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Chapter 1

Introduction
Abstract
In solar cell technology, the current trend is to thin down the active absorber layer. The main advantage of a thinner absorber layer primarily is
the reduced consumption of material and energy during production, but also
the increased production rates and lower cost. While this is of interest to all
photovoltaic technologies, for thin-film silicon technology thinning down the
absorber layer is of crucial importance since both the device throughput of vacuum deposition systems and the stability of the devices need to be significantly
enhanced. These features lead to lower cost per installed watt peak for solar
cells, provided that the (stabilized) efficiency is the same as for thicker devices.
However, merely thinning down inevitably leads to reduced light absorption.
Therefore advanced light-trapping schemes are crucial to increase the light path
length. The use of nanorods/nanowires is an innovative method for advanced
light trapping. The enhanced light absorption performance originates from the
multiple scattering between individual nanostructures and an improved antireflection effect thanks to the three-dimensional geometric configuration. These
advantages potentially allow for high efficiency at significantly reduced material quantity, and even at reduced material quality of the semiconductor. In
this thesis we propose a simple, low-cost and scalable approach for ultrathin
nanostructured three-dimensional (nano-3D) solar cells. Self-assembled ZnO
nanorods are synthesized by chemical bath deposition and are used as the scaffolds for the nano-3D cells. The light-trapping mechanisms in the nano-3D
cells are systematically investigated both by experiments and finite-difference
time-domain simulations (FDTD). The findings obtained in this thesis can contribute to the design of efficient thin-film solar cells with very thin absorber
layer.
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Development of solar cells

With the explosive growth of world energy demand and the inevitable depletion
of fossil fuels, it is becoming more urgent to explore renewable energy resources
to reduce the strong reliance of society on primary power generated by fossil
fuels such as oil, coal and natural gas. Solar energy, wind energy, geothermal
energy, etc. are the most attractive renewable candidates. Among them solar
energy is particularly appealing for long-term usage as it is abundant and widely
distributed. Solar systems can be integrated in the built environment as well
as installed stand alone.
Since the first crystalline Si (c-Si) solar cell introduced by Bell Labs in 1954
[1], photovoltaic (PV) technology has undergone revolutionary developments.
The current solar power market is dominated by c-Si wafer-based products, the
so-called “first generation” technology (Figure 1.1) [2]. The efficiency of c-Si
solar cells has gradually increased from the original ~6% [1] to a record value of
~25% for laboratory scale during the past ~60 years [3]. However, complicated
structuring is utilized in this record cell which means that the 25% efficiency
is not available at module level. Currently the efficiency for commercial c-Si
modules is in the range of 15-20% under standard test condition of Air Mass
1.5 Global (AM1.5G) illumination (1000 W/m2 ). The theoretical maximum
efficiency for p-n single junction non-concentrator solar cells with a band gap
of 1.1 eV is ~30%, well known as the Shockley-Queisser (SQ) limit [4]. The SQ
limit was calculated assuming that the solar spectrum and the cell are black
bodies, and all the recombination is radiative (with zero non-radiative (defect)
recombination, contact losses, etc.). Unfortunately for an actual single junction
solar cell it is a great challenge to reach this radiative detailed balance limit due
to the additional loss mechanisms such as parasitic absorption, non-radiative
recombination losses, and contact losses in the device.
The optical loss is the key limitation for cell efficiency. A large fraction
of incident light is reflected at the top surface. For the radiation entering
the device, unfortunately not every photon can generate an electron-hole pair.
These photons are absorbed by transparent conductive layer, doped layer and
metallic contact layer and thus cannot contribute to the photocurrent. Photons
with an energy slightly higher than the band-gap energy of the absorber layer
have a low absorption probability. Another strong loss mechanism is the carrier
recombination due to non-radiative band-to-band transitions and the inevitable
existence of defects. The recombination of photogenerated electron-hole pairs
before reaching the electrodes causes serious carrier loss. The optimal band
gap under one sun illumination from an optical absorption point of view is 1.41.5 eV. GaAs has a direct band gap of 1.4 eV with a high absorption near its
band edge [5], thereby ideally suited for PV applications with single junction
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cells. A theoretical efficiency limit of 33.5% for GaAs single junction cell was
calculated for the AM1.5G spectrum [5]. Crystalline Si has an indirect band
gap of 1.1 eV, making it not the ideal absorbing material. Without fundamental
breakthrough, further major efficiency improvement for c-Si solar cells is rather
difficult in the foreseeable future. In addition, the typical thickness of Si wafer
is in the range of 140-200 µm hence material consumption will continue to
present a major share of the product costs. Although during the last few
years the cost of Si raw material has significantly reduced, a further substantial
decrease is rather difficult due to the complicated procedures for purification
and crystallization.
The so-called “second generation” (shown in Figure 1.1) of solar cells (i.e.
thin-film solar cells (TFSC)) [2], have attracted intense R&D interests in the
past ~40 years. A thin-film solar cell is made by stacking two or more layers of
PV materials as thin films on a substrate. Compared to the wafer-based products, thin-film PV technologies tolerate lower quality and require less quantity
of semiconductors, thus they are favored for future solar applications. To make
further progress, the conversion efficiency which is now the bottleneck for thinfilm solar cells, needs to be substantially increased. In contrast to c-Si, thin-film
materials are typically polycrystalline or amorphous, which means a high density of non-radiative recombination centers are involved at grain boundaries or
in the bulk of amorphous layer, making the carrier recombination more critical. In addition, the thin active layer cannot absorb sufficient radiation without
effective light trapping schemes. Conventionally textured contact layers in thinfilm solar cells are employed for light scattering. New light trapping strategies,
such as photonic crystals [6], plasmonics [7], light coupler gratings [8, 9], onedimensional structures [10–13], are under exploration to replace the current
approaches which are mainly based on random textures. Only with new material properties and new light trapping approaches the TFSC can go beyond
the present predicament.
The “third generation” solar cell concepts shown in Figure 1.1 aim at lowest possible cost and 2-3 times higher efficiency by implementing additional
physical conversion principles in the second generation TFSC [2, 14]. Concepts
such as multi-junction [15–17], intermediate band [18, 19], hot carrier [20, 21],
up/downconversion of the photons [22, 23], etc. are introduced into the cell
design. Most of these third-generation concepts with theoretical high efficiency
are still at the stage of proof-of-concept. Exceptions to this are the efficient
modules based on the multi-junction concept, such as the III-V multi-junction
concentrator cells with the record ~44% efficiency, which are already commercially available [24–26]. Third-generation concepts are often based on second
generation thin-film technologies, and therefore we take thin-film as the basis
of the discussion in this chapter. The cost and (potential) efficiency of all three
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generations of solar cells are schematically presented in Figure 1.1 [2].
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Figure 1.1: Efficiency and cost for first-, second- and third-generation photovoltaic
technologies. Reprinted with permission from [2]. Copyright 2001, John Wiley &
Sons, Ltd.

The thin-film semiconductor material can be deposited typically via chemical vapour deposition on low cost substrates such as glass, plastics and metal
foils. The thickness for the active layer in most PV devices is hundreds of
nanometers up to a few microns due to the high absorption coefficient. Because of the relatively simple procedures as well as the low material and energy
consumption for manufacturing, thin-film based products are expected to gain
a significantly larger share of the solar market in the near future. Cadmium telluride (CdTe), copper indium gallium diselenide (Cu(In,Ga)Se2 , CIGS) based
compounds and thin-film silicon materials, typically including hydrogenated
amorphous Si (a-Si:H), nanocrystalline Si (nc-Si:H, also referred as microcrystalline Si, µc-Si:H), protocrystalline Si (proto-Si:H), and polycrystalline Si
(poly-Si), have thus far been mostly investigated. CIGS is extremely appealing
for high efficiency (>20%) thin-film products. However, CdTe and CIGS are
less favorable for mass production (i.e. multi-gigawatt scale) since rare and/or
toxic materials are involved. Si is abundantly available and non-toxic. Nevertheless, there are still several challenges for thin-film silicon based solar cells:
(1) Efficiency. The record stabilized efficiency for a single junction a-Si:H laboratory cell is 10.1% under one sun illumination [27]. The record stabilized
efficiency for a multi-junction thin-film silicon laboratory cell is 13.44% [28].
The efficiencies are slowly increasing but still far below that for Si wafer-based
cell and also below those of other thin-film technologies [3]. (2) Stability. Light
induced degradation, well known as the Staebler-Wronski effect [29] owing to
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the generation of dangling bonds (weak Si-Si bonds), reduces the efficiency
from the initial value. (3) Throughput. The typical deposition rate is well below 1 nm/s for both plasma-enhanced chemical vapour deposition (PECVD)
and around 1 nm/s for hot-wire chemical vapour deposition (HWCVD). This
rather low rate results in a relatively long production time and makes up-scaling
economically rather challenging.
While no single solution can be pinpointed by the PV community to address all these three challenges simultaneously, thinning down the active layer
is the present research trend. The advantages of a thin absorber layer are
the enhanced long-term stability, the reduced materials and energy consumption during manufacturing, and the higher throughput of vacuum deposition
systems. However, thinning down, without any further measures, reduces the
light absorption, leading to a decrease in efficiency. The key question thus is to
thin down the active layer without sacrificing photogenerated current. Based
on this situation light trapping schemes are even more crucial to enhance the
optical performance.
With the development of nanotechnology during the last decades, there is
an emerging field in which elongated nanostructures are applied in innovative
solar cell designs to obtain radial junction solar cells with very thin absorber
layer. The advanced light trapping arising from elongated nanostructure arrays
enable acceptable efficiency for extremely thin absorber (ETA) solar cells [30–
34]. In this thesis we focus on the investigation of whether and how elongated
nanostructures improve the performance of solar cells with very thin absorber.
The working principles, current challenges are discussed and prospects are also
presented.

1.2

Conventional thin-film solar cells

In solar cells, the band gap energy (Eg ) of semiconductor is a crucial factor
that basically determines the short-circuit current density (Jsc ), open-circuit
voltage (Voc ), fill factor (F F ) and efficiency (η), as indicated in Figure 1.2 [35].
The limits presented in Figure 1.2 are not based on a detailed balance, as is the
case for the Shockley-Queisser limit, but based on conversion into free carriers
of all available photons with energy higher than the band gap, combined with
an empirical assumption on the reverse saturation current density. Therefore
the obtained efficiency in Figure 1.2 is lower than the detailed balance limit. It
is clearly visible that there is always a trade-off between Jsc and Voc . High band
gap leads to high Voc , while the spectral mismatch between solar spectrum and
band gap of light absorbing material causes a significant optical loss and thus
limits the photocurrent. During the past ~50 years several types of materials
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have been explored. Among all these investigated materials, GaAs has so far
achieved the highest efficiency of ~29% for a single junction non-concentrator
thin-film cell [26, 36]. However, the high material cost limits the terrestrial applications to concentrator cells. Currently most common inorganic PV systems
are based on the materials of CdTe, CIGS and thin-film silicon.

Figure 1.2: Semi-empirical limits of Jsc , Voc , F F and η as a function of Eg for
a solar cell material under AM 1.5G illumination, assuming all the photons with
energy higher than Eg are absorbed and converted into electron-hole pairs and then
collected. Reprinted with permission from Ref. [35]. Copyright 2004, Elsevier.

Figure 1.3 shows the AM1.5 global spectrum [37] and the normalized spectral response for efficient CdTe [38], CIGS [39], a-Si:H [27], and nc-Si:H [40] single junction solar cells. In order to minimize the differences between reflection
and parasitic absorption at the front of the cells, thereby making the comparison between superstrate-type cells on glass and unencapsulated substrate-type
cells straightforward, all external quantum efficiency (EQE) curves have been
normalized to 1.0. The photon flux is calculated by dividing the spectral flux
density (W/m2 /nm) by the photon energy hv. Integration of the product of
EQE with the photon spectrum yields the number of collected electrons. Although the peak of the power spectrum is around 480 nm this is not the most
useful part of the spectrum. For these relative high energy photons, the thermal energy loss per photon is high. The photon flux reaches a peak value at
around 680 nm in Figure 1.3. Unfortunately, for a-Si:H the absorption of light
with a wavelength corresponding to energy just below the band gap (~750 nm)
is poor. Light trapping techniques thus are essential to increase the absorption
in the red and near infrared regions of the spectrum.
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Figure 1.3: The AM1.5G spectrum [37] is shown (semi-transparent) in two dimensions: the power (blue) and the number of photons (red) per square meter per nanometer. Also shown (dashed) are the normalized external quantum efficiency of efficient
a-Si:H [27], nc-Si:H [40], CdTe [38], and CIGS [39] single junction solar cells.

The typical configurations for CdTe, CIGS and thin-film silicon solar cells
are shown in Figure 1.4. In this work we mainly focus on the thin-film silicon
solar cells (Figure 1.4c).
Hydrogenated amorphous Si and nanocrystalline Si (also referred as microcrystalline silicon) are the most investigated thin-film Si materials. Because
of the high absorption coefficient, the typical thickness for a-Si:H is only 200300 nm and for nc-Si:H is 2-3 µm to achieve a sufficient light absorption with
the use of rough contact layers for light scattering. These thicknesses are much
thinner than that of ~200 µm for the crystalline Si-wafer and thus consumption of Si is significantly smaller. Among the thin-film Si materials a-Si:H is
the most developed one since the 1970s [29, 41]. The Eg of ~1.8 eV on one
hand offers a relatively high Voc up to ~1.0 V in single junction solar cells
but on the other hand has limited absorption in the red and near infrared region of the solar spectrum as shown in Figure 1.3, which limits the current
density and eventually the cell efficiency to a record stabilized value of 10.1%
(Voc =876.7 mV, Jsc =17.284 mA/cm2 , F F =66.58%, and area~1 cm2 ) in a single junction device [27]. In order to increase the efficiency, a-Si:H is widely used
as a top cell in multi-junction solar cells in which several junctions containing
different absorber materials are internally connected in series, e.g., the popular ‘micromorph’ concept with an amorphous/microcrystalline (a-Si:H/µc-Si:H)
stack [42, 43], or an a-Si:H/a-SiGe:H/nc-Si:H triple junction [44] solar cell with
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Figure 1.4: Typical structures of conventional CdTe, CIGS and superstrate-type thinfilm silicon single junction solar cells. (a) CdTe. (b) CIGS. (c) Thin-film silicon. (All
not to scale).

band gaps of 1.8 eV, 1.5 eV and 1.1 eV, respectively. In this way the absorption
range for each junction can be adjusted for a broader solar spectrum response
of the stacked cell as a whole. A current match between each junction must be
reached by carefully selecting absorber layer thickness for each junction. An
initial efficiency beyond 16.3% (active area: 0.25 cm2 ) [45] has been achieved
for an a-Si:H/a-SiGe:H/nc-Si:H triple junction cell and a stabilized efficiency
>13% for an a-Si:H/nc-Si:H/nc-Si:H triple junction cell [28]. Moreover, a-Si:H
is also a crucial component to increase the Voc in a-Si/c-Si heterojunction cells
with a commercially viable efficiency of >20% [46–48]. The current main challenge for a-Si:H thin-film solar cells is to improve the stability by implementing
advanced light management schemes thus thinning down the layer as well as
by manipulating its internal bonding structures.
A typical structure of a-Si:H single junction solar cells is shown in Figure
1.4c. Glass is normally used as the mechanical carrier in the p-i-n superstratetype device. The textured SnO2 :F or ZnO:Al front contact increases the light
travel path in the absorber, thereby improving light absorption. Deposition
of doped and intrinsic a-Si:H on TCO coated glass typically is carried out
by PECVD at a substrate temperature of ~200°C. This temperature can be
further decreased to around 100°C for flexible substrates with a low glass transition temperature such as polyethylene terephthalate (PET) [49]. After the
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deposition of p-i-n stack, a ZnO:Al (2 wt.%) layer with a thickness of ~80 nm
is deposited onto the substrate acting as a spacer layer to avoid diffusion between a-Si:H and the metallic back contact. In this way, any contamination
of the semiconductor with Ag, which serves as recombination sites in a-Si:H,
is avoided. Moreover, the ZnO layer allows efficient total internal reflection at
the Si/ZnO interface, thereby minimizing the parasitic absorption in the metal
layer. Ag or Al are commonly used as back contact as well as back reflector for
internal reflection. A large fraction of unabsorbed radiation will be reflected
back into the absorber layer for additional absorption opportunities.
Another important member in the thin-film silicon family is microcrystalline
silicon. It was first reported by Veprek et al. [50] in 1968. The first good solar
cell with µc-Si:H as the absorber layer was reported in 1994 by Meier et al [51].
By varying the deposition procedures for a-Si:H such as hydrogen dilution,
processing pressure, and substrate temperature, µc-Si:H (or nc-Si:H) material
can be obtained. Micro/nanocrystalline Si is a mixed phase material consisting
of small grains with size of tens of nanometers and is in a transition regime
between the amorphous and crystalline phases. Compared to a-Si:H, the low
band gap of 1.1 eV for nc-Si:H promises an enhanced red and infrared response
of the solar spectrum. In February 2013 a certified record efficiency of 10.7%
(Voc =549 mV, Jsc =26.55 mA/cm2 , F F =73.31%) for a single junction microcrystalline silicon cell with ~1.8 µm thick absorber layer was realised by the
photovoltaics laboratory of EPFL IMT in Neuchâtel [52]. Because of the low
band gap, µc-Si:H is normally employed in the bottom cell in a multi-junction
cell, as previously described in this section. In addition, µc-Si:H is more stable
under light soaking due to the electronic transport in crystalline percolation
path and the well-ordered network (absence of weak bonds) in the crystalline
phase. The current target for commercial modules is the development of high
efficiency a-Si:H/nc-Si:H tandem cells and a-Si:H/nc-Si:H/nc-Si:H triple junction cells with a stabilized efficiency goal of beyond 15% for tandem and 18%
for triple cells. High deposition rate (>1 nm/s) techniques to increase throughput of the vacuum deposition system and thinning down the thickness of a-Si:H
top cell to improve the long-term stability are the ongoing R&D directions.

