] to
determine the optical band gap Eos at &= 10" cm™. Furthermore, the refractive index n()) was
determined using the Fresnel equation. Additionally, photo thermal deflection spectroscopy
(PDS) was employed to determine the Ey4 and n of highly transparent films.

Specimen for the Atom Probe Tomography (APT) investigations were prepared by using a
Zeiss Auriga focused ion beam electron microscope (FIB-SEM). Before, a 300 nm layer of Pt
was deposited on the films to prevent damage from Ga ions during the FIB milling. More
details on the sample preparation can be found in [20]. The measurements were performed on
a CAMECA LEAP 4000Xsi with a pulsed 355 nm laser (250 kHz, 50 pJ) and an overall
detection efficiency of 57 %. During the APT measurements the sample holder was cooled to
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40 K at a chamber pressure below 10” Pa. In the last step, CAMECA’s IVAS software was
used for reconstruction and analysis of the sample data.

All wafers used for the SHJ solar cells were cleaned by sulfuric acid and hydrogen peroxide
(96 and 30 %, respectively) in a ratio of 2:1 for 10 min followed by a2 min dip in 1 %
hydrofluoric acid (HF) prior to deposition. The cells were deposited on (100)-oriented wet
chemically textured CZ silicon wafers (170 um, 1-5 Q cm). After cleaning, 5 nm of intrinsic
a-Si:H layers were deposited via PECVD to passivate the wafer surface at a substrate
temperature of 140 °C and a deposition pressure of 1 mbar, using SiH4 and H; as process
gases, the power density was set to 18 mW cm™ with an electrode distance of 23 mm at 13.56
MHz. The deposition was followed by a thermal annealing step in ambient air at 220°C. After
a short HF dip, the n- and p-type nc-SiOy:H layers were deposited at the conditions outlined
above. Then, the area of each cell on the wafer was defined by sputtering indium tin oxide
(ITO) through a shadow mask on each side at a substrate temperature of 125 °C. An ITO
target with 5 wt. % SnO, was used at a deposition pressure of 50 mPa. Following the ITO
deposition, silver grids were evaporated onto the cells through shadow masks. On the back
side a full area silver contact was evaporated for each cell. Lastly, the cells were thermally
annealed in air for 2 h at 220 °C. The full layer stack of the SHJ solar cells has been described
in [21].

For the TF silicon solar cells SnO,:F coated glass from the Asahi Glass company was used as
a substrate to deposit cells in a p-i-n configuration. The schematic layer stack is depicted in
Fig. 1 b). The exact deposition parameters for the a-SiC:H, a-Si:H and pc-Si:H layers can be
found in [9,10,13,22].

To characterize the solar cells, a double source AMI1.5 solar simulator (Class A) was used at
standard test conditions (AM1.5G, 1 kW m™, 25 °C). Furthermore, external quantum
efficiency EQFE spectra were measured using a differential spectral response (DSR) setup.
More details on the measurement of the multi-junction solar cells can be found in [13].
Additionally, by convoluting the EQFE spectra with the AM1.5G solar spectrum in the range
from 350 to 1150 nm, the active area short circuit current density J,. was calculated. The
reflectance R was measured using the Perkin Elmer LAMBDA 950 spectrometer.

3. Results
Various possible applications of nc-SiOx:H layers in silicon heterojunction (SHJ) and Si thin-
film (TF) solar cells are sketched in Fig. 1 a) and b), respectively. At the illuminated side of a
SHJ solar cell layers of nc-SiO:H can be used as front-emitter or front surface field (FSF)
layers (“I”’ in Fig. 1 a)). The main focus in this application is to reduce the parasitic absorption
at the front of the solar cell due to the high transparency of nc-SiOy:H layers in comparison to
a-Si:H [8,15,21]. At the same time, the conductivity of the employed layers has to be
sufficient to maintain a high fill factor (FF) in the device. Furthermore, nc-SiOx:H can be
used at the rear of SHJ solar cells to serve as a rear-emitter layer [21] or a back surface field
[23] (“I” in Fig. 1 a)). Here, a high conductivity and a low contact resistance towards the
transparent conductive oxide (TCO) are paramount.