1.3

Synthesis technologies for elongated nanostructures

Nanomaterials have (at least) one dimension in the size range of 1-100 nm [53].
Nanotubes, nanopillars, nanowires and nanorods are often labeled as onedimensional (1D) nanomaterials. 1D nanomaterials typically have a high aspect ratio, e.g., larger than 5:1 for nanowires and less than or equal to 5:1 for
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nanorods [54]. The diameter varies from several nanometers to about one hundred nanometers, while the length is typically in micron scale. Some other low
aspect ratio nanostructures such as nanocone and nanodome with diameter at
the midheight on the same order of the height are not exactly 1D nanomaterials
but are also very interesting for PV applications. Based on this consideration,
we classify all these nanoscale tubes, pillars, wires, rods, cones and domes in
a class of elongated nanostructures [55]. These elongated nanomaterials have
attracted intensive research interest during the past decades to acquire fundamental understanding of the roles of dimensionality and size in material
properties and for applications such as probe microscopy tips, nanoelectronics,
gas sensors, field effect transistors, (solar) chemical synthesis and hydrolysis,
and photovoltaics.
Generally, elongated nanostructures can be obtained for a solid material
with an anisotropic crystal structure, no matter whether the synthesis is in
a vapour or solution phase [56]. The simultaneous control over dimensions,
morphology, and uniformity is the most important issue in the development
of a synthetic method for fabricating elongated nanostructures [56]. In the
past several years a number of technologies have been developed, e.g., vapourliquid-solid (VLS), metal-organic chemical vapour deposition (MOCVD), electrochemical deposition, chemical bath deposition (also labeled as hydrothermal
growth), nanoimprint lithography (NIL), wet chemical etching, and dry reactive ion etching (RIE). All these technologies can be basically categorized as
either bottom-up or top-down strategies [57]. The bottom-up approach starts
with individual atoms/molecules. Normally a catalyst pattern or a seed layer
is needed to promote nucleation and growth of the nanostructures. The topdown approach on the other hand mainly uses an etching process of the matrix
material with assistance of a mask. Details about the synthetic methods for
elongated (one-dimensional) nanostructures have been systematically reviewed
in our previous work [55].

1.4

Working principles of radial junction solar
cells

Light trapping is crucial for solar cells to capture sufficient photons for a high
photocurrent. Classically, an enhancement factor of the intensity of 4n2 for bulk
absorption can be obtained in a textured semiconductor sheet with a refractive
index of n [58, 59]. For wafer-based c-Si solar cells, anti-reflection coating and
surface texture are common strategies for improving light absorption [60]. For
light trapping in thin-film solar cells, a conventional method is the usage of
a textured TCO layer as the front electrode, e.g., the commercially available
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Asahi SnO2 :F with a random texture [61], the Al- or B-doped ZnO texture
either by sputtering with post-deposition hydrochloric acid etching [62–64] or
by low pressure chemical vapour deposition [65, 66]. The textured TCO layer
scatters incident light into large off-normal angles to increase the optical path
length in the absorber layer. However, there is an optically thick vs electrically thin trade-off in conventional solar cells. The active layer should be thick
enough for maximal light absorption yet it must be thin enough for efficient
minority carrier extraction before recombination. The vertical multi-junction
(VMJ) (edge-illumination) cell [67–71], which contains a number of sub-cells
internally connected in series and placed vertically (i.e., the irradiation is parallel to the p-n junction), to a certain extent could relieve the optical-electrical
dilemma. Similar to the elongated nanostructure based radial junction cells,
in the direction along the illumination the absorber could be thick enough to
enhance light absorption in the long wavelength region; meanwhile in the orientation vertical to the illumination the junction could be very thin for effective
carrier extraction and collection. The VMJ cells are particularly suited for
highly concentrated light (e.g., 1000 suns) due to the high voltage and low
series resistance at high light intensity. The stacked thin sub-cells are placed
vertically so that one can build a high voltage over a small area meanwhile
obtain a high current.
The case of elongated nanostructure based cell is quite different. For instance, the essence of a nanowire cell is that the wire diameter is much smaller
or comparable to the radiation wavelength, leading to a strong light-matter
interaction due to the optical scattering and the wave-guiding. In this case,
the amount of active material could be much less to absorb the same amount
of light (or even more) per unit of projected area with respect to conventional
planar or textured bulk cells. Light absorption in the standing nanostructure arrays is a complex phenomenon, thus, far from thorough understanding.
Compared to the bulk-based counterpart, the elongated nanostructure-based
radial junction architecture offers fundamental advantages for photovoltaics
due to the unique three-dimensional geometry. Some of the main mechanisms
include: (1) orthogonalization of light travel path and carrier transport path,
potentially allowing for sufficient photon absorption and simultaneously for efficient carrier collection. (2) Enhanced light absorption due to strong light
scattering, multiple light absorption opportunities, and anti-reflection at light
incidence surface. (3) Resonance, wave-guiding, and plasmonic scattering in
case of metallic nanostructures and metal coated core/shell structures [72, 73].
The strong light-matter interaction in nanowire enables large absorption crosssections, thereby allowing for an enhanced optical performance [74].
Besides the reduced material cost and increased throughput, an additional
advantage for a very thin active layer is that the material quality could be
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relaxed since the required transport length of minority carriers decreases by
the same amount as the absorber thickness reduction. For a-Si:H, the light
degradation would also be less significant when very thin layers are used, which
means the long term performance is at a higher efficiency level [75]. Such
advantages stimulate the continuous exploration of advanced light trapping
schemes for improving optical absorption in very thin absorber layers.

1.4.1

Carrier transport

The collection mechanism of photogenerated carriers in radial p-n junctions
has been theoretically studied by Kayes et al. [76] and Spurgeon et al. [77].
In a conventional cell, light incidence and carrier extraction are in the same
direction, which is vertical to the junction, as shown in Figure 1.5a. A thick
absorber layer is required to capture photons with energy near the band gap
edge of the semiconductor. For defect-rich material such as a-Si:H the optically
thick layer inevitably causes significant bulk recombination of minority carriers
due to the large transport path before collection. This recombination increases
the saturation current and thus limits Voc , as well as the external quantum efficiency. In contrast, in the radial junction light incidence is parallel to the axis
direction. The nanostructure can be fabricated sufficiently long (i.e., optically
thick) to maximize light absorption. In the radial direction, the layer provides short collection lengths to facilitate effective carrier collection, as shown
in Figure 1.5b. In this way the carrier collection path is perpendicular to the
light absorption path. Therefore, it can be optically thick in the axial direction to capture large wavelength radiation which has a deep penetration in the
absorber, meanwhile be electrically thin in the radial direction enabling small
minority-carrier transport length for carrier collection. Defect-rich materials
with low minority carrier diffusion lengths, which suffer from significant bulk
recombination in a planar junction, can mostly benefit from this superiority
in carrier collection in a radial junction. A combination of high level p- and
n-doping for high built-in voltage as well as an appropriate wire radius which
should be approximately equal to the diffusion length of minority carriers facilitate the charge collection [76]. Due to the much increased junction area in
radial architecture, the carrier recombination in depletion region is more critical compared to a planar junction. This can deteriorate the Voc . Apparently,
better understanding of carrier recombination mechanisms in the depletion region and solutions such as an Al2 O3 thin film for surface passivation [78] to
conquer the serious surface/interface recombination in radial junction devices
is required in future efforts.
Here we take a-Si:H as an example, which is the most explored thin-film
material, to elucidate carrier collection mechanism in a radial p-i-n junction.
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Further, a-Si:H is non-crystalline and therefore has more isotropic properties,
and thus can more easily be deposited conformally on complex architectures
than polycrystalline semiconductors. Figure 1.5a shows a conventional textured
superstrate-type p-i-n a-Si:H cell. Light is mostly absorbed in the intrinsic
layer and thus electron-hole pairs are generated. These electron-hole pairs are
extracted by the built-in electric field and subsequently collected by electrodes.
In a radial junction case, conductive elongated nanostructures can be used as
“internal high-way” for an efficient collection of carriers generated by incident
light. Light is absorbed in the axial direction and carriers are extracted in
the radial direction by drift between the p- and n-type layers, as shown in
Figure 1.5b. In the conventional configuration, a-Si:H suffers from low minority
carrier collection length, whereas in a radial design this issue is much less
significant, since very thick i-layer (>200 nm) for sufficient light absorption in
the former is not a prerequisite in the latter. A persuasive example is that a
radial junction with ~90 nm thick a-Si:H i-layer experimentally demonstrated
an initial efficiency of 8.2%, much higher (>50%) than that of 5.2% for a planar
counterpart [75].

Figure 1.5: Schematic illustrations of the fundamental difference in light absorption
and charge extraction between (a) conventional textured superstrate-type p-i-n and
(b) a substrate-type radial n-i-p junction solar cells. The orthogonalization of light
travel path and carrier transport path promises excellent light trapping and efficient
charge extraction simultaneously. In the radial junction cell when the angle of incidence changes from orthogonal incidence to a lower angle, the internal multiple
reflections between individual nanowires offer multiple absorption opportunities for
the absorber.
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1.4.2

Photon absorption

As shown in Figure 1.5, a radial junction exhibits a fundamental difference in
light absorption with respect to a conventional planar junction. In a planar
case, the absorber thickness must be larger than the absorption depth (1/α,
where α is the wavelength dependent absorption coefficient) of a photon. For
an efficient usage of the solar spectrum as well as a balance between the opticalelectrical trade-off, the appropriate thicknesses for c-Si, µc-Si and a-Si typically
are around 200 µm, 2 µm and 0.25 µm, respectively, with the existing light
trapping techniques. In contrast, in a radial junction light is absorbed along
the elongated nanostructures, thus the length of nanostructures can be made
larger than 1/α to ensure a sufficient optical path length.
Besides the orthogonalization of the light absorption path and carrier transport path, the elongated nanostructures offer some additional mechanisms for
improving light absorption. Elongated nanostructures are widely reported to
have a superior anti-reflection effect in a wide spectral range and a wide range of
angles of incidence, guiding more light to enter the devices [79–89]. The reduced
light loss at the front side contributes to both enhanced blue and red response
in nanostructured solar cells with respect to planar or textured counterparts.
If not lost at incident surface due to reflection, photons in the blue region can
be easily absorbed in solar cells even without light trapping schemes due to
the small absorption depth. However, solar cells based on elongated nanostructures normally demonstrate a significantly higher blue absorption than the
planar and the textured counterparts due to the reduced reflection at the light
incident surface. This anti-reflection effect mainly originates from multiple
scattering between individual nanostructures (Figure 1.5b) and graded refractive index between air and substrate due to the graded morphology. Nanocones
and tapered nanowires are even better than nanowires with vertical sidewalls
for reflection suppression due to a more ideal effective refractive index grading
arising from the unique geometry [84, 85]. In a real environment, the sun is
moving all the time and sunlight can be quite diffuse, thus the angle of incidence
is not always normal to the solar cells. This can have a large impact on the
time-averaged output. In this practical situation, the photovoltaic performance
of these solar cells based on elongated nanostructures might significantly exceed
that of the conventional textured counterpart, since under an angle the light is
likely be reflected back and forth between the elongated nanostructures due to
the internal multiple reflection (Figure 1.5b), resulting in multiple absorption
opportunities in the absorber [76]. This prediction has been confirmed by several groups [81, 84, 90, 91]. Elongated nanostructures have also been employed
as plasmonic scattering schemes [72, 92]. Strong light-matter interaction on
plasmonic metal nanostructures enables large scattering cross-sections, which
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enlarge the effective optical path length. Thanks to these above advantages, the
elongated nanostructures guarantee a high light absorption (>90%) in a wide
wavelength range and eventually a remarkable relative enhancement (50-70%)
in Jsc with respect to planar or textured counterparts with similar thickness of
the absorber layer [72, 75, 89, 91, 93].

1.5

Challenges and solutions

Three most investigated types of inorganic solar cells based on elongated nanostructures are shown in Figure 1.6, namely radial p-n junction (either homoor heterojunction, Figure 1.6a) with p-core, radial p-n or p-i-n junction on
high aspect ratio nanowires/nanocolumns (Figure 1.6b) and on low aspect ratio
nanorods/cones/ domes (Figure 1.6c) electrodes. The solar cell shown in Figure
1.6c is considered as a moderate radial junction in case a relative thick active
layer is deposited on low aspect ratio elongated nanostructures. A summary of
the performance of these three types of devices from different research groups
is given in our previous work [55].
The elongated nanostructure architecture opens a powerful platform for
innovative solar cell design, potentially allowing for high efficiency at significantly reduced quantity and quality of the required semiconductor material.
Reduced material consumption without sacrificing light absorption arises from
the advanced light trapping effect of the unique geometry. The effect of such
architectures on light trapping has been previously discussed. However, the
applications of elongated micro/nanostructures on photovoltaics are so far in
a proof-of-concept stage. Several main challenges must be overcome before
commercialization.
The first challenge is how to prepare large area nanostructure arrays with
well controlled morphology in a low-cost and high-throughput way. For the
vapour-liquid-solid process, relatively high processing temperature (e.g., 1000°C
for c-Si NWs with good alignment) makes low heat tolerance substrates such
as glass, let alone polymer, inapplicable. In addition, the growth process and
the morphology of nanostructures prepared by VLS process are less controllable compared to those by reactive ion etching. Another critical issue for the
VLS process is the diffusion of gold catalyst into the Si nanowires forming deep
level minority carrier recombination centers [94–96]. Alternative inexpensive
catalysts such as Al [97], Sn [98] and Cu [99, 100] have thus been explored to
avoid such deep level traps and/or high growth temperatures. The Si NW array prepared via a modified VLS process forms a promising morphology and
material properties for PV applications [97].
Reactive ion etching can deliver elongated nanostructures with well con-
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Figure 1.6: Basic architectures of three most commonly explored inorganic solar cell
based on elongated nanostructures: (a) radial p-n junction. (b) Radial p-n or p-i-n
junction on high aspect ratio nanowire/nanopillar electrodes. (c) Moderate radial p-n
or p-i-n junction on low aspect ratio nanorod/nanocone/nanodome electrodes.