In multi-junction Si TF solar cells nc-SiOx:H layers can be applied at the back of the top sub-
cell (“II” in Fig. 1 b)) as a first interlayer, which mainly serves to reduce the parasitic
absorption of light at this part of the solar cell. A well-balanced trade-off between a high
transparency and a sufficient conductivity is required for these films similarly to the
application as a FSF or a front-emitter layer. An intermediate reflector (“IV” in Fig. 1 b)) is



another possible application of nc-SiOx:H layers in multi-junction Si TF solar cells. By using
specifically optically tuned nc-SiOy:H layers, these allow to match the generated current
between the adjoining sub-cells in a multi-junction solar cell by introducing an abrupt change
in n [24,25]. Furthermore, nc-SiOx:H layers can reduce the parasitic absorption at the rear of
Si TF solar cells when applied as back contact layers (BC, “V” in Fig. 1 b)) [10]. Here, the nc-
SiO4:H layer reduces the parasitic absorption by surface plasmons in the metal contact [26,27]
and a well-balanced compromise between a low refractive index » and a high electrical
conductivity has to be found.

In order to fulfill the mentioned requirements for each application, the properties of the nc-
SiOx:H layers have to be tuned. Fig. 2 summarizes the development of a wide variety of nc-
SiOx:H films. In detail, the dark electrical conductivity (op) is presented versus the refractive
index # in Fig. 2 a) and versus the optical band gap Ey4 in Fig. 2 b). The n values achievable
in these layers ranged from 3.6 to 1.9. Similarly, Ey4 could be varied from about 1.9 eV to
almost 2.9 eV. All the while, op changed by many orders of magnitude from 10™% (Q ¢cm)
close to 10* (Q cm) ™. Typically, an increase in Egs, accompanied by a lowered n, leads to a
decrease in op. Furthermore, Fig. 2 shows that improved optoelectronic properties could be
achieved with n-type nc-SiOy:H films as compared to p-type nc-SiOx:H, resulting in a higher
Ey4 at any given op or vice versa. Three films of nc-SiOx:H are highlighted in this plot as stars
to indicate layers that were suitable to serve as a FSF layer, an emitter layer, a BC layer, or an
IR in Si TF or SHJ solar cells. Please note that the op of the thin nc-SiO:H films used in solar
cells is expected to be lower than the value determined from thicker (several hundred nm)
films [28]. Nevertheless, the properties determined on thicker films have proven to serve well
as indicators for the suitability of a nc-SiO:H film in a desired application.

The key requirements for the different applications are summarized in Table 1 and are related
to the properties of the highlighted films from Fig. 2. Accordingly, the nc-SiOx:H film “A”
with well-balanced optoelectronic properties (Eos ~ 2.25 eV, op ~ 1072 (Q cm) ™) was most
suitable for the application as a FSF and as a BC layer. In contrast, film “B” (op ~ 10™ (Q
cm)™) offered the electrical conductivity demanded by the application as a rear-emitter layer
or a back surface field (BSF). Lastly, the required low » for an IR layer was achieved by film
“C” withn=2.

The microstructure of an n-type and a p-type nc-SiOx:H film with similar properties and
composition as the films “A” and “B” from Fig. 2, respectively, were investigated via APT.
APT is a destructive, sub-nm imaging technique that is based on the effects of field
evaporation and field ionization of atoms from an nm sized needle of the investigated
material. Due to intrinsic design limitations of the microchannel plates and effects like de -
ionization of ions only a limited fraction of the evaporated atoms can be collected, resulting in
detection efficiencies around 60 % [29,30]. Even though the investigated films were deposited
at slightly different deposition conditions [21], their microstructure can be taken as a suitable

Table 1: Requirements on thin films for different applications and the compliance of selected
nc-SiOy:H layers, presented in Fig. 2, with those requirements. The symbols -, 0, and +
indicate a low, moderate, and excellent compliance, respectively. The high transparency refers
to the short wavelength range below 600 nm.