1.5. Challenges and solutions

25

trolled morphology. The features can be precisely adjusted by tuning the size of
the micro/nanospheres, the source gas, etching time, etc. With this fabrication
technique it is feasible to fundamentally investigate the effect of morphology
(diameter, length, and site density) on the efficiency. However, it is still technically challenging to obtain a uniform monolayer pattern of nanospheres as
an etching mask on a large size substrate. The sophisticated instruments and
complicated procedures involved in fundamental research have not yet evolved
in tools needed for industrial volume.
Nanoimprint lithography is a very appealing technology to produce low aspect ratio elongated nanostructures with well controlled morphology. However,
the thermal stability of the imprint resist or polymer during the cell deposition
process should be taken into account. High temperature resistant lacquers are
under development yet with limited success. The printed area is limited by
the size of the stamp. If the technical challenge to produce nanoscale features
on substrates of the m2 scale is overcome in the near future, NIL will be an
extremely attractive method for preparing nanostructures for solar cells. Ultimately, in a scaled up production process, one can imagine a rotating mold for
imprinting in a roll-to-roll fashion.
Chemical bath deposition is a low-cost and high-throughput method with
simple procedures and low facility requirements and has the low capital cost for
an industrial production machine. The morphology can be tuned by varying
the growth parameters such as the precursor solution concentration, seed layer,
growth time, and temperature. In this case substrate size is no longer a limitation and therefore scale-up is straightforward. The drawback is that precise
control of the distribution and morphology of the nanostructures is technically
challenging due to the random chemical process.
The second main challenge is forming a well-functioning junction and an
appropriate coating of an electrically contacting layer on high aspect ratio
nanostructures. The yield (the ratio of working cells to all fabricated cells)
is critical for the devices built on such nanostructures. Without appropriate
junction formation, e.g., tight control of dopant diffusion into the top surface
region of the silicon nanostructures or deposition of the active layer by PECVD
or HWCVD on the nanostructures, front and back contacts possibly become
internally connected through the incompletely covered nanostructure, leaving a
nano shunting path to charge carriers which is detrimental to shunt resistance
and fill factor. For the n-i-p design described in Chapter 5 in this thesis, a
continuous (100-200 nm) silver back contact is first coated on the sharp nanostructures, followed by a ZnO:Al back spacer layer (~80 nm) to avoid strong
localized surface plasmon absorption of silver at the rear side and diffusion of
Ag into Si. After these two layers are applied, much smoother rod-like profile
is left on the substrate, which is more suitable for the subsequent coating of
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n-layer (~30 nm thick) and other layers in later steps.
The third main challenge is the surface recombination, which limits the Voc .
The surface recombination is critical in the nanostructured devices originating
from the huge junction area per unit of projected area and the difficulty of obtaining good material quality on elongated geometry. Elongated nanostructures
provide high optical absorption for the device due to a combination of increased
optical path length, anti-reflection, and multiple absorptions. However, high
optical absorption is a necessity but not sufficient to achieve a high overall efficiency. For light scattering we need steep features, but the material quality is
sensitive to the surface roughness. For junctions formed by PECVD of the applied layers, the homogeneous growth of semiconductor material on high aspect
ratio nanostructures obviously is more difficult due to the shadow effect as well
as growth collision in steep valleys between individual nanostructures, which in
turn increases the presence possibility of defects such as porous region and/or
micro/nanocracks. The electrical properties in terms of Voc , FF, and shunt resistance are therefore prone to be inferior to those for their planar counterparts,
as has been reported by several groups [13, 32, 33, 77, 89, 91, 93, 101]. However,
the deterioration of electrical properties can be minimized with optimization
of morphology, materials processing, and junction formation. Experimental results have shown that nanostructures do not always have a significant negative
impact on the electrical properties. A comparable Voc was achieved for elongated nanostructure-based cells with respect to that for planar or randomly
textured counterparts [72, 75, 101–103]. For morphology optimization, a balance between optical and electrical properties should always be kept in mind.
To obtain both good optical and electrical performance, nanostructures with
appropriate moderate aspect ratio while still keeping the functional elongated
shape for enhanced light path length and strong multiple scattering are more
favorable. To this end, an “optically rough & electrically flat” structure is of
great interest. In this design the light scatterers can be chosen to have optimal dimensions. When the regions between rough scatterers are filled in by
dielectric material with a contrasting refractive index such as TCO, the surface profile becomes flat. For instance, in an n-i-p substrate configuration, the
rough Ag scatterers can be coated with relatively thick ZnO:Al to make the
surface profile smooth, and/or with a subsequent polishing step to obtain a flat
surface for the growth of active materials.
For the morphology optimization, the optimal mean radius of Si NWs (or
thickness of the absorber layer in the radial direction) should be comparable
to the minority carrier diffusion length [76]. During the diffusion of dopant for
junction formation NW core with small diameter can easily completely convert
to the opposite doping type and therefore prevent radial p-n junction formation.
In addition, the effective light absorbing region would be insufficient when small
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diameter wires are used. Gunawan et al. [104] studied Jsc , Voc , and device
efficiencies as a function of crystalline Si wire diameter. With an identical
length of 1.1 µm for all cases, the wire with a diameter of 1.65 µm significantly
outperforms the counterparts with diameter of 0.85 µm and 0.44 µm in terms
of Jsc and efficiency, respectively, while only negligible decrease in Voc with the
increase in wire diameter was observed. Solar cells with p-type crystalline Si
pillar core in a diameter of 7.5 µm (minority carrier diffusion length: 10 µm,
pillar height: 25 µm) demonstrated a considerable Voc of 0.56 V (efficiency:
8.7%), only slightly lower than that of 0.59 V for a planar reference (efficiency:
4.6%) [105]. As for the length of the nanostructures, the optimal value is related
to material quality which varies in different cases. In general Jsc increases
while Voc decreases with increase in wire length [76]. In case of low defect
density in the depletion region, the optimal length can be equal to the optical
thickness. Otherwise in general smaller wire length is more beneficial for the
device performance due to the better PV material growth and easier application
of the contact coating.
For thin-film solar cells, low aspect ratio nanorods, nanocones and nanodomes might be more suitable than high aspect ratio nanowires, nanotubes,
and nanopillars if the concept of extremely thin absorber layer is not the major goal. In Chapter 4, nanorod-based cells with 25 nm and 75 nm ultrathin
a-Si:H i-layers perform inferior in terms of Voc and F F with respect to their
flat counterparts, owing to the high aspect ratio NRs embedded at the rear
side. These shortcomings have largely been overcome in Chapter 5, in which
shorter NRs are coated with thicker Ag and ZnO:Al layers than that presented
in Chapter 4.
Besides morphology optimization, if the surface states cannot be avoided,
surface states passivation is another method to improve the Voc , since the enlarged interface/volume ratio of micro/nanostructures leads to an increased recombination velocity. To significantly surpass the performance of conventional
planar type cells, in the nanostructured devices the surface recombination rates
must be lower than the bulk recombination rates. Therefore heterojunctions
with low surface states such as CdS/CdTe are more suitable for this system [11].
For Si based devices, surface passivation is more crucial. Introduction of a very
thin intrinsic layer between p-core and n-shell [10] or Al2 O3 layer [78] has been
reported beneficial for surface passivation. However, more in-depth understanding of the surface states and surface recombination mechanisms is quite
necessary for better surface treatment.
For elongated nanostructure-based thin-film solar cells most of the current
efforts are limited to a-Si:H material. One consideration is that compared to
µc/nc-Si:H and polycrystalline CdTe or CIGS, a-Si:H is amorphous, making
its properties more isotropic and much less sensitive to the substrate rough-
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ness. Another reason is that a-Si:H is a defect-rich material with minority
carrier transport length of ~100 nm. The active layer needs to be thinned
down to improve the minority carrier collection. An additional advantage for
very thin a-Si:H absorber layer is that the efficiency degradation arising from
light-induced dangling bonds has less influence [75]. When very thin absorber
layer is applied, light trapping is even more necessary for a sufficient optical
absorption. However, to achieve the ultimate goal of high efficiency for practical application, very thin a-Si:H/a-SiGe:H and a-Si:H/µc-Si:H tandem cells
on elongated nanostructures is even more interesting to utilize a broader solar
spectrum. Some pioneering work has been done in this regard [106]. Unfortunately, to our knowledge deposition of µc/nc-Si:H and CIGS on high aspect
ratio elongated nanostructures with an acceptable material quality has not
been reported yet. For very thin CdTe and CIGS cells to reduce the usage of
rare materials, elongated nanostructures for advanced light trapping are attractive. Apparently more efforts are needed in the future to grow device quality
material of CdTe and CIGS on rough features.

1.6

Objectives and outline

Aim of this work is to develop a model system for efficient nanorod/nanowire
based thin-film solar cells. The light trapping mechanisms in this unique system
needs to be systematically investigated to guide the cell design. Based on these
considerations the work in this thesis can basically be divided into two parts:
(1) synthesis of ZnO nanorods by chemical bath deposition and (2) integration
of the nanorods in thin-film silicon solar cells. The objectives and outline of
this thesis are described as follows:
Chapter 2 introduces the main techniques used in this thesis, including
magnetron sputtering for TCOs, HWCVD and PECVD for solar cell deposition,
and characterization techniques for material and device analysis.
Chapter 3 mainly focuses on the synthesis of ZnO nanorods by chemical
bath deposition. The growth mechanisms are first analyzed. Influence of the
growth conditions such as precursor solution concentration, seed layer, substrate material, growth time, and growth temperature on the nanorod morphology are investigated. With these efforts nanorods with a suitable morphology
as building blocks for solar cells are obtained in this chapter.
Chapter 4 describes the application of ZnO nanorods in a-Si:H solar cells
with ultrathin intrinsic layers by HWCVD, with emphasis on the conformal
coverage of applied layers on high aspect ratio nanorods. Performance and
challenges of these unique devices are analyzed as well.
Chapter 5 discusses the optimization on the nanorod substrate for efficient
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thin-film silicon solar cells. A relatively high initial efficiency of 8.4% is obtained
for nanorod cell with 200 nm thick a-Si:H absorber layer. The relatively high
efficiency arises from a good balance between optical and electrical properties.
Light trapping mechanisms in the nanorod geometry are studied by experiments
and finite-domain time-difference simulations.
Chapter 6 aims at a proper p-layer deposited under microcrystalline condition to avoid potential barriers in a-Si:H n-i-p solar cells. The influence of the
porous a-Si:H buffer layer located at the p/i interface on material properties of
the p-layer and on the cell performance has been studied. An optimized p-layer
for efficient a-Si:H n-i-p cells is presented.
In the end of this thesis a summary of the main conclusions is given. Suggestions for future work on optimization of the nanorod-based solar cells is also
presented.
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Chapter 2

Experimental Techniques

This thesis focuses on synthesis of ZnO nanorods and integration of the nanorods
in thin-film solar cells to improve light trapping. To realize these objectives,
various deposition and characterization techniques were employed. In this chapter a basic description of the techniques used in this work is given. First, we
briefly introduce the magnetron sputtering system for the deposition of transparent conducting oxide materials, followed by the cell deposition techniques
of hot-wire chemical vapor deposition and plasma-enhanced chemical vapor
deposition. The characterization facilities for materials and for solar cells are
explained in the end. The growth of ZnO nanorods by chemical bath deposition
is described in detail in Chapter 3.
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2.1
2.1.1

Deposition techniques
Magnetron sputtering deposition of TCOs

In general, sputtering deposition is a physical vapor deposition method for
thin film deposition. The process includes ejecting a source material from
a target and growth of this source material on a substrate. The release of
atoms from the surface of the target is realized by bombardment by highly
energetic ions. Ar+ ions are commonly used for bombardment. The Ar+ ions
are generated in an Ar atmosphere by a radio frequency (RF) glow discharge
between the target (cathode) and the substrate (anode). The produced ions
subsequently are accelerated by the electric field between the two electrodes to
bombard the target. Atoms at the surface of the target thereby are released
due to collisions. A magnetic field around the cathode is used to confine the
discharge plasma in front of the target for a more efficient bombardment hence
increasing the deposition rate. Due to random ejection direction and collision
with gas atoms, only a small fraction of the ejected target atoms can reach the
substrate. Precursor atoms move around on the surface of the substrate before
compaction. The deposition rate is mainly influenced by gas pressure, plasma
power, and substrate-to-target distance.
In this work, all transparent conducting oxide (TCO) layers of ZnO containing of 0.5 wt.%, 1 wt.%, and 2 wt.% Al2 O3 labeled as ZnO:Al (0.5 wt.%),
ZnO:Al(1 wt.%), and ZnO:Al(2 wt.%), respectively, and In2 O3 :Sn2 O3 (10 wt.%)
(ITO), as well as some Ag back contact layers, are deposited in a radio frequency magnetron sputtering system named SALSA (Sputtering Apparatus
for Light Scattering Applications) manufactured by Kurt J. Lesker Company.
The system includes a loadlock for mounting the sample and a process chamber equipped with four targets. These targets are shielded from each other to
prevent contamination and are water cooled from the back. In this work all
the TCOs and Ag are deposited without external heating for substrates and
targets. To define the cell area of substrate-type n-i-p cells, a stainless steel
shadow mask with 4×4 mm2 square opening arrays was used for the deposition
of ITO front contact. More details about this automatic deposition system can
be found in the reference [107].

2.1.2

Hot-wire chemical vapor deposition

PASTA
In this thesis all the silicon materials are deposited in a multichamber chemical vapor deposition system called PASTA (Process equipment for Amorphous
Silicon Thin-film Applications), which consists of six deposition chambers that
are interconnected via a central chamber. Three chambers are used for deposi-
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tion of p-type, intrinsic and n-type silicon by plasma-enhanced chemical vapor
deposition (PECVD). The other three chambers are used for hot wire chemical vapor deposition (HWCVD) of silicon and its alloys. In the present work
the deposition of ultrathin intrinsic layers (i-layers) on the high aspect ratio
nanorods was performed by HWCVD (described in Chapter 4), while the deposition of p- and n-layers as well as i-layers on the optimized moderate aspect
ratio nanorod substrate (described in Chapter 5) was carried out by PECVD.
History of HWCVD
HWCVD was first introduced as thermal CVD by Wiesmann et al. in
1979 [108], in which amorphous silicon was deposited by thermal dissociation
of SiH4 via a hot (1400-1600°C) tungsten wire. The first low temperature
deposition of a-Si with acceptable device quality by HWCVD (they named it
catalytic-CVD or Cat-CVD) was reported by Matsumura in 1985 [109]. The
mechanisms were further studied in late 1980s by Matsumura [110] and Doyle
et al. [111]. HWCVD generally exhibits higher deposition rate than PECVD.
However, in the early stage the material quality by HWCVD was much inferior
to that by PECVD. The main reason might be that at that time unoptimized
gas pressure, filament temperature, and substrate-to-filament distance, which
in combination lead to a high volume of atomic silicon radicals [112]. The
silicon atoms result in a poor quality film grown on the substrate due to the
high sticking coefficient [112]. Encouraging device-quality a-Si:H deposited
by HWCVD was realized by Mahan et al. in 1991 [113]. They named this
method “Hot Wire CVD”. Low gas pressure in combination with high filament
temperature (>1500°C) appeared to be essential to obtain these exceptionally
good films.
Mechanism of HWCVD
HWCVD is a catalytic decomposition of precursor gases. The gas molecules
are decomposed by catalytic cracking with reaction of the resistively heated
filament. For Si deposition W or Ta wires are typically used. Silane gas or
a silane-hydrogen mixture is decomposed into atomic Si or SiHx (x =1,2,3)
and atomic H at the surface of the heated filament in a temperature range of
1700-2000°C. The mechanism of the decomposition of silane by hot filament is
shown in Figure 2.1. SiH3 and H are key components for the growth of a-Si:H
material. They are mainly generated via Reactions (2.1) and (2.2) [114]:
H + SiH4 → SiH3 + H2

(2.1)

Si + SiH4 → HSiSiH3

(2.2)

The three most important considerations in HWCVD are the selection of
source gas, filament material, and filament temperature. The fundamental dif-
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Figure 2.1: Mechanism of decomposition of SiH4 by a hot tungsten filament.

ference between HWCVD and PECVD is the method of decomposition of gas
molecules. In HWCVD, precursor gas molecules are decomposed by catalytic
reactions with the heated filament, whereas for PECVD the molecules are decomposed by collision with energetic electrons. Compared to PECVD, other
key features of HWCVD are listed below:
(1) Free of plasma or charge induced damage.
(2) Efficient gas usage and relatively high deposition rate (typically 0.51 nm/s).
(3) High productivity since the substrates can be located at both sides of
the filaments.
(4) Less substrate shape limitation. Homogeneous and conformal layers can
be deposited on substrates with complex structure.
(5) H contents in HWCVD film is normally lower due to the higher level of
atomic H in the gas phase, which subtracts other H atoms from the growing
surface of the film.
Figure 2.2 shows a HWCVD chamber in our deposition system PASTA.
The parameters for the deposition of an i-layer by HWCVD is summarized in
Table 2.1. These parameters are obtained from intensive previous study on
material deposition in this system [114,115]. In this work the distance between
filaments and substrate is set to 55 mm and the substrate heater is switched
off during deposition process. However, it should be pointed out that substrate
temperature is 200-250°C because of the heat radiation from the two hot Ta
filaments with a diameter of 0.5 mm. Before deposition, the shutter between
the filaments and the substrate is closed. The substrate is radiatively heated
for at least one hour from the hot filaments without any gas flow. The shutter
is opened when equilibrium is reached after injection of gases.

2.1.3

Plasma-enhanced chemical vapor deposition

Plasma-enhanced chemical vapor deposition is a widely used technique for the
preparation of thin-film silicon. In this process, source gas molecules are dissociated into radicals during a collision process with highly energetic electrons
and ions between the grounded electrode (anode, the substrate) and the RF
electrode (cathode). These electrons are accelerated by the electric field be-
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Figure 2.2: Schematic cross section of a HWCVD chamber in PASTA.

Table 2.1: Deposition parameters for thin-film silicon deposition in PASTA for
substrate-type n-i-p solar cells. The intrinsic layer is either deposited by HWCVD or
PECVD.

∗

n-µc-Si:H

n-a-Si:H

Method

PECVD

PECVD

HWCVD

i-a-Si:H
PECVD

p-µc-Si:H

Distance (mm)∗

23

23

40

12

14

SiH4 (sccm)

0.7

40

30

40

1.2

H2 (sccm)

100

-

60

-

150

TMB (B(CH3 )3 , 2% in H2 ) (sccm)

-

-

-

-

0.78

PECVD

PH3 (2% in H2 ) (sccm)

0.6

10

-

-

-

Pressure (µbar)

990

300

15

700

1900

Heater temperature (°C)

320

320

-

320

260

Power (W)

10

3.0

-

4.0

5.5

Frequency (MHz)

13.56

13.56

-

13.56

13.56

Filament current (A)

-

-

10.5

-

-

Filament temperature (°C)

-

-

~1750

-

-

Electrode/filament to substrate distance.
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tween the two parallel electrodes. The radicals reach the substrate and grow
into a compact layer. SiH4 with or without H2 is the typical source gas for
intrinsic silicon deposition, depending on the silicon structure that is aimed
for. In this thesis n- and p-doped layers as well as some of the intrinsic layers
are deposited using PECVD at a RF frequency of 13.56 MHz in the PASTA
system. The deposition parameters are summarized in Table 2.1.

2.1.4

Thermal evaporation

The metal grid contacts and in some cases the metal back contact for solar
cells are deposited by thermal evaporation of the source material at a vacuum
below 10−5 mbar. The source material, of high purity (>99.99%), was placed
in a tungsten boat, which subsequently was resistively heated, to evaporate
the material onto the substrate. The substrate was mounted at several tens of
centimeters above the tungsten boat. A specific metallic shadow mask on the
substrate was employed to define the size and shape of the metal contact.

2.2
2.2.1

Material characterizations
Angular resolved scattering

Angular resolved scattering (ARS) provides information about the intensity of
light scattered into a certain angle from a rough surface. Figure 2.3 shows a
schematic diagram of the home-made ARS set-up at Utrecht University. A
HeNe laser (632.8 nm) beam passes through a polarizer and a chopper before
interaction with the sample at a normal incidence. The chopper, in combination with a lock-in amplifier, makes it possible to carry out the measurements
under normal ambient light condition. A photodiode detector is positioned
on a rotatable arm. Scattered light intensity can be detected as a function
of scattering angle, in reflection or transmission mode. The setup is used for
measuring the light scattering properties of textured substrates for solar cells.

2.2.2

Reflection/transmission

Two set-ups are used for reflection and transmission measurements in this work.
For materials grown on flat Corning glass, the specular reflection and transmission were recorded simultaneously at the same position of the sample by a
home-designed set-up named RT Mini, while the total (including both specular and diffuse) reflection and transmission for light scattering at the substrate
and the light absorption in completed solar cells were characterized by a Perkin
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Figure 2.3: A schematic diagram of the home-made angular resolved scattering set-up.

Elmer Lambda 2S UV-VIS spectrometer. Both set-ups are briefly described below.
The RT Mini
The RT Mini consists of a halogen lamp, two diode-array spectrometers, and
optical fibers, allowing for a wavelength range of 380 to 1050 nm. The data
was analyzed using software called ’SCOUT’ by W. Theiss [116], with several
models integrated for the calculation of the wavelength dependent refractive
index (n) and the extinction coefficient (k) values. The absorption coefficient
(α) is determined from k as α = 4πk/λ, where λ is the wavelength of the
incident light. In case of amorphous Si and SiGe thin films deposited on glass
(Corning Eagle XG), the O’Leary, Johnson and Lim model (OJL) [117] was
used for the fitting of the measured reflection and transmission spectra. The
film thickness, n, k, and α thus can be obtained from the fitted spectra. The
optical band gap of the material was extracted from the n and α. The RT
Mini is applicable for reflection/transmission measurements only if there is no
significant light scattering for the sample.
The UV-VIS spectrometer
The reflection and transmission in a wavelength range of 190-1100 nm at
textured substrates and in completed solar cells were measured by a Perkin
Elmer Lambda 2S UV-VIS spectrometer equipped with an integrating sphere.
It should be pointed out that for this set-up it is impossible to measure the
reflection and transmission exactly at the same spot of the sample, since for
the transmission measurement the sample is mounted in front of the beam
inlet hole, while for reflection measurement the sample is located behind the
outlet hole of the spherical detector, to reflect the beam back to the detector.
This might introduce a small error in the calculation of total absorption in the
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device.

2.2.3

Conductivity and activation energy

For the characterization of electrical properties in terms of photo- (σp ) and dark
conductivity (σd ) of Si thin films deposited on Corning glass, two coplanar Ag
contacts were deposited on the sample via thermal evaporation at vacuum. The
conductivity (σ) is determined by measuring the current (I) when a voltage (V )
is applied between the two planar electrodes, as described in Equation (2.3):
σ=

Iw
V ld

(2.3)

where I is the measured current, V is the applied voltage, w is the width of
the gap between the Ag contacts, l is the contact length, and d is the measured
thickness of the thin film. In this work, w=5 mm, l=20 mm, V =50 V for
intrinsic layers, and 1 V for doped layers, were used. Temperature-dependent
dark conductivity was measured in vacuum after annealing at 160°C for 90 minutes. The relationship between the temperature-dependent dark conductivity
and the activation energy (Ea ) is shown in Equation (2.4). From the slope of
Arrhenius plot of the dark conductivity (Equation (2.5)), Ea is obtained:
σd (T ) = σ0 exp(−

Ea
)
kT

ln[σd (T )] = ln(σ0 ) −

Ea
kT

(2.4)

(2.5)

where σ0 is the conductivity prefactor, k is the Boltzmann’s constant, and T
is the absolute temperature.

2.2.4

Raman spectroscopy

Raman spectroscopy is used to characterize the crystalline fraction of microcrystalline silicon material in this work. In this technique, a monochromatic
light from a laser is directed at a sample and the incident photons interact with
molecular vibrations, phonons, or other excitations in the sample. During the
interaction most of the molecules are excited from the ground state to a virtual energy state and then back to the ground state, and thus re-emit photons
with the same frequency as the laser photons, resulting in an elastic Rayleigh
scattering. For a small fraction of the excited molecules, the final vibrational
state has a higher or lower energy level than the initial state, thereby the reemitted photon exhibits a lower (Stokes shift) or higher frequency (anti-Stokes
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shift) than the incident photon. The shift in original photon frequency provides
information about the vibrational modes in the system.
In this work a green Ar+ laser beam (514.5 nm) is guided perpendicularly to the sample. For hydrogenated silicon thin film, the Raman spectrum
is Gaussian deconvoluted into the transverse-optical mode at 510-520 cm−1
associated with microcrystalline silicon, the transverse-acoustic mode at 150200 cm−1 , longitudinal-acoustic mode at ~330 cm−1 , longitudinal-optical mode
at ~450 cm−1 , and the transverse-optical mode at ~480 cm−1 associated with
amorphous silicon [118, 119].

2.2.5

X-ray diffraction

Phase identification of ZnO thin film and ZnO nanorods was carried out by
X-ray diffraction (XRD) employing a powder diffraction set-up equipped with
a Philips PW 1729 X-ray generator using monochromatic Cu Ka radiation at
a voltage of 40 kV with a current of 20 mA. The mean grain size in the ZnO
thin films was calculated using the Scherrer Formula (2.6):
τ=

kλ
βcosθ

(2.6)

where τ is the mean size of the ordered grains, k is the shape factor and the
value of 0.9 is adopted here, λ = 0.154 nm is the wavelength of Cu Ka XRay radiation, β is the full width at half maximum (FWHM) in radian of the
diffraction peak at the angle 2θ, and θ is the Bragg angle.

2.2.6

Scanning electron microscopy

The cross section of the completed solar cells was obtained by scanning electron
microscopy with focused ion beam induced in the microscope (FIB-SEM). The
focused ion beam was guided to the specific position of the sample for cutting
and milling the sectional surface. A general introduction of the FIB-SEM
technique can be found in the reference [120].

2.3

Solar cell characterizations

2.3.1

Current-Voltage measurement

The current-voltage performance of all solar cells under study was measured
under standard conditions (AM1.5G, 100 mW/cm2 [121], 25°C) using a Wacom
solar simulator. Both a xenon lamp and a halogen lamp were employed to create
one sun illumination. In principle, a solar cell is a diode. The J-V behavior
can be described by the following formula [122]:
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J = −Jph + J0 (exp(

q(V − JRs )
V − JRs
) − 1) +
nd kT
Rp

(2.7)

where Jph is the photocurrent density, Rs and Rp are the series and the parallel
resistance, respectively, J0 is the reverse saturation current density and nd is
the diode quality factor, both of which can be measured under dark condition
(Jph =0), q is the electron charge, k is the Boltzmann’s constant and T is the
temperature in Kelvin. Most important parameters extracted from a J − V
curve are the short-circuit current density (Jsc ), open circuit voltage (Voc ),
fill factor (F F ) and energy conversion efficiency (η). As shown in Figure 2.4,
the Jsc can be obtained when V =0 (short circuit), while Voc is the maximum
voltage from a solar cell when J=0 (open circuit). Jsc is mainly dependent
on photon absorption and carrier collection in the device, while Voc is determined by the properties (such as the band gap) of the absorbing material. Voc
increases and Jsc decreases as the band gap increases. The Jsc and Voc are
the maximum current and voltage, while the power under this condition is
zero. The F F , which is defined in Equation (2.8), is a parameter indicating
the maximum power that can be obtained from a solar cell.
FF =

Jmpp Vmpp
Jsc Voc

(2.8)

where Jmpp and Vmpp are the current density and voltage at the maximum
power point (mpp). The efficiency η can be calculated following Equation
(2.9):
Pmpp
Jmpp Vmpp
F F Jsc Voc
η=
=
=
(2.9)
Pin
Pin
Pin
where Pin is the incident power density (100 mW/cm2 in case of AM 1.5G
illumination). The slope of a J-V curve at V =0 and at J=0 are related to the
Rp and Rs , respectively.

2.3.2

Spectral response

Spectral response (SR) measures the wavelength dependency of the photon
generated current in a solar cell. It is also referred to as quantum efficiency.
The external quantum efficiency (EQE) is the ratio of the collected electrons at
electrodes to the number of the photons directed at the solar cells, as described
in Equation (2.10). The EQE was measured by measuring the generated current
by a monochromatic beam in a wavelength range of 350-800 nm for a-Si:H and
350-1050 for µc-Si:H solar cells, respectively.
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Figure 2.4: J-V curve of an a-Si:H single junction solar cell under AM1.5G illumination.

EQE(λ) =

Jph (λ)
nφ (λ) q

(2.10)

where Jph is the generated photocurrent density, nφ is wavelength dependent
photon flux directed to the device, and q is the electron charge.
In this work the solar cells were illuminated with light from a xenon lamp
that has passed through a monochromator and a chopper. A lock-in amplifier
picks up the signal at the chopper frequency thereby suppressing any signals due
to background illumination. The light incident on the sample was calibrated
using a photodiode. For SR measurements of single junction solar cells, a
continuous white bias light from the xenon lamp was used to simulate AM1.5
illumination conditions. For tandem cells, the white bias light was guided to
pass through a specific light filter to obtain colored bias light, thereby the cell
responding to that color was activated, whereas the current was limited by the
other cell being tested with chopped monochromatic illumination.
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Chapter 3

Growth of ZnO Nanorods

We propose a third generation solar cell concept in which an array of ZnO
nanorods (NRs) is employed as building blocks. Thin-film light absorbing material is conformally coated on the NRs to form a novel nanorod solar cell.
To this end, the fabrication of vertically aligned nanorods with controllable
morphology on a large-size substrate is essential. In the present work, ZnO
NRs were synthesized both on precoated glass and polyethylene naphthalate
(PEN) substrates by a simple aqueous solution growth technique. The effects
of growth parameters including seed layer, precursor concentration, growth
time, and temperature on the morphology of ZnO NRs were systematically
investigated. It is found that vertically aligned single crystal ZnO NRs can
be prepared at a low temperature (60-80°C). The growth conditions exhibit a
crucial effect on the morphology of NRs. The site density of NRs is determined
by the thickness of the seed layer and the precursor concentration, while the aspect ratio of ZnO NRs is more controlled by growth time and temperature. An
appropriate morphology of NRs both on Corning glass and PEN for thin-film
solar cells is obtained with proper growth parameters.
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Introduction

ZnO is a semiconductor with a direct wide band gap of 3.37 eV at room temperature [123]. Al- or B-doped ZnO have been widely accepted as a transparent conducting oxide (TCO) window layer for thin-film solar cells [62–65].
Nanoscale one-dimensional (1D) ZnO nanostructures have gained extensive attention over the last few years due to their unique and fascinating chemical and
physical properties [124]. These widely explored 1D ZnO nanostructures typically are nanowires, nanorods, nanopillars, nanotubes and nanoneedles. They
have diverse applications in light-emitting diodes [125, 126], field-effect transistors [127–129], ultraviolet lasers [130, 131], chemical sensors [132, 133], and
solar cells [93,134,135]. The 1D ZnO nanostructures can be fabricated via various techniques, including wet chemical methods [136–140], vapor-liquid-solid
(VLS) methods [141–144], metal-organic chemical vapor deposition (MOCVD)
[145–147], pulsed laser deposition (PLD) [148, 149], etc. Among these techniques, VLS requires a noble metal such as gold for the catalyst to favor the
vertical growth of ZnO nanowires, thus the material cost and unavoidable contamination of the catalyst in semiconductors are critical issues. While MOCVD
is regarded as a suitable technique for the growth of high quality and highly
oriented arrays of nanowires without catalyst requirement, its productivity is
far from that required for mass production of the nanowires. The relatively
high temperature used both in VLS and MOCVD make them incompatible
with low melting point substrates such as polymer for flexible electronics. For
PLD the morphology controllability and reproducibility are critical.
The inexpensive wet chemical method is extremely attractive for synthesis of large scale 1D nanostructures since size limitation, which is a critical
issue in other synthetic methods, no longer exists in the solution route. The
high throughput is another promising advantage of wet chemical method for
scaling up. A large number of substrates can be immersed in the precursor
solution simultaneously. In addition, the low processing temperature (typically
<100°C) makes most organic substrates applicable. Site density, alignment,
and aspect ratio are some of the most important issues for 1D nanostructures.
Fortunately for wet chemical methods the morphology can be effectively controlled by tuning growth parameters such as seed layer, reactant concentration,
growth time, and temperature. The characteristics of low-cost, large-scale,
high-throughput, low-temperature, and simple facility requirements make the
wet chemical method widely adopted for the growth of 1D ZnO nanostructures.
On the other hand, the disadvantage for this method is the random distribution
and alignment of the fabricated NRs due to the random chemical process.
In inorganic thin-film solar cells, the semiconductor material quality is sensitive to the surface roughness of the substrate. A rough surface is detrimental
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to the growth of device quality semiconductor, which subsequently leads to
deterioration in electrical properties thus limiting the efficiency to a low level.
The site density and aspect ratio of NRs are most crucial issues for homogeneous growth and conformal coating of the subsequent layers. High site density
of NRs prevents the materials filling into the valley region between individual
NRs while too low density causes a reduced effective volume, leaving much
planar area which cannot contribute to enhanced light trapping. High aspect
ratio NRs are favorable for light harvesting whereas obstructive for conformal
coverage of the active layer over the entire NR arrays. As there is always a
trade-off between optical and electrical properties, a balance for the substrate
morphology optimization should always be kept in mind.
In the present work, the wet chemical method is employed for the synthesis
of ZnO nanorods on glass and polyethylene naphthalate (PEN) substrates. In
order to obtain an optimal scheme for solar cells, the effects of growth parameters including seed layer, reactant concentration, growth time, and temperature
on the morphology of ZnO NRs are systematically investigated in this chapter.

3.2

Basic growth mechanisms

For the growth of ZnO NRs from aqueous solution, zinc acetate dehydrate
(Zn(CH3 COO)2 ·2H2 O) and zinc nitride hexahydrate (Zn(NO3 )2 ·6H2 O) are
the most commonly adopted zinc salts to provide Zn2+ for the reaction solution. The other chemical component, O2− , is obtained from H2 O molecules
in the present case. In most cases, a heterocyclic organic compound, hexamethylenetetramine (HMT) with the formula (CH2 )6 N4 , which is highly soluble
in water, is required as pH buffer in the precursor solution. The molecular structure of HMT is shown in Figure 3.1. The role of HMT in the growth of ZnO
nanostructures is still under debate and deeper understanding is in progress.
The convinced role is that it hydrolyzes in water and steadily provides hydroxide ions which are essential for the formation of ZnO. The small rate of
releasing hydroxide ions is extremely crucial in the NR growth process, since
the consumption of zinc ions would be too fast if a large amount of hydroxide
ions are released in a short time. High precipitation rate of ZnO prohibits the
oriented growth of 1D ZnO nanostructures [150]. De-ionized water normally
is utilized as solvent to dissolve zinc salt and HMT for the precursor solution.
The solution with precursors is stirred to ensure homogeneity. Synthesis of
1D ZnO nanostructures is carried out in a temperature range of 70-90°C. The
involved key reactions are as follows [124]:

(CH2 )6 N4 + 6H2 O ↔ 4N H3 + 6HCHO

(3.1)
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Figure 3.1: Molecular structure of HMT ((CH2 )6 N4 ).

Figure 3.2: Four types of (0001) surfaces for wurtzite structure ZnO: Zn-polar surface
with (a) Zn-atom termination and (b) O-atom termination. O-polar surface with (c)
O-atom termination and (d) Zn-atom termination [151], copyright 2006, American
Chemical Society. (e) A schematic diagram of wurtzite structure.