application . nc-SiOx:H
. ) key requirement
FSF / emitter BSF / emitter IR BC A B C
! high transparency 0 - +
! ! ! high conductivity 0 + -
! ! low refractive index 0 - +



representation for similar n- and p-type nc-SiOx:H films. The obtained microstructures of the
films are displayed in Fig. 3. Here, the nc-Si phase was approximated by defining a threshold
density of 49.9 nm™ of Si for a given voxel size of 0.5x0.5x0.5 nm’, while considering the
detector efficiency of the APT measurement. A similar distribution of the nc-Si phase has
been previously observed by high resolution transmission electron microscopy (HRTEM) at a
comparable scale [1,2,14], supporting the Si density approximation for the nc-Si phase used
here. Accordingly, Si iso density surfaces were constructed by connecting voxels attributed to
the nc-Si phase. The, thereby, defined areas of nc-Si show Si filaments, elongated in growth
direction of the films for n-type as well as p-type nc-SiOy:H films. The filaments were up to 5
nm thick and were separated by Si deficient areas, which mostly correlated with the positions
of O-rich areas (not shown). Overall, a lower amount of nc-Si was evident in the p-type nc-
SiO4:H film as compared to the n-type film in Fig. 3. The crystalline volume fractions could
be estimated by relating the number of atoms within the approximated nc-Si phase to the total
number of detected atoms, yielding a crystalline volume fraction of 27 % for the n-type film
and 20 % for the p-type material. The three-dimensional network of the Si iso density surfaces
is presented in Fig. 4 a) and b). Both nc-SiOy:H films contained an extensively interconnected
network of nc-Si with a predominant orientation in the direction of film growth. Using a
proximity histogram analysis the average positions of the dopant atoms were identified with
respect to the nc-Si surfaces (Fig. 4 ¢) and d)). Similar concentrations of the dopant atoms
were detected within the nc-Si phase as well as the surrounding matrix for both types of films.
At the same time, significant amounts of C were found within the nc-SiOx:H films. Especially
the p-type nc-SiOx:H film contained up to 1.5 at. % of C within the matrix phase.

In a next step the investigated nc-SiOx:H films were applied in a SHJ and an a-Si:H/a-
Si:H/pc-Si:H triple-junction TF solar cell to illustrate the potential of the nc-SiOx:H layers in
their various functions. Fig. 5 displays the external quantum efficiency (EQE) and the
absorptance (A) of the rear-emitter SHJ solar cell with the n-type nc-SiOx:H (“A” in Fig. 2) as
a FSF layer and the p-type nc-SiOx:H (“B” in Fig. 2) as a rear-emitter layer. An active area
efficiency nact of 21.4 % for the best cell was achieved on a Si random pyramid textured 170
um CZ Si wafer with an active area of approximately 3.4 cm? without any further optical or
electrical optimization of the individual layers or their thicknesses as compared to non-
textured solar cells [21].

In an a-Si/a-Si/pc-Si triple-junction solar cell a remarkably high combined Ji of 15.1 mA ecm’
2 could be achieved for the two front sub-cells, using a-Si:H absorber layers, by employing an
nc-SiOy:H layer with a low n of 2 and op = 10* (Q cm)! (“C” in Fig. 2) as an IR between the
middle and the bottom sub-cell. The corresponding EQFE and the solar cell parameters are
shown in Fig. 6. Additionally, this solar cell used an n-type nc-SiOy:H layer (“A” in Fig. 2) as
a BC layer to reduce the parasitic absorption at the rear.

4. Discussion
The advantageous tunability of nc-SiOy:H films gives rise to a wide range of possible
applications. Depending on the requirements of the specific function, the optoelectronic
properties, characterized by Eo4, 1, and op, have to be adjusted [22]. We achieved this by
changing the SC and rco,. These affect the fractions of crystalline Si and a-SiOx:H within the
film and thereby the properties of the nc-SiOx:H [1,11,14,31,32]. Generally, an increase in
rcoz yields more transparent, but also less conductive films, due to an increased oxygen
content [1,31], while a higher SC leads to an increase in op due to an increasing volume
fraction of nc-Si for a sufficiently low rcop [14,31,33].