N H3 + H2 O ↔ N H4+ + OH −
2+

Zn

+ 4N H3 ↔ [Zn(N H3 )4 ]

2+

−

2+

(3.2)
(3.3)

↔ Zn(OH)2

(3.4)

Zn(OH)2 ↔ ZnO(s) + H2 O

(3.5)

Zn

+ 2OH

The most stable and common structure for ZnO is the wurtzite structure,
as shown in Figure 3.2. In this structure ZnO is a polar crystal; each Zn-atom
is tetrahedrally coordinated to four O-atoms, and vice versa. The layers of
tetrahedrally coordinated Zn-atom and O-atom are stacked alternately along
the c-axis ([0001] direction). As shown in Figure 3.2 a-d, wurtzite structure
ZnO is reported to have four types of (0001) surface structures: Zn-polar surfaces with Zn-atom or O-atom termination; O-polar surfaces with O-atom or
Zn-atom terminations [151]. All ZnO nanorods grown on ZnO template present
Zn-polar surfaces [151].
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In general, for any crystal growth the difference in growth rates of various
crystal faces determines its geometric shape. For wurtzite ZnO with either
Zn-atom or O-atom termination, the crystal faces {0001} are unstable with a
higher free energy over other {101̄0} faces. Therefore the growth rate of {0001}
is much higher than that of the other six non-polar crystal faces {101̄0} [136],
resulting in the elongated hexagonal nanostructures, as shown in Figure 3.2e.
The growth process simply can be divided into two stages: initial growth (nucleation and coalescence) and subsequent actual growth (preferential growth).
To facilitate the nucleation, normally a ZnO template or other template with
the right lattice constant is essential. The nanocrystallites in the outermost
region of the seed layer serve as nucleation sites. Heterogeneous nucleation
on these sites and homogeneous nucleation in the bulk solution happen simultaneously but the former is much easier due to the lower nucleation energy.
Therefore precipitation of ZnO from supersaturated precursor solution tends
to nucleate on the seeds. When the ZnO nucleus are created, the incoming
precursor molecules tend to be adsorbed preferentially in the polar (0001) face
to minimize the surface energy. The polar surface with Zn2+ terminated is
positively charged and with O2− terminated is negatively charged, thus in either case the surface attracts ions of opposite charges (OH− or Zn2+ ) via electrostatic attraction force, thereby forming ZnO. For the original surface with
Zn-atom termination, after absorbing a monolayer of O-atoms it transforms
into inverted polarity with O-atom termination, or vice versa. Such process
repeats over time, resulting in a 1D nanostructure vertical to the substrate.
The growth rate gradually slows down with the increase in growth time and
eventually reach a stable reversible equilibrium of growth-dissolution due to
the depletion of Zn2+ [124]. Reactions (3.1)–(3.5) proceed extremely slowly at
room temperature while they can be accelerated by heating up the precursor
solution to 60-90°C. The morphology parameters of NRs such as site density,
aspect ratio (length/diameter ratio), shape and alignment are strongly affected
by the growth conditions.
In this work, the growth of ZnO NRs is conducted with reactants of zinc
acetate dehydrate and HMT. These two chemicals are mixed with equal molar
ratio and dissolved in de-ionized water. Glass and PEN pre-coated with a thin
film seed layer of ZnO:Al (0.5wt.%) are used as substrates. The substrate was
immersed in the precursor solution, holding the seed layer side downwards. If
the seed layer is kept upwards, the ZnO precipitate in the solution will lay on
the seed layer, which cover the growing NRs and thus block further growth.
Figure 3.3 shows the simple set-up and the growth process for synthesis of
ZnO NRs. The effects of seed layer, reactant concentration, growth time, and
temperature on the morphology of ZnO NRs are investigated with the aim of
obtaining a suitable morphology applicable for thin-film silicon solar cells.
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Figure 3.3: A photograph of the set-up for growth of ZnO nanorods. The growth
processes are shown in the schematic diagrams. Following the bold arrows: first the
substrate pre-coated with a seed layer is immersed in the precursor solution. When
heated to a certain temperature nucleation occurs on the seed layer, and then the
NRs start to grow up along the c-axis direction vertical to the substrate.

3.3
3.3.1

Growth of ZnO NRs on glass
Seed layer

In order to investigate the influence of seed layer thickness on the morphology
including alignment, shape, site density, diameter and length, Al-doped ZnO
thin films (ZnO:Al (0.5 wt.%), labeled as ZnO in this chapter) with various
thicknesses of 50 nm, 100 nm, 200 nm, 500 nm, and 1000 nm on Corning Eagle
glass were sputtered by magnetron sputtering at a radio frequency (RF) of
13.56 MHz. A ceramic ZnO target that contains 0.5 wt.% Al2 O3 was used. The
sputtering system called SALSA (Sputtering Apparatus for Light Scattering
Applications) is described in detail in Chapter 2. ZnO is adopted as seed layer
because the epitaxial growth of ZnO NRs is straightforward. In addition, it is
a common front TCO for thin-film solar cells thus it is easily available. Details
of the magnetron sputtering conditions for ZnO are summarized in Table 3.1.
The crystal structure of the seed layer was characterized by X-ray diffraction
(XRD) employing a powder diffraction setup equipped with a Philips PW 1729
X-ray generator using monochromatic Cu Ka radiation at a voltage of 40 kV
and a current of 20 mA. The results are shown in Figure 3.4(a). Only strong
(002) peaks at 2θ=~34.2° with very weak (004) peaks at 2θ=~72.0° are observed
in all the diffraction patterns, indicating the grains have an oriented growth in
the c-axis direction. This preferential growth can be explained by the “survival
of the fastest" model proposed by Drift [152]. According to this model, nuclei
with random orientation could be formed in the initial stage of deposition.
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Table 3.1: Room-temperature RF magnetron sputtering parameters for deposition of
ZnO on Corning glass.
Thickness
(nm)
50
100
200
500
1000

RF power
(W)
300
300
300
300
300

pressure
(µbar)
1
1
1
1
1

Time
(s)
150
300
600
1500
3000

Target to substrate
distance (mm)
125
125
125
125
125

These neighboring nuclei are in strong competition with each other and only
the ones having the c-axis orientation can survive, since in this direction there
is much less competition to absorb precursor molecules.
Figure 3.4(b) shows the measured values of full width at half-maximum
(FWHM) of the (002) peak. The mean size of grains is calculated for all the
ZnO films using the Scherrer formula:
τ=

kλ
βcosθ

(3.6)

where τ is the mean size of the grains, k is the shape factor and the value of 0.9
is adopted here, λ = 0.154 nm is the wavelength of Cu Kα X-Ray radiation,
β is the FWHM in radian of the diffraction peak at the angle 2θ, and θ is the
Bragg angle.
In the thickness range of 50-200 nm the grain size goes up rapidly while
this trend slows down from 200 nm to 1000 nm. The increase in grain size as a
function of film thickness is also proved by the cross section of 1000 nm thick
seed layer in Figure 3.4(c). Generally the film growth during sputtering process can be distinguished into two stages: the initial nucleation and the actual
growth. For both stages several parameters play an important role in determining size, structure and orientation of the crystallites. These parameters are
the energy of adatoms, interaction between adatoms and the substrate surface.
The atoms released from top surface of target by bombarding are accelerated by
electric field. During the nucleation stage, the mismatch between adatoms and
substrate in structural and physical properties leads to a low adatom mobility
(slow surface diffusion), leaving small crystallites with random orientation. In
the following actual growth stage, these first few layers of nuclei serve as seeds
for a subsequent epitaxial growth. The adatom diffusion is thus enhanced due
to the perfect match in crystal lattice. The improved surface diffusion results in
a recrystallization, that is, smaller grains coalesce to form larger ones [153]. An
increase in orientation in actual growth can also be expected, since crystallites
with the fastest growth rate perpendicular to the substrate would survive at
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Figure 3.4: (a) X-ray diffraction patterns of ZnO thin films deposited on glass by RF
magnetron sputtering with various thicknesses and (b) the corresponding calculated
grain size and the full width at half maximum of (002) peak. (c) A SEM image shown
a cross section of the 1000 nm thick ZnO film, with ZnO NRs on the top. The scale
bar is 1 µm.
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Figure 3.5: The real-time substrate temperature and the calculated grain size as a
function of deposition time.

the cost of other crystallites under continuous supply of atoms.
Moreover, one have to be aware that the target would be heated up due
to the energetic ion bombardment. The substrate temperature increases with
the heat irradiation from the target and also by direct ion bombardment on
the substrate. According to a previous study in our group [107] shown in
Figure 3.5, in which same sputtering settings were used as the present work, the
real-time substrate temperature increases rapidly during the first ten minutes
and onwards it goes up much more gently. Prolonging the deposition time it
becomes more stable at around 95°C. The increase in substrate temperature
would enhance the surface diffusion, resulting in further coalescence, hence
bigger crystallites. The trend of real-time substrate temperature measurements
shown in Figure 3.5 correlates with the grain size as a function of deposition
time.
ZnO NRs grown on seed layer with various thicknesses
To investigate the effect of seed layer thickness on the morphology of ZnO
nanorods grown by chemical bath deposition (also labeled as hydrothermal
growth sometimes), ZnO thin films with thicknesses of 50 nm, 100 nm, 200 nm,
500 nm and 1000 nm were used as seed layers, keeping all other parameters
(reactant concentration of 0.5 mM, growth time of 1 h, and temperature of
80°C) identical.
Figure 3.6 shows the as-grown ZnO NRs. Similar morphologies with only
relatively small features are obtained when increasing the thickness from 50 nm
(Figure 3.6(a-b)) to 200 nm (Figure 3.6(e-f)). The site density is significantly
reduced from 200 nm (Figure 3.6 (e-f)) to 1000 nm (Figure 3.6(i-j)). With
500 nm and 1000 nm thick seed layers, well-developed hexagonal NRs are obtained. In Figure 3.7 the site density remarkably decreases whereas the diameter significantly increases with increase in seed layer thickness. The above
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Figure 3.6: SEM images of the as-grown ZnO NRs on ZnO thin films with various
thicknesses: (a) 50 nm, (c) 100 nm, (e) 200 nm, (g) 500 nm, and (i) 1000 nm. b,
d, f, h and j are the corresponding tilted (45°) top-view images of a, c, e, g and i,
respectively. The reactant concentration, growth time, and growth temperature are
kept identical at 0.5 mM, 1 h and 80°C for all the cases.
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Figure 3.7: The site density per 1 µm2 and the mean diameter of ZnO nanorods
grown on ZnO thin films with different thicknesses.

findings are consistent with another similar work [154].
Sputtered ZnO seed layer is a polycrystalline material with a good c-axis
orientation [155–157], which favors the epitaxial growth of ZnO NRs with a
vertical alignment. The growth of ZnO NRs relies on the grain size of the outermost layer of the seed. Smaller grain size means larger number of nucleation
sites in per unit area at the top surface of the seed layer, thereby NRs with
higher site density and smaller diameter are obtained. The random alignment
is due to the polycrystalline nature of the seed layer [158]. The alignment is
more random in case of thick seed layer. The reason is the relatively large grains
in a thick seed layer results in a low site density of the rods, which means less
collision between neighboring crystallites during growth process. Those with a
growth direction deviated from [0001] direction thus can also survive.
Based on the above discussion we conclude that the increase in grain size as
a function of film thickness is related to the crystal development with time, the
real-time temperature and the surface diffusion. The site density and diameter
of ZnO NRs are related to the grain size in the seed layer. The site density
decreases whereas the diameter increases with the increase in grain size.

3.3.2

Reactant concentration

In order to investigate the effect of precursor concentration on the morphology of nanorods, various amount of (Zn(CH3 COO)2 ·2H2 O) mixed with equal
molar ratio of HMT were dissolved in de-ionized water, forming precursor solution with a series molar concentration of 0.25 mM (0.00025 mol/L Zn2+ and
0.00025 mol/L HMT), 0.5 mM, 1 mM, 2 mM, and 10 mM. Figure 3.8 presents
the morphology obtained at various concentrations. It is clear that higher re-
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actant concentration results in higher site density and larger length of NRs.
At relatively low concentration of 0.25 mM NRs with low site density and low
aspect ratio are obtained (Figure 3.8(a-b)). When the concentration increases
to 10 mM, dense nanowires with relatively high aspect ratio are fabricated
(Figure 3.8(i-j)).
The reactant concentration plays an important role in determining the morphologies of ZnO NRs due to the concentrations of Zn2+ and OH− in the reaction solution [138, 140]. According to the reversible reactions (3.1)–(3.5), the
equilibrium can be controlled by adjusting the precursor concentration. When
more Zn salt and HMT are involved, the reaction equilibrium is pushed backwards. Based on this mechanism, higher reactant concentration provides larger
amount and higher precipitation rate of ZnO, which means more nucleation and
larger growth rate for NRs. A higher site density and a larger length of NRs
are thus obtained. These observations in the present work are consistent with
the findings in the reference [159].

3.3.3

Growth temperature

Figure 3.9 shows the effect of growth temperature on the morphology of ZnO
NRs. The temperature varies from 50°C in Figure 3.9(a) up to 80°C in Figure
3.9(g). Only very small amount of NRs were fabricated at 50°C (Figure 3.9(ab)). The threshold temperature is around 60°C. During the heating process we
also observed by naked eye that the solution became turbid at around 60°C due
to the significant amount of ZnO precipitation. The length of NRs (indicated
by dotted lines in the left panel) significantly increases from 60°C to 80°C
while the site density only slightly goes up, as clearly visible in Figure 3.9(ch). Above the threshold temperature, the growth temperature more affects the
length rather than the site density of NRs.
At room temperature Reactions (3.1)–(3.5) goes extremely slowly hence
very tiny amount of ZnO is precipitated. The aqueous solution at room temperature is very clear. When the solution is heated up, the hydrolysis of HMT
(Reaction (3.1)) is accelerated. More ZnO is precipitated since larger amount
of OH− is released in the solution. The bulk solution becomes supersaturated
with ZnO at around 60°C and the precipitation is stimulated. The growth rates
of all facets of ZnO crystal in the solution are enhanced with heating, gently in
{101̄0} facets while rapidly in {0001} facets. This explain the slight increase in
the mean diameter and the remarkable increase in the length of NRs when the
growth temperature goes up from 60°C to 80°C, as shown in Figure 3.9(c-h).
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Figure 3.8: Top-view (45° tilted) SEM images shown the influence of reactant concentration on the morphology of ZnO NRs: (a) 0.25 mM; (c) 0.5 mM; (e) 1 mM; (g)
2 mM; (i) 10 mM. b, d, f, h and j are the corresponding zoomed in images of a, c, e,
g and i, respectively. The seed layer thickness, growth time, and growth temperature
are 1000 nm, 3 hours and 80°C for all the cases. The clusters on top of NRs in image
g are sputtered platinum to increase the sample conductivity for imaging.
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Figure 3.9: Sectional-view (left column) and top-view (right column) SEM images
shown the influence of growth temperature on the morphology of as-grown ZnO NRs:
(a) 50°C, (c) 60°C, (e) 70°C, and (g) 80°C. b, d, f and h are the corresponding topview of a, c, e and g, respectively. The seed layer thickness, precursor concentration,
and growth time are 1000 nm, 0.5 mM and 3 hours for all the cases.
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Growth time

As for the growth time, it affects the length rather than the diameter and the
site density of the nanorods, which can be clearly seen in Figure 3.10. The mean
length of NRs increases rapidly from 0.5 h to 3 hours and onwards it becomes
more stable. In the initial stage a large amount of precursor molecules are
available in the bulk solution hence the growth rate is relatively high. It slows
down with increase in time due to depletion of Zn2+ ions. The diameter and
the site density increase slightly when the growth time increases from 1 h to
7 hours, similar to that reported in a previous study [140]. It is very interesting
to note that some NRs are topped with a fine tail (as indicated by the arrows in
Figure 3.10(l) when the growth time of 7 hours is used, forming a syringe-like
morphology. The syringe-like morphology is not present in all other cases with
shorter growth time. Such a phenomenon has also been reported by some other
groups when a long growth time is used [151, 160, 161].
NRs fabricated during 0.5 h and 1 h exhibit smooth and sharp tips, as shown
in Figure 3.10 (b) and (d). When the growth time increasing from 2 hours to
7 hours, the tips become more flat and rough rather than sharp and smooth.
The underlying mechanism is related to the crystal growth and dissolution
processes as shown in Figure 3.11. The Equations (3.4) and (3.5) are reversible
reactions, which could switch to either forward or backward balance under
different conditions, such as the concentration of Zn2+ and OH− . The final
morphology is determined by the competition between growth and dissolution
processes. During the beginning period (0-2 hours in the present case) the
growth rate significantly surpasses the dissolution rate due to the relatively high
level of precipitation. As the reaction proceeds, Zn2+ is gradually consumed
to form ZnO. The reactions reach equilibrium at 3-5 hours, which is confirmed
by the negligible length increase from 3 hours to 7 hours. It is much more
difficult for the nanostructures to further absorb precursor molecules from the
bulk solution due to the depletion of Zn2+ ions, thus the length only slightly
increases.
When the time is prolonged to 5-7 hours, in order to maintain the equilibrium the dissolution process becomes more significant. Etching of the preformed NRs to release Zn2+ for equilibrium leaves a rough rather than smooth
tip of the nanorods. This dissolution is more preferential on the metastable
polar (0001) face, since this surface has the highest surface energy as well as
the highest growth rate, thus is the most influenced. As for the syringe-like
morphology for some NRs in the sample with a growth time of 7 hours, a possible explanation is that when the growth time is extended, the solution is less
supersaturated. The [0001] direction is still the preferential growth direction
even under this limited availability of precursor molecules. The growth of NRs
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Figure 3.10: Sectional-view (left) and top-view (right) SEM images shown the influence of growth time on the morphology of as-grown ZnO NRs. (a) 0.5 h, (c) 1 h,
(e) 2 hours, (g) 3 hours, (i) 5 hours and (k) 7 hours. b, d, f, h, g and l are the
corresponding top-view of a, c, e, g, i and k, respectively. The seed layer thickness,
precursor concentration, and growth temperature are 1000 nm, 0.5 mM and 80°C
respectively for all the cases.
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Figure 3.11: Schematic growth model for ZnO NRs via a chemical bath deposition
process. In the initial stage ZnO NRs with sharp tips are formed. When the reactions
reach an equilibrium, a flat top surface is obtained. Further prolonging the growth
time after equilibrium the dissolution becomes more significant, leaving a rough top
surface. At a certain point the secondary growth of thinner ZnO nanorods/nanowires
is stimulated due to the limited availability of precursor molecules, forming a syringelike morphology.

with relatively large diameter cannot be supported in this case, instead, thinner
NRs/NWs nucleate and grow on top of the previously formed larger NRs.