The APT investigation revealed an anisotropic nc-Si network in growth direction of the film
for n-type as well as p-type nc-SiOx:H. It is important to note that different evaporation fields
and surface curvatures for the different phases could have produced so called “local
magnification effects” and trajectory aberrations [29,34]. These effects might distort the
origin of a given ion and affect the reliability of the calculated atom densities and therefore
the phase identification. However, a similar anisotropic microstructure has been observed by
HRTEM [1,2,14] which qualitatively confirms the determined distribution of the nc -Si phase.
Now, a detailed three-dimensional distribution of the nc-Si network could be reconstructed
via APT, thereby revealing a large amount of lateral connections within the nc-Si network that
explain the high lateral op of both films. At the same time, a higher conductivity can be
expected in the transversal direction due to the preferential orientation of the nc-Si in this
direction, which is crucial for the performance in a solar cell. The distribution of nc-Si was
similar for both films, although the volume fraction of nc-Si was less in the p-type material.
The lower crystallinity of the p-type material is probably related to the amorphization effect
by the B [8,13,35,36].

The detailed dopant distribution within the nc-SiOy:H films could be explored by APT as
well. Both, P and B, were found to be distributed nearly equally across both phases. This is in
contrast to thermally grown films of Si nanocrystalls embedded in a Si0, matrix where an
increased P content was found in the Si nanocrystalls for n-type material and a decreasing
amount of B towards the inner part of the nanocrystalline Si for p-type material [20]. A
possible cause might be a lack of time and/or energy provided to the system during PECVD to
rearrange the dopant atoms to their thermodynamically favorite sites. Furthermore, the
uncertainties in determining the nc -Si phase (and thereby its surface) by APT, as mentioned
previously, affect the accuracy of the proximity histograms. Despite similar dopant
concentrations, the dopants in the amorphous matrix phase are expected to be mostly inactive
due to an insufficient coordination. Furthermore, the charge carrier mobility within the matrix
phase can be assumed to be significantly lower than in the nc-Si phase due to a higher degree
of disorder in the amorphous matrix. Therefore, the high op is attributed to the nc-Si network.
The main incorporation of C presumably from the doping gas trimethylboron, especially in
the O-rich matrix, could be detected for the p-type nc -SiOx:H film which has also been
reported at about 2 at. % by other authors [7,31]. This C could contribute to a reduced amount
of nc-Si phase in favor of the amorphous phases within the films [37] in addition to the
amorphization by B. Thereby, slightly increasing Ey4 and reducing op of the films. The
incorporation of C in the n-type nc -SiOx:H film probably stems from using CO; as the O
source. Although most of the C is expected to leave the deposition chamber in the form of CO
or CO; [38], a small amount is still embedded in the film.

In the solar cell the strong anisotropic growth of the nc-Si phase leads to a good transversal
conductivity, so that the O-rich a-SiO:H phase can provide a high transparency while the
electrical current is mainly carried by the doped nc-Si network. This is beneficial
independently of the specific application. However, the amount of the individual phases can
be tuned to achieve the desired properties. At the front of a SHJ and a Si TF solar cell the n-
type nc-SiOy:H films reduce the parasitic absorption as a FSF, a front-emitter layer, or
interlayers in general due to their high Eo4, while as a back contact layer on the rear of a Si TF
solar cell they reduce the parasitic absorption related to plasmonic losses in the reflector
[26,27]. Applied in a textured rear-emitter SHJ solar cell a high Js; of 39.4 mA cm™ is
demonstrating the benefit of implementing the transparent nc-SiOx:H FSF layer. At the same
time, a FF of about 75 % demonstrates that the p-type nc-SiOx:H film provides a good contact
towards the rear-ITO as a rear-emitter layer in the SHJ solar cell thanks to the extensive
network of nc-Si and a corresponding op. In comparison to our previous results obtained on
planar substrates [21], we significantly increased the J;. by exploiting the superior light



incoupling and light trapping of textured wafers and, at the same time, enhanced the V. by
reducing the wafer thickness from 280 to 170 pm [39].

As an IR in a multi-junction solar cell the n-type nc-SiOx:H film “C” from Fig. 2 offered a
high contrast in n with respect to the n-type a-Si:H layer above it, thereby effectively
increasing the reflection of light towards the sub-cells above the IR. Accordingly, a high
combined current of 15.1 mA cm™ was achieved for the first and the second a-Si:H sub-cell,
which is comparable to a-Si/a-Si tandem solar cells with silver back reflectors [40].
Furthermore, an FF of 74 % was achieved in the triple junction solar cell. Here, the low op of
the nc-SiOy:H IR is accompanied by an increased defect density, which is beneficial for its
secondary function as a recombination junction. Additionally, using an optoelectronically
balanced nc-SiOx:H BC layer gave rise to a reduced parasitic absorption at the back of this
solar cell.