3.4

Growth of ZnO nanorods on flexible substrate

Flexible substrates in terms of foils are of particular interest for photovoltaics
due to light weight, unbreakability, low cost, ease of handling and transportation. Flexible substrates are applicable in a so-called roll-to-roll process, which
can increase the productivity and reduce the cost of modules significantly. Because of these advantages, flexible solar cells have attracted considerable R&D
interests. Foils/sheets of stainless steel [44], polycarbonate [162], polyethylene naphtalane [163], polyethylene teraphthalate (PET) [49,164], kapton [165],
polyester [49], tetracyclododecene co-polymer [166] have been utilized for flexible thin-film silicon solar cells with performance approaching that on glass
substrate.
However, one challenge for flexible solar cells is to avoid the cracks in the
applied layers caused by substrate deformation during deposition process due
to the low heat tolerance. The large mismatch in thermal expansion coefficient
between coated layers and polymeric substrate inevitably introduces stress during the deposition of TCO and silicon. Some cracks might also be generated
during the handling and transportation. These cracks reduce the yield of the
devices.
For efficient flexible solar cells, light trapping is crucial for sufficient photon
absorption. These above issues stimulate us to develop a flexible cell with
a three-dimensional (3D) geometry. The stress in the applied layers can be
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Figure 3.12: Substrate deformation during material deposition process causes tensile
stress in the layers coated on a polymeric foil. (a) A top-view photograph of treated
PEN substrates for solar cells. The substrate contains a structure of PEN/1000 nm
ZnO/nanorods/200 nm Ag/80 nm ZnO:Al and the flat substrate is PEN/1000 nm
ZnO/200 nm Ag/80 nm ZnO:Al. Cracks caused by stress and reflection of the hands
(the bare one for holding the camera and the other one with a green glove) are
only visible in the flat substrate. (b) Schematic diagrams shown the stress relieve
mechanism (indicated by the arrows) in the flat and the NR-based structures.

greatly relieved in the 3D structure compared to that in a flat counterpart.
As shown in Figure 3.12(a), a large amount of cracks are generated in the flat
reference but not in the 3D structure. The mechanism is that in a 3D system
the nanorods act as stress buffers. The stress is partially released along the
axial direction of the rods, as illustrated in Figure 3.12(b), which is beneficial to
avoid cracks in solar cells. The 3D structure also contributes to light trapping
thanks to the anti-reflection and scattering, which will be described in detail
in Chapter 5.
In this work PEN foil with a thickness of 125 µm is adopted as the substrate
for the growth of ZnO NRs rather than PET or other materials because of
a comprehensive consideration of softening temperature, material cost, and
availability. The glass transition temperature for PEN is ~120°C [167], which is
higher than that of ~80°C for PET. Therefore PEN has better thermal stability
during the low temperature deposition of Si with a substrate temperature of
~100°C.
It is worth pointing out that initially the PEN was only one-side coated
with ZnO thin film as seed layer. However, after magnetron sputtering the
substrate is bending due to the stress which increases the difficulty for subsequent proceedings. In addition, we found that it is rather challenging to obtain
NRs under this condition. Very likely the uncoated side of PEN reacts with
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Table 3.2: Parameters of the standard and the low power recipes for ZnO deposition
via magnetron sputtering.
RF power

Thickness

pressure

Time

Target to substrate

(W)

(nm)

(µbar)

(s)

distance (mm)

300

1000

1

3000

125

80

1000

1

20000

125

Figure 3.13: Low magnification SEM images of (a) cracks formed in ZnO thin film
deposited on PEN at 300W. (b) The layer grown at 80 W shows negligible cracks.

the precursor solution. The reactions for the growth of ZnO NRs thus are
disturbed. When the PEN is double-side coated, both substrate bending and
possible reactions between PEN and precursor solution are greatly avoided.
Therefore, in later steps the PEN is always double-side coated with sputtered
ZnO thin film.
Another strategy to avoid cracks is low power deposition. As shown in Table
3.1, a power of 300 W and a sputtering time of 3000 s are used as the standard
recipe to deposit ZnO thin film with a thickness of 1000 nm. Without extra
substrate heating the real time temperature reaches a peak value of ~100°C
due to the heat radiation from the target, as plotted in Figure 3.5. This heat
radiation causes thermal expansion of PEN during sputtering process, which
in turn introduces cracks in the deposited ZnO thin film on top of PEN. A
previous study in our group shows that low power is beneficial for polycarbonate
substrates [168]. In Figure 3.13 we compare the ZnO deposited at 80 W and
300 W. Larges amounts of cracks are visible in 300 W sample whereas not
in the one deposited at 80 W. One should be aware that the deposition rate
is determined by power. At low power argon atoms are less accelerated to
bombard the target thus less atoms from the target are released. Table 3.2
presents the parameters of both the standard and the low power deposition
recipes. XRD spectrum of the deposited ZnO are shown in Figure 3.14. The
grain size is calculated using equation (3.6). Interestingly, the ZnO grown at
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Figure 3.14: X-ray diffraction patterns of 1000 nm thick ZnO thin film deposited at
80 W and 300 W on PEN. The broad peaks at 55-56° in all samples are attributed
to the PEN substrate.

80 W and 300 W both exhibit a grain size of around 22 nm. Besides the (002)
and (004) peaks (JCPDF #36-1451), the (101) peak is detected in the sample
grown at 80 W, which means the grains are less anisotropic due to the lower
growth rate.
Since PEN is precoated with ZnO thin film as seed layer, the growth mechanisms of ZnO NRs are similar to that on precoated glass substrate, which
have been described in Section 3.2 and 3.3. The key issues that determine the
morphology are still seed layer, precursor concentration, growth temperature
and time. Figure 3.15 shows the NRs grown on PEN using a series of seed
layer thickness and growth time. The site density of NRs decreases while the
diameter increases with the increase in seed layer thickness. The length of the
NRs increases from 1 h to 3 hours. The secondary growth of thinner NRs on
top of previously formed larger NRs, which phenomenon is also found in the
sample grown on glass during 7 hours, is observed in the sample grown during
3 hours on 1000 nm thick seed layer in Figure 3.15.
Figure 3.16 shows the effects of precursor concentration on the obtained
morphology of NRs. Higher precursor concentration results in higher site density of NRs due to the larger amount of precursor molecules to support nucleation and growth of NRs. For extremely low concentration of 0.25 mM, no
significant increase in the length of NRs is observed from 1 h to 3 hours due to
the depletion of precursor materials. All these trends are similar as previously
discussed in Section 3.3 when glass substrate is used.
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Figure 3.15: Effects of seed layer thickness and growth time on the morphology of
ZnO nanorod arrays grown on PEN. The precursor concentration is 0.5 mM and the
growth temperature is 80°C for all the samples.
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Figure 3.16: Effects of precursor concentration and growth time on the morphology
of ZnO nanorod arrays grown on PEN. The thickness of ZnO seed layer is 500 nm
and the growth temperature is 80°C for all the samples.
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Conclusions

In this chapter the growth mechanisms of ZnO nanorods via chemical bath
deposition are discussed. The key factors that affect the morphology of NRs,
including seed layer, precursor concentration, growth time, and growth temperature, are investigated. Both glass and polyethylene naphthalene are adopted
as the substrates. These substrates are precoated with ZnO thin film seed layer
to favor the nucleation and epitaxial growth of the ZnO nanostructures. The
growth behavior on precoated glass and PEN are similar due to the existence
of the ZnO seed layer. The site density of nanostructures are determined by
the grain size in the outermost layer of the ZnO thin film that acts as the seed
layer. A thicker seed layer contains bigger grains in the top region which in
turn favors the growth of larger NRs with lower site density. For the precursor
concentration, it determines the site density and the length of NRs. Higher
precursor concentration in the reaction solution results in higher site density
of NRs with larger length, since more precursor molecules are available for nucleation and crystalline growth. For the growth time, in the initial stage the
length of NRs increases rapidly with time. After a certain time the solution
reaches an equilibrium and the NRs do not grow further due to the depletion of
precursor molecules. Further increasing the growth time after equilibrium the
dissolution of previously formed crystals is accelerated. The tips of NRs thus
become rough. The secondary growth of thinner NRs on top of the previously
formed larger NRs is also stimulated. As for the growth temperature, below
60°C ZnO NRs are rarely formed. Beyond the threshold temperature of ~60°C
the length of NRs increases noticeably with increasing temperature, while the
site density is less sensitive to the growth temperature. For photovoltaic applications, the growth conditions of a 500-1000 nm thick ZnO seed layer, a
precursor concentration of 0.5 mM, a growth time of 1 h, and a temperature of
80°C are recommended. For PEN substrate, a low power (80 W) instead of a
relatively high power (300 W) for the deposition of ZnO thin film contributes
to less deformation of substrate and less cracks in the ZnO seed layer.

66

Chapter 3. Growth of ZnO Nanorods

Chapter 4

Nanorod Solar Cell with an
Ultrathin a-Si:H Absorber
Layer

In this chapter, we present the design and performance of the nanorod-based
radial junction solar cells. As the backbone of the nanorod device, morphologycontrolled zinc oxide (ZnO) nanorods were synthesized by a simple aqueous
solution growth technique at 80°C on ZnO thin film pre-coated glass substrate.
The conformal coating of ultrathin hydrogenated amorphous silicon (a-Si:H)
absorber layer on nanorods was realized by hot-wire chemical vapor deposition. The light management, current-voltage characteristics and corresponding
external quantum efficiency of the solar cells were investigated. An energy conversion efficiency of 3.6% is achieved for the nanorod solar cells with an a-Si:H
absorber layer thickness of only 25 nm, which is even significantly higher than
that of 2.6% and 3.0% for the cells with a thicker a-Si:H absorber layer of 75 nm
on planar and on textured substrates. A substantial current gain and a broad
band absorption enhancement are achieved for the nanorod devices.
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4.1

Introduction

In the past decades, thin-film silicon solar cells have attracted great attention in the photovoltaic community because of the lower production cost and
lower material consumption compared to their crystalline silicon counterparts
[29,43,169,170]. In thin-film devices, the thickness of the absorber layer is governed by the well-known trade-off between light absorption and minority carrier
collection. The absorber layer must be optically thick to capture a sufficient
fraction of incident photons but must also be sufficiently thin to efficiently
collect the minority carriers. In order to reduce bulk recombination, high quality material is a prerequisite. Hydrogenated amorphous silicon (a-Si:H) and
nanocrystalline silicon (nc-Si:H) are among the most developed thin-film photovoltaic materials, but suffer from small minority carrier collection length. A
traditional solution to relieve the trade-off between light absorption and carrier
collection is employing textured electrodes such as natively textured SnO2 :F
or hydrochloric acid etching of ZnO:Al for superstrate p-i-n structures [62], or
structured Ag back electrodes in substrate n-i-p structures [171]. In all these
types of structures, the incident light is scattered into off-normal angles, therefore the optical path length in the thin absorber layer is increased and light
absorption is enhanced. A novel alternative approach is the usage of an extremely thin absorber layer (ETA) on nanostructures with high aspect ratio,
which keeps a significant amount of optical absorption meanwhile remarkably
reduces charge carriers recombination [32, 33, 93].
Recently, the applications of elongated nanostructures such as nanorods
[31–33,76,77,93] and nanowires [10,12,79,90,172] in solar cells have gained considerable attention as a promising method to eliminate the trade-off between
light absorption and carrier collection. The orthogonalization of light absorption and carrier collection paths plays an important role in nanorod/nanowire
systems. An ultrathin cell built on nanorods could be thick enough in the
axial direction for sufficient light absorption meanwhile it is sufficiently thin
in the radial direction to guarantee efficient carrier extraction and collection.
The challenges for the nanorod/wire-based devices are the precise morphology
control of the nanostructures and the homogeneous coating of the applied layers. Approach widely employed for the preparation of well-defined elongated
nanostructures is the reactive ion etching [13, 75, 84, 91]. However, complicated
fabrication processes, area limitation, sophisticated apparatus requirements,
and energy consumption in this approach greatly hinder the practical applications in solar cells. In contrast, in Chapter 3 we presented a simple and
scalable method for the synthesis of ZnO nanorod arrays with controllable
morphology. ZnO nanorods are selected as the base structure since they can
be easily synthesized by wet chemical method at a low temperature. As the
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solar cell absorber layer we employ a-Si:H, since the material growth is less
sensitive to substrate roughness compared to other polycrystalline materials,
and also because it is non-toxic and source materials are abundantly available.
To obtain a conformal coverage of ultrathin a-Si:H layer on high aspect ratio
nanorods, hot-wire chemical vapor deposition (HWCVD), which is described
in Chapter 2, is utilized for the deposition of the a-Si:H absorber layer in this
chapter.

4.2

Experimental

The details of growing ZnO nanorods are given in Chapter 3. Briefly, a flat ZnO
thin film was sputtered onto a glass substrate, acting as a seed layer to favor
the nucleation and oriented growth of ZnO nanorods. A mixture of 0.0005 mol
zinc acetate dihydrate (Zn(CH3 COO)2 ·2H2 O, Sigma-Aldrich) with an equal
amount of 0.0005 mol hexamethylenetetramine (HMT, Sigma-Aldrich) was dissolved in 1 liter de-ionized water as the precursor solution. The growth temperature was kept constant at 80°C during one hour or three hours. After the
growth, the substrates were thoroughly rinsed by de-ionized water and dried
by blowing nitrogen. The as-grown nanorods were overcoated with a Ag layer
and a ZnO:Al transparent conducting oxide (TCO) layer by sputtering. Then,
the deposition of an a-Si:H n-i-p layer stack was carried out in a multi-chamber
deposition system named PASTA, which is described in Chapter 2. To provide
a conformal coverage, the intrinsic (i-) layer was deposited by HWCVD using
SiH4 :H2 (30:60) as source gasses, whereas plasma-enhanced chemical vapor deposition was employed for the deposition of the p- and n-doped layers. B(CH3 )3
and PH3 were utilized for p- and n-doping, respectively. The nanorods were
sputter-coated with 4 mm×4 mm squares of indium tin oxide (ITO) layer after the deposition of the n-i-p stack. Gold top-grid contacts were thermally
evaporated onto the square ITO pads defining the area of the cells, leaving an
active cell area of 0.13 cm2 for each cell. For comparison, solar cells on flat
ZnO coated glass and on commercial standard Asahi U-type glass with randomly textured SnO2 :F were also fabricated. Thicknesses of the layers applied
in the cells under study are shown in Table 4.1. The photovoltaic performance
of all the solar cells was measured using a solar simulator creating one sun
illumination (AM1.5, 100 mW/cm2 ). To avoid side-collection effect, a light
mask with a 4 mm×4 mm opening is placed on the measuring cell, only leaving
the cell area exposing to the light. The corresponding external quantum efficiency (EQE) was also investigated using monochromatic light from a Xenon
lamp. The morphology of ZnO nanorods, the thickness of all applied layers,
and the microstructure of the completed nanorod solar cells were character-
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Table 4.1: Thicknesses of the applied layers in nanometer in the four kinds of fabricated solar cells. NR25 and NR75 are nanorod-based cells. F75 and T75 are cells
deposited on the flat and the Asahi U-type textured substrates.

No.
NR25
NR75
F75
T75

Ag
20
20
100
100

ZnO:Al
38
38
100
100

i-layer
25
75
75
75

ITO
35
35
80
80

ized by high resolution scanning electron microscopy (HRSEM) with a Philips
XL30 microscope. The cross section of the completed cell was obtained via
in-situ focused ion beam milling and recorded by scanning electron microscopy.
Diffuse reflection at Ag coated substrates, transmission and total reflection of
the completed cells were measured by a Perkin Elmer Lambda 2S double beam
spectrophotometer equipped with an integrating sphere. Angular resolved scattering measurements were performed using a home-made set-up with a HeNe
laser source (632.8 nm) and a photodiode detector under variable angles. The
incident beam is directed under normal incidence onto the sample after passing
through a polarizing filter and a chopper.

4.3
4.3.1

Results and discussion
The nanorod substrate

Figure 4.1 shows XRD patterns of the 1000 nm thick ZnO seed layer and the
as-grown ZnO nanorods on the seed layer prepared at 80°C using a precursor
solution concentration of 0.5 mM and a growth time of 3 hrs. ZnO nanorods
with a preferential growth direction were formed, which was supported by the
very strong and narrow peak of the (002) plane. The inset in Figure 4.1 shows
the morphology of the nanorods, which have an average diameter of about
100 nm, a length of 400 nm and a site density of about 7×108 /cm2 .
In order to investigate the light scattering ability of the three kinds of substrates, the diffuse reflection has been determined. Figure 4.2(a) shows the
diffuse reflection of the Ag coated substrates. Almost no diffuse reflection was
observed for the flat substrate. Beyond 520 nm the nanorod substrate exhibits
significantly higher diffuse reflection than that for the textured counterpart.
The improvement of light scattering in the long wavelength region, where amorphous Si has a very weak absorption and the effect of light trapping increases,
is crucial for improving the photovoltaic performance of the devices. Figure
4.2(b) shows the angular resolved scattering of the three kinds of Ag coated
substrates. The amount of light scattered as a function of angle was measured
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Figure 4.1: XRD patterns of the ZnO seed layer and the as-prepared ZnO nanorods
grown at 80°C during 3 hours under precursor solution concentration of 0.5 mM. Inset
is a HRSEM top-view (tilted 45°) image showing the morphology of ZnO nanorods.

by a movable photodiode detector. The intensity of the scattered light into
large off-normal angles is significantly higher for the nanorod substrate than
that for the textured and the flat substrates.

4.3.2

Design and microstructure of nanorod cells

Figure 4.3(a) represents a schematic of the nanorod-based three-dimen-sional
(nano-3D) solar cell design. To improve the conductivity of the ZnO nanorods
and to tune the roughness of the substrate, a Ag layer is first deposited on the
nanorods, followed by a ZnO:Al (2 wt.%) layer to avoid the possible contamination of Ag in Si and to enhance the internal reflection. Figure 4.3 (b) and
(c) show the cross sections of the completed nano-3D solar cells with i-layer
thicknesses of about 75 nm (NR75) and 25 nm (NR25). The average thickness
of all applied layers in the two ultrathin nano-3D cells was determined by measuring the growth in diameter of the coated nanorods in HRSEM images after
each individual layer deposition. Cells on the flat substrate (F75) and on the
Asahi U-type textured substrate (T75) with 75 nm thick a-Si:H absorber layer
were prepared for comparison with the nano-3D cells. The layer thicknesses in
F75 and T75 are determined by the deposition rate which is already known for
such morphologies. Obviously the conformal layer coating on the nanorods is
much more difficult than that on the flat and the textured substrates. Besides,
on the nanorod substrate there is a much larger surface area to be coated in
the same projected unit of area compared with that on the flat and the textured substrates. Therefore the mean thicknesses of the applied layers coated
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Figure 4.2: Light scattering of the three kinds of substrates. Flat: glass/ZnO:Al/Ag,
Texture: Asahi U-type SnO2 :F/Ag, Nanorod: glass/ZnO:Al/nanorod/Ag. (a) Diffuse
reflection. (b) Angular resolved scattering.

Figure 4.3: Ultrathin nanorod solar cells. (a) 3D schematic diagram (not to scale).
HRSEM cross-sectional view images of the completed nanorod cells with 75 nm (b)
and 25 nm (c) a-Si:H i-layer. (d) Top-view image (tilted 45º) of (c). All scale bars
are 500 nm
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on side walls of ZnO nanorods are much thinner than that on the planar and
the textured substrates. A rough surface with naturally evolved hemispherical
tips are formed shown in Figure 4.3(d). The effect of such hemispherical tips
on the optical performance will be discussed in detail in Chapter 5.

4.3.3

Cell performance

The current-voltage (J-V) characteristics of the best cells in the investigated
four series were shown in Figure 4.4(a). Efficiency (h) of 3.6% and 3.9% are
achieved for the nanorod cells NR25 and NR75, respectively, both of which are
significantly higher than that of the flat cell F75 (2.6%) and the textured cell
T75 (3.0%). The light trapping effect is approved by the remarkable current
gain in the nanorod cells. A short-circuit current density (Jsc ) of 8.3 mA/cm2
is obtained for NR25 with an ultrathin 25 nm thick i-layer. When the i-layer
thickness increased to 75 nm, a Jsc of 11.6 mA/cm2 is demonstrated for NR75,
which is much higher than that of F75 (4.9 mA/cm2 ) and T75 (6.1 mA/cm2 ).
However, the nanorod cells demonstrate lower open circuit voltage (Voc ) and
fill factor (F F ) compared to the two reference cells. The J-V parameters are
listed in Table 4.2.
Table 4.2: The J-V parameters of the flat, the textured and the nanorod cells.
No.

Jsc (mA/cm2 )

Voc (V)

FF

η (%)

F75
T75

4.9
6.1

0.92
0.88

0.60
0.56

2.6
3.0

NR75
NR25

11.6
8.3

0.68
0.79

0.49
0.55

3.9
3.6

The corresponding EQE results are shown in Figure 4.4(b). As expected
from the Jsc values in Figure 4.4(a), the NR25 shows an enhanced blue response
in the EQE curve with a peak of ~0.58 at around 470 nm. This is significantly
higher than that obtained for the planar and the textured devices. The EQE
results demonstrate that more photogenerated charge carriers are effectively
collected in NR25 due to the thinner i-layer thickness and the unique corrugated
surface for enhanced light incoupling in the blue. For the thicker nanorod cell,
NR75, a broad EQE profile over the studied wavelength range of 350-800 nm
is presented. With the increase in i-layer thickness, the top surface becomes
smoother, which leads to a weaker anti-reflection effect in the blue region.
Therefore NR75 shows a worse blue response than that for NR25. Beyond the
wavelength of 450 nm NR75 exhibits an enhanced EQE compared to F75 and
T75, especially in the 500-700 nm region. The peak EQE for F75 and T75 are
at the wavelength of around 480 nm, whereas for NR75 the peak is red-shifted
to ~550 nm.
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Figure 4.4: Photovoltaic performance of the studied solar cells. (a) Best J-V measurements of the flat cell F75, the textured cell T75, and the nanorod cells NR75 and
NR25. (b) The corresponding spectral response curves.

The reflection of the completed cells was measured to better understand
the light management within the devices. Figure 4.5(a) shows a photograph
of NR75 and F75. As can be easily seen by naked eye, F75 has a mirror-like
reflection (on this picture the reflection of the camera can be identified). In
contrast, NR75 shows a dark blue surface with little reflection. The reflection
spectra are shown in Figure 4.5(b). Compared to F75 and even compared to
T75, NR75 exhibits a much lower surface reflection throughout the spectral
range. The positions of the minimal reflection are consistent with that of the
maximum EQE as shown in Figure 4.4(b). We can calculate the absorption
(A) by A=1-R-T, where R is the reflection and T is the transmission. Almost
no transmission is observed in the light wavelength range of 350-800 nm in all
the three types of completed devices. Therefore the maximum light absorption
fraction in the nanorod cell is around 90% at the wavelength of 530 nm, which
is much higher than that in the flat and the textured cells. However, one should
be aware that a large fraction of the absorption in the wavelength range of 700800 nm, which is close to the band edge of a-Si:H, could be attributed to the
absorption in the Ag. The absorption in the featured Ag is more significant
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than that in the flat Ag due to the enhanced localized surface plasmon effect,
which is investigated by finite-difference time-domain simulations in Chapter 5.

Figure 4.5: Reflection of the completed cells. (a) A photograph of the nanorod cell
(NR75) and the flat reference cell (F75), both with 75 nm thick a-Si:H absorber layers.
(b) Reflection spectra of the flat cell F75, the textured cell T75, and the nanorod cell
NR75.

4.3.4

Failure analysis and substrate optimization

The light trapping in terms of photocurrent is substantially enhanced with the
integration of nanorods in the cell design. However, the yield (the ratio of
working cells to all cells fabricated on the same substrate) of the nanorod cells
is much lower than that of the flat cells and the textured cells. It is technically
challenge to obtain homogenous coating of the absorber layer and the contact
on high aspect ratio nanorods with a random distribution. This situation
is even worse for the ultrathin i-layer, which could be noncontinuous due to
the steep features. The incomplete coverage of the nanorods easily generates
nanopath of shunting via internal connection of front and back contacts, leaving
a deterioration to F F or even causing short-circuit. Figure 4.6 shows an image
of a failed cell with 100 nm thick i-layer coated on high aspect ratio nanorods.
The nanorods used in this cell are slightly longer than that for NR25 and NR75.
Due to the rough surface all the layers of Ag, ZnO:Al and Si shown in Figure
4.6 are noncontinuous. Another challenge for the nanorod cells is the Voc ,
which is significantly inferior to that of the flat counterparts. The growth of
device quality material on high aspect ratio nanostructures obviously is more
difficult compared to that on a flat surface. Introduction of defects increases
carrier recombination, which in turn limits the Voc . The surface states are more
critical in the structured system due to the significantly enhanced junction area
in per projected area. In addition, during the measurements without special
care the mechanical pressure from the probe could easily pierce the layers on
top of the nanorods or even break the nanorods, thereby damaging the cell. It
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Figure 4.6: Sectional view of a failed nanorod cell with a 100 nm thick i-layer by
HWCVD.

is recommended that the probe should be gently placed on the cell keeping a
contact without much mechanical pressure.
In order to obtain a balance between optical and electrical properties, optimization starts from the morphology of the nanorods. The nanorods with
moderate aspect ratio shown in Figure 4.7(a) instead of high aspect ratio ones
shown in Figure 4.1 were employed in the optimization. Subsequently, in order
to avoid steep features, a relatively thick Ag layer of 200 nm was utilized to
make the surface profile smoother while still keeping functional rod-shape light
scatterers at the rear side. The thickness of n-layer is also a crucial component
for optimization. We found that a relatively thick n-layer stack, which consists
of a 25 nm thick a-Si:H n-layer on top of a 5 nm thick µc-Si:H n-layer, helps
to improve the yield and the performance of the cells. With these efforts a homogenous coating of the effective layer on the nanorods are obtained, as shown
in Figure 4.7(b).
The J-V characteristics are shown in Figure 4.8 and summarized in Table
4.3. With the optimized cell configuration there is only very small difference
in Voc between the structured cells and their flat counterparts, whereas the
considerable photocurrent gain in the nanorod system is maintained. The photovoltaic performance of nanorod cell is less sensitive to the absorber layer
thickness due to the advanced light trapping, whereas for the flat devices when
the i-layer increased from 100 nm to 150 nm both current density and efficiency
increase remarkably.
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Figure 4.7: (a) ZnO nanorods with a moderate aspect ratio. The nanorods were grown
on a 1000 nm thick ZnO seed layer at 80°C during 1 hour under a precursor solution
concentration of 0.5 mM. (b) A nanorod cell with a structure of glass/ZnO seed
layer (1000 nm)/nanorod/Ag (200 nm)/ZnO:Al (100 nm)/n (30 nm)/i (100 nm)/p
(15 nm)/ITO (80 nm) deposited on the optimized nanorod substrate.

Table 4.3: The J-V parameters of the flat cells and the cells on the moderate aspect
ratio nanorods.
Type
F100
NR100
F150
NR150

i-layer
nm
100
100
150
150

Jsc
mA/cm2
6.4
8.9
8.6
10.0

Voc
V
0.85
0.81
0.79
0.82

FF
0.56
0.61
0.61
0.60

η
%
3.1
4.5
4.1
4.9

Rs
Ω/cm2
23.7
11.7
17.0
11.7

Rp
kΩ/cm2
0.95
0.83
1.07
0.70
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Figure 4.8: J-V measurements of the flat (F100 and F150) and the nanorod cells
(NR100 and NR150) with 100 or 150 nm thick a-Si:H absorber layers.

4.4

Conclusions

In summary, a nanorod-based radial junction solar cell is presented. Initial
efficiency of 3.6% and 3.9% have been achieved for the nanorod solar cells
with 25 nm and 75 nm thick a-Si:H absorber layers, respectively. The substrate with moderate aspect ratio nanorods (250-300 nm in length, ~100 nm
in diamater) is favorable for the balanced optical and electrical properties for
the devices. We demonstrate that the nanorod solar cell design shows impressive light trapping that is enhanced beyond that of a randomly textured cell.
Combined effects of orthogonalization of light absorption and carrier collection
paths, anti-reflection at the front surface, and highly diffusive scattering at the
back reflector result in a high photocurrent density in the nanorod devices.
The photovoltaic performance of the nanorod solar cells can significantly be
improved by further optimization of the morphology of ZnO nanorods and the
deposition parameters of the a-Si:H material.

Chapter 5

Light Trapping in
Nanorod-based Solar Cells

In this chapter we focus on efficient nanorod-based single junction solar cells.
Templates with self-assembled ZnO nanorods with tunable morphology are synthesized by chemical bath deposition. The nanorod templates are conformally
coated with hydrogenated amorphous silicon (a-Si:H) light absorber layers of
100 nm and 200 nm thickness. An initial efficiency of up to 8.4% is achieved.
External quantum efficiency (EQE) measurements on the nanorod cells show
a substantial photocurrent enhancement both in the red and the blue part of
the solar spectrum. Two-dimensional and three-dimensional finite-difference
time-domain simulations agree well with the EQE measurements. Front surface patterns enhance the light incoupling in the blue while rear side patterns
lead to enhanced light trapping in the red. The red response in the nanorod
cells is limited by absorption in the patterned Ag back contact. We develop
a further advanced design with patterned front and flat rear side, which will
show even higher efficiency. Many of the findings in this chapter can serve to
provide insights for further optimization of nanostructures for thin-film solar
cells in a broad range of photovoltaic materials.
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Introduction

Thin-film silicon is an attractive candidate in the photovoltaic (PV) market
because of versatile deposition procedures, low manufacturing cost, and potential applications in flexible form. Among all the possible material structures of
silicon, hydrogenated amorphous silicon (a-Si:H) is an interesting material for
single junction solar cells, as a top cell material for multiple junction solar cells
such as the well-known ‘Micromorph’ concept [42,173], and for a-Si:H/c-Si heterojunction cells with commercially viable efficiencies of >20% [46]. However,
a-Si:H in thin-film solar cells suffers from a high defect density which leads to a
high charge carrier recombination rate. Bulk recombination is mitigated by using thinner devices, which has also added advantages of increasing fabrication
throughput and reducing light induced degradation. On the other hand, cells
have to be thick enough in order to efficiently absorb the near-bandgap part
of the solar spectrum. Therefore light-trapping schemes that increase optical
absorption are crucial. Light scattering in thin-film solar cells is traditionally
achieved by the usage of a textured transparent conductive oxide (TCO) layer,
such as commercially available SnO2 :F with a randomly textured surface [61],
or textured doped ZnO fabricated either by sputtering followed by a postdeposition hydrochloric acid etching [62–64] or by low pressure chemical vapor
deposition [65]. The textured TCO layer scatters incident light into off-normal
angles to increase the light propagation path in the absorber layer.
Recently radial junction solar cells based on elongated nanostructures such
as nanowires [10, 90, 172], nanorods [76, 93, 174], nanopillars [11, 75, 89, 106],
nanodomes [91], and nanopyramid [175] have attracted intense attention. At
the present stage there are several challenges to the application of elongated
nanostructures in solar cells [55]. One main challenge is the fabrication of largearea nanostructure arrays with controllable morphology in a cost-effective and
high-throughput way. Methods such as reactive ion etching (RIE) and nanoimprint lithography are used for the fabrication of well-defined patterns. However,
they are difficult to scale up for large-area commercialization due to sample size
limitations, and relatively high costs. Another main challenge is that the efficiency and the yield (the ratio of working cells to all cells fabricated) of these
innovative solar cells based on elongated nanostructures so far are significantly
lower than that for their conventional counterparts. To reach high efficiency,
the rough nanostructures must be conformally coated with device-quality absorber material, which requires smooth features. In contrast, a substrate with
steep features is favorable for light scattering. So far, it has been difficult to
reconcile these opposing requirements.
In Chapter 4 we reported the application of ZnO nanorods prepared by a
lithography-free, low-cost, and scalable approach to fabricate ultrathin a-Si:H
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nanostructured three-dimensional (nano-3D) solar cells [88, 93]. The nano-3D
cells demonstrated a substantially enhanced photocurrent compared to flat
devices as well as to randomly textured devices with similar or even larger
absorber layer thickness because of efficient light trapping. However, the nano3D cells showed a significant reduction in open circuit voltage (Voc ), fill factor
(F F ), and yield. We found that inhomogeneous coating of the applied layers
on the nanorods, especially on the side walls, leads to the generation of voids
or porous regions which are detrimental to the electrical properties. Incomplete coating of the nanorods leads to shunting of the front and back contacts,
which is detrimental to the F F . In the present work, we have improved the
morphology of the ZnO nanorod arrays by tuning the growth condition and
optimized the configuration for solar cells. The new system reaches a good
balance between the optical and electrical performance. The advantage of
advanced light trapping is maintained, indicated by the short-circuit current
density (Jsc ). The optimized nanorod cells demonstrate similar Voc and F F as
cells deposited on planar substrates. We measured the absorption, reflection
and external quantum efficiency (EQE) spectra of the nanostructured cells and
compare these to three-dimensional finite-difference time-domain (3D FDTD)
simulations that are used to study the light trapping process in more detail.

5.2
5.2.1

Experimental
ZnO nanorods synthesis

Prior to the growth of ZnO nanorods, a flat ZnO thin film seed layer was deposited onto Corning Eagle XG glass at room temperature via radio frequency
(RF) magnetron sputtering from a ceramic ZnO target. Zinc acetate dehydrate
(Zn(CH3 COO)2 ·2H2 O, Sigma-Aldrich) with an equal molar ratio of hexamethylenetetramine (HMT, Sigma-Aldrich) was dissolved in de-ionized water to
obtain a precursor solution, followed by magnetron stirring for ~15 minutes at
room temperature. Synthesis of ZnO nanorods on the pre-coated glass was carried out at 80°C during a certain time, holding the seed layer side facing down
in the precursor solution. The as-grown ZnO nanorods were characterized with
scanning electron microscopy (SEM).

5.2.2

Solar cell fabrication and characterization

A ~200 nm thick silver layer was first deposited on top of the nanorod arrays via
thermal evaporation, followed by a ~80 nm thick ZnO:Al (AZO) layer made by
RF magnetron sputtering from a ZnO target containing 2wt.% Al2 O3 . Deposition of an n1 -n2 -i-p (bottom to top) layer stack (nominal thickness: n1 : 5 nm
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(µc-Si:H), n2 : 25 nm (a-Si:H), i: 100 or 200 nm (a-Si:H), p: 15 nm (µc-Si:H))
was carried out by plasma-enhanced chemical vapor deposition (PECVD) using a radio frequency of 13.56 MHz in a multi-chamber deposition system. The
deposition rate for the intrinsic layer was around 0.2 nm/s. SiH4 was utilized
for deposition of the a-Si:H n- and i-layers, while a SiH4 /H2 mixture was employed for deposition of the µc-Si:H n- and p-layers. B(CH3 )3 and PH3 gases
were additionally introduced for p- and n-doping, respectively. The n-i-p stack
on the nanorod arrays was sputter-coated with 4 mm×4 mm squares of indium tin oxide (ITO) (80 nm thick). Gold top-grid contacts were evaporated
onto the square ITO pads, leaving an active cell area of 0.13 cm2 for each
cell. Planar solar cells on Corning Eagle XG glass were fabricated as reference,
simultaneously with the structured ones.
Current-voltage (J-V) measurements were performed using a Wacom dualbeam solar simulator calibrated to the AM1.5G spectrum (100 mW/cm2 ) [121].
To avoid carrier collection from outside the cell area, J-V measurements were
performed with a thin stainless steel shadow mask with a 4 mm×4 mm opening.
The EQE under short circuit condition was also investigated using a lamp in
combination with a monochromator. Reflection and transmission spectra of
the completed cells were measured by a Perkin Elmer Lambda 2S double-beam
spectrophotometer equipped with an integrating sphere.