5. Conclusion
Within this work we presented the numerous applications of nc-SiOx:H films in silicon
heterojunction (SHJ) and silicon thin-film (TF) solar cells, making use of their remarkable
versatility. In particular, an intricate three-dimensional network of nc-Si is providing
conductive paths for the electrical current in lateral as well as transversal direction, while an
O-rich matrix phase provides a high Ey4 and a low n. Here, the dopant atoms are nearly
randomly distributed across all phases in the n-type as well as the p-type material. A wide
range of properties can be achieved by the nc-SiOy:H layers by adjusting this microstructure.
In detail, the application as a window, front-emitter or back contact (BC) layer demands a nc-
SiO:H layer with well-balanced optoelectronic properties, while the rear-emitter layer in a
SHI solar cell has to be highly conductivity in order to ensure a good contact towards the
TCO. In contrast, for a nc-SiO:H intermediate reflector (IR) a lower conductivity is tolerable
to achieve a low refractive index. Combining the beneficial properties of nc-SiO:H as an IR
and BC layer, an a-Si/a-Si/pc-Si triple-junction TF solar cell with a combined short circuit
current of 15.1 mA cm™ for the two a-Si:H sub-cells and a FF of 74 % was presented.
Furthermore, an n-type nc-SiOx:H FSF layer and a p-type nc-SiOx:H rear-emitter layer led to
a textured rear-emitter SHJ solar cell with an active area efficiency of 21.4 %.
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Fig. 1. Schematic layer stacks for (a) a silicon heterojunction (SHJ) and (b) a Si thin-film (TF)
triple-junction solar cell with indicated potential applications of nc-SiOx:H layers. These are:
I) front surface field (FSF) / front-emitter layer, II) back surface field (BSF) / rear-emitter
layer, III) first interlayer, IV) intermediate reflector (IR), and V) back contact (BC) layer.

Fig. 2. Electrical and optical properties of several n- (circles) and p-type (squares) nc-SiOx:H
films deposited on glass. Stars indicate the films that were used as front surface field (FSF)
layers, emitter layers, back contact (BC) layers, or intermediate reflectors (IR) in this study.
The added lines serve as guides to the eye and roughly outline the performance limits of the
films.

Fig. 3. Si density map of a 75x20x2 nm’ slice from the APT tip of an n-type (a) and a p-type
(b) nc-SiOH film. Si iso density surfaces of 49.9 nm™ (turqoise) were overlayed to
approximate the nc-Si phase. Red arrows indicate the direction of film growth.

Fig. 4. Three-dimensional Si iso density surfaces (turqoise) of an n-type (a) and a p-type (b)
nc-SiOy:H film in cubes of 30x30x30 nm’. The positions of P and B are indicated by red and
orange circles, respectively. The red arrow indicates the direction of film growth. ¢) Proximity
histogram of P and C with respect to the nc-Si surfaces for the n-type nc-SiOx:H film.
Negative distances represent locations within the nc-Si phase as defined by the Si iso density
surfaces. d) Proximity histogram of B and C for the p-type nc-SiOx:H film.

Fig. 5. External quantum efficiency and absorptance for a rear-emitter silicon heterojunction
solar cell with a nc-SiOx:H front surface field and a nc-SiOx:H emitter layer. The inset lists
the short circuit current density J;. as determined via the EQFE spectrum, the fill factor FF, the
open circuit voltage V., and the active area solar energy conversion efficiency . of the solar
cell.

Fig. 6. External quantum efficiency (EQE) of the sub-cells and the total EQFE for an a-Si:H/a-
Si:H/pc-Si:H triple-junction solar cell with an n-type nc-SiO:H intermediate reflector (IR)
and an n-type nc-SiOx:H back contact (BC) layer. The inset lists the short circuit current
density Js. as determined via the EQFE spectrum, the fill factor FF, the open circuit voltage
Vo, and the solar energy conversion efficiency n of the solar cell.
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