5.2.3

FDTD simulations

Two-dimensional (2D) and three-dimensional (3D) finite-difference time-domain
(FDTD) simulations, performed using Lumerical FDTD software, were used to
model the absorption in the solar cells. For the 2D simulations, the full device stack, consisting of 200 nm Ag, 80 nm ZnO, 30 nm n-a-Si:H, 200 nm
i-a-Si:H, 15 nm p-µc-Si:H, and 80 nm ITO in thickness, was used in the modeling. Nanorods (φ: 100 nm, length: 300 nm, spacing: 400 nm) with regular
distribution were simulated. A mesh size of 2 nm was used for the simulation.
For the 3D FDTD simulations, the full device stack, consisting of 200 nm
Ag, 80 nm ZnO, 100 or 200 nm i-a-Si:H and 80 nm ITO in thickness, was
used in the modeling. The thin n- and p-layers were neglected in the simulations. The roughness of the rear-side patterns in the device was implemented in
the simulation by directly importing the surface topography of the Ag coated
nanorod substrate measured by atomic force microscopy (AFM). The roughness profile at the AZO/a-Si:H interface was assumed to be the same as that of
the Ag/AZO interface. AFM scans show that the topography at the ITO/air
interface was significantly smoother compared to that of the Ag-coated nanorod
substrates. In the simulations the surface profile (ITO/air interface) was generated by taking the AFM topography of the Ag coated substrate as a starting
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Table 5.1: RMS roughnesses of the measured AFM surface profiles for the Agcoated nanorod substrate and for the full nanorod/Ag/ZnO:Al/a-Si:H/ITO layer
stack (100 nm and 200 nm a-Si:H), and of the smoothed profiles generated from
the experimental roughness of the Ag coated nanorod substrate.
Ag coated nanorod substrate
Measured (nm)
Generated (nm)

81.3±1.8
-

Full stack
100 nm a-Si:H
58.2±5.2
56

Full stack
200 nm a-Si:H
47.6±2.7
49

point and smoothing it by using a combination of image dilation and Gaussian
blur in Matlab. Table 5.1 shows the root mean square (RMS) roughness of the
AFM measured topography for the Ag-coated nanorod substrate and for the
full nanorod/Ag/ZnO/a-Si:H/ITO layer stack. AFM topographies were measured over a 10 µm×10 µm area at five different positions on the sample. The
RMS roughness of the profiles that were generated by smoothing the measured
Ag profiles is also shown in Table 5.1. The roughness profile at the a-Si:H/ITO
interface was assumed to be the same as that at the ITO/air interface. In
the simulations, a unit cell size of 2 µm×2 µm was used in combination with
periodic boundary conditions. No effects of periodicity were observed for this
size (no significant difference in absorption was observed when the simulation
volume was increased to 2.2 µm×2.2 µm). At the top and bottom of the simulation volume perfectly matched layers were used as boundary conditions. A
uniform mesh of 5 nm was used over the whole 3D simulation volume.

5.3

Optimization on the nanorod substrate

Figure 5.1 shows SEM images of the ZnO nanorods grown on the ZnO seed
layers with thicknesses of 100 nm (a), 500 nm (b), and 1000 nm (c). For the
thinner seed layer a larger site density of smaller nanorods is obtained. For
the 500 nm and 1000 nm thick seed layers, well-developed crystalline nanorods
are obtained. We attribute the difference in site density to the difference in
grain size at the top surface of the seed layers. A smaller grain size of the
seed layer leads to a larger density of nucleation sites and thus a higher site
density of nanorods with smaller diameter. The sputtered ZnO seed layer is
a polycrystalline material with a preferential c-axis orientation as determined
by X-ray diffraction (Figure 3.4 in Chapter 3), favoring the vertical growth
of ZnO nanorods. During the sputtering process the first few layers of ZnO
on glass contain tiny crystallites which act as seeds for subsequent crystal
growth. Indeed the grain size in the ZnO thin film, as calculated from the full
width of half maximum of the (002) peak in X-ray diffraction spectra (Figure
3.4 in Chapter 3), shows a steady increase with film thickness. Figure 5.1(c)
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Figure 5.1: SEM images (sample 45° tilted) showing the ZnO nanorods prepared by
chemical bath deposition. ZnO seed layers with several thicknesses were used: (a)
100 nm, (b) 500 nm, (c) 1000 nm, (d) 1000 nm. The precursor concentration and
growth time for (a-c) are 0.5 mM and 1 h, while for (d) these are 10 mM and 3 hours.
The growth temperature for all samples is 80°C.

and (d) compare the morphology of nanorods obtained at different precursor
concentrations and growth time for the same seed layer thickness. When a
combination of relatively high precursor concentration and long growth time is
used (Figure 5.1(d)), a high site density of nanorods with high aspect ratio is
obtained, which is attributed to the larger availability of precursor molecules.
For applications in solar cells, the nanostructures in Figure 5.1(a) are too
small for efficient light scattering while the structures in Figure 5.1(d) are
too dense for subsequent layers to fill the space between the nanorods. The
nanorod arrays shown in Figure 5.1(c) provide a good trade-off between high
aspect ratio features for light trapping and sufficiently smooth features for a
conformal coating by the device stack. This nanorod array is used for the
devices studied in the rest of this chapter.
Figure 5.2(a) shows a schematic diagram of the nanorod-based substrate.
While in our experiments glass is employed as the mechanical carrier, metal foil
or plastic can also be coated with a ZnO seed layer for the growth of nanorods to
fabricate flexible solar cells. Controlling the Ag thickness is essential to control
the feature size of the nanorod core-shell structures, which is crucial to realize
conformal growth of subsequent layers. Figure 5.2(b) depicts an AFM image of
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Figure 5.2: (a) Schematic diagram and (b) AFM topography of the substrate with
a structure of glass/ZnO nanorods/Ag/ZnO:Al. (d) A reference substrate with a
structure of Asahi U/Ag/ZnO:Al. (c) and (e) are the histogram of height distribution
corresponding to the features shown in (b) and (d).

a substrate composed of an nanorod array with a 200 nm thick Ag layer and an
80 nm thick ZnO:Al layer. Multiple-scale features are visible due to the random
chemical growth process for the nanorods. The dispersion in feature size results
in a broad distribution of spatial frequencies in the scattering surface, which
enables a broad spectral response [176,177]. Aside from acting as a buffer layer
for Ag interdiffusion into the a-Si:H, the ZnO:Al layer displaces the propagating
modes in the a-Si:H absorber layer from the metal back contact, which reduces
the absorption in the Ag layer [178]. Finally, the rounded ZnO:Al features on
top of the nanorods can act as dielectric scatterers [179, 180].
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5.4
5.4.1

Light trapping in the cell
Cell configuration

A schematic of the full nanorod solar cell geometry is shown in Figure 5.3(a).
Figure 5.3(b) and (c) show SEM images of a cross section made by focused
ion beam milling and a top view of the completed nanorod cell with a 200 nm
thick a-Si:H i-layer. In Figure 5.3(b) several voids are visible between the
nanorods and the Ag layer. However, these defects do not propagate into
the upper layers. This is in agreement with the hypothesis that the Ag and
the ZnO layers smoothen the nanorod profile enough for growth of a highquality absorber layer. Conformal deposition of the subsequent layers results
in a corrugated top surface of the device. The corrugated surface exhibits
geometrical resonances and helps to preferentially scatter incident light into
the high-index absorber layer [176, 179]. Also the graded effective refractive
index can enhance the incoupling of the incident light [181].

Figure 5.3: Nanorod-based a-Si:H solar cells. (a) Schematic diagram of the design.
(b) Cross-sectional view and (c) tilted (52°) top view SEM images of the completed
nanorod cell with a 200 nm thick i-layer (NR200).
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J-V characteristics

The J-V measurements for the best cell of each type are plotted in Figure 5.4.
Cell characteristics are listed in Table 5.2. The average performance with standard deviation for the top-ten out of 42 cells with a 200 nm thick i-layer is
presented in Table 5.3, for both the nanorod and the flat cells. The nanorod
cells show substantially higher efficiencies than the flat reference cells. As
expected, the performance gain is in the photocurrent. The relative shortcircuit photocurrent enhancements for the nanorod cells with respect to their
flat counterparts are 46% and 30% for 100 nm and 200 nm active layer thicknesses, respectively. Strikingly, the 100 nm thick nanorod cell, with an efficiency h=7.1%, outperforms the 200 nm thick flat cell, which has an efficiency
h=6.4%. The best efficiency of 8.4% is achieved for the 200 nm thick nanorod
cell, corresponding to an absolute efficiency gain of 2% with respect to its flat
reference.

Figure 5.4: J-V results of the flat (F100 and F200) and the nanorod cells (NR100
and NR200) with 100 nm or 200 nm thick a-Si:H absorber layers.

Table 5.2: Characteristics of a-Si:H solar cells on nanorod substrates and on flat
substrates, with intrinsic layer thicknesses of 100 nm and 200 nm.
Cell type
F100
NR100
F200
NR200

Jsc
mA/cm2
9.1
13.3
11.5
15.0

Voc
mV
888.6
857.4
886.6
853.5

FF
%
70.4
62.3
62.7
65.3

η
%
5.72
7.11
6.40
8.36

Rs
Ωcm2
12.4
7.1
10.2
8.2

Rp
Ωcm2
3046.0
727.3
1648.0
794.5

Jo
mA/cm2
2.49E-9
4.04E-5
1.83E-8
4.86E-5

88

Chapter 5. Light Trapping in Nanorod-based Solar Cells

Table 5.3: Average of J-V parameters of the top-ten cells with 200 nm thick i-layer
on the flat and the nanorod substrates.
Cell type
F200
NR200

Jsc (mA/cm2 )
11.4±0.22
15.1±0.35

Voc (mV)
887±3
856±7

F F (%)
62±1
63±1

η(%)
6.28±0.17
8.17±0.13

The photocurrent gain demonstrates that the nanorod geometry significantly improves light trapping in the thin-film solar cells. The nanorod cells
show a ~30 mV reduction in Voc , with respect to the flat cells. We attribute
this to the increased substrate roughness. In the present case the steep valleys
between individual nanorods can lead to voids and cracks in the active layer due
to a shadow effect during PECVD process. In addition, in the nanorod cells the
charge carriers experience a larger junction collection area per projected area
than in the planar geometry [77]. The significantly enlarged interface/volume
ratio in the nanorod system can also lead to an increased dark current. The
deterioration in Voc in solar cells built on elongated nanostructures has also
been reported by several other groups [32, 77, 89, 91, 101, 102]. The reduction
in Voc in the nanorod cells obtained here is significantly less than that in our
earlier work on nanorod cells with less homogeneous coverage of the active
layer [88, 93]. Nanostructured cells with comparable Voc as planar or randomly
textured counterparts have been fabricated by other researchers [72, 75, 101],
indicating there is further room for improvement for the present nanorod geometry.

5.4.3

Light absorption by experiments and simulations

Figure 5.5(a) shows the absorption spectra of the whole layer stack determined
from reflection and transmission measurements in an integrating sphere. The
nanorod cells show a broadband absorption enhancement compared to their flat
counterparts. The EQE for light at normal incidence in the 350-800 nm spectral
range is plotted in Figure 5.5(b). The flat cells (F100 and F200) poorly absorb
the red and infrared part of the spectrum and therefore the EQE is low in this
spectral range. The nanorod cells (NR100 and NR200) demonstrate a broadband photocurrent enhancement and do not show the Fabry-Perot oscillations
that are present in the EQE of the flat cells. In the red part of the spectrum
there is a substantial photocurrent enhancement of up to 192% for the NR100
cell and 83% for the NR200 cell with respect to the flat reference cells (both at
~650 nm). A strongly enhanced EQE is also observed for short wavelengths up
to 500 nm, corresponding to absorption in the top region of the devices. The
photocurrent enhancement in this spectral range is attributed to an enhanced
incoupling of light [176,179]. This effect is due to geometrical (Mie) resonances
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of the corrugated ITO/a-Si:H surface; resonant scattering occurs preferentially
into the high index absorber layer and leads to an anti-reflection effect. The
gradual change in refractive index due to the ITO hemispherical features could
also contribute to this anti-reflection effect. Interestingly, below ~450 nm the
NR100 cell shows a higher EQE than the NR200 cell. This difference is partially due to the larger surface roughness of the NR100 cell (see Table 5.1),
leading to better light incoupling due to the resonant Mie scattering described
above. Additionally, compared to flat reference, the carrier recombination in
nanorod cells is more significant due to the increased both junction area and
surface roughness. Therefore the thinner cell NR100 could demonstrate a more
efficient carrier extraction thus an enhanced EQE in the blue with respect to
the thicker cell NR200.

Figure 5.5: Light trapping in the nanorod solar cells and the flat references. (a)
Measured total absorption spectra, (b) measured external quantum efficiency spectra,
and (c) 3D FDTD simulated absorption spectra for the absorber layer, all for flat and
nanorod a-Si:H cells with 100 nm and 200 nm thick i-layers.

Figure 5.5(c) shows the 3D FDTD-simulated absorption spectra in the aSi:H layer as a function of wavelength. Similar to the trends observed in the
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Figure 5.6: 3D FDTD simulations of the absorption spectra of individual layers for the
flat (a, c) and the nanorod (b, d) cells with 100 and 200 nm intrinsic layer thicknesses;
reflectivity (R) is also shown. (e) Cross sections of the electric field intensity at 670 nm
and 720 nm for an incident plane wave for the NR200 cell. The structure is indicated
at the left. The scale bars are 500 nm. Field intensities are normalized to the incident
field (color scale bar).

experimental EQE spectra, both nanorod cells show an enhanced red and blue
response compared to their flat counterparts. Unlike the EQE data, the simulated absorption curves for the two nanorod cells with different absorber layer
thickness show a similar blue response, since the surface profiles are very similar (see Table 5.1). Indeed, the measured absorption spectra in Figure 5.5(a)
are very similar in the blue spectral range for the two nanorod cells. The difference in EQE in the blue spectral range is thus attributed to reduced carrier
collection for the thicker cells.
Figure 5.6(a-d) shows the simulated spectra of the absorption in individual
layers for the four different cell geometries as well as the reflection spectra of the
devices. Several interesting trends can be observed. First of all, the absorption
spectra in the intrinsic layer are quite different for the two flat cells, due to
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the difference in Fabry-Perot modes for the two thicknesses. These flat cells
also show large reflection due to poor light trapping in the infrared. Second,
the nanorod cells show a broadband enhanced absorption in the intrinsic layer,
with the highest absorption for the thick layer, as expected. In the nanorod
cells the reflection is strongly reduced over the entire spectral range, compared
to the flat cells. At the same time, absorption in the Ag is substantially larger
than for the flat cells for wavelengths larger than 500 nm. Third, for all cell
types absorption in the ITO is a significant loss factor at wavelengths below
500 nm. This loss is slightly higher in the nanorod cells, which is inherent
to the resonant behavior of the dielectric structures at the top. Figure 5.6(e)
shows the simulated electric field intensity in the different layers for incident
plane waves at 670 and 720 nm wavelengths. Due to the random geometry of
the layer stack a complex field distribution is observed. Strong optical hotspots
are observed at the ZnO/Ag interface, consistent with the enhanced absorption
in the Ag layer. Some hotspots are also observed at the ITO/air interface at
positions that depend on wavelength. This demonstrates that the random
nature of the pattern, with different feature sizes and hence resonances at
different wavelengths, leads to a broad spectral response enhancement.

5.5

Light-induced degradation

To study the light-induced degradation in cell performance, the nanorod cells
together with the flat references were light-soaked during 1000 hours at a constant temperature of 50°C under a continuous illumination of approximately
AM1.5G. Light intensity during the process was monitored using a crystalline
silicon reference diode. When a certain soaking time was reached, the cells were
took out from the degradation set-up and then manually measured at 25°C under AM1.5G using a Wacom solar simulator. Before light soaking the cells were
annealed at 140°C for ~16 hours. The Jsc , Voc , F F and η are normalized to
their initial values, which were measured after annealing at 140°C (t=0 h).
Figure 5.7 shows that the degradation mainly occurs within 200 hours.
Beyond 200 hours the cells become more stable. As an overall trend, thinner
cells (F100 and NR100) demonstrate less degradation compared to thicker cells
(F200 and NR200), as expected. During 1000 hours the Jsc decreases roughly
10% for F200 and 8% for NR200, while the Voc reveals a slight reduction of ~6%
for both cells. Remarkable degradation in F F of roughly 13% for F200 and 10%
for NR200 are demonstrated. The efficiency decreases ~27% for F200 and ~22%
for NR200. The degradation in cell performance is attributed to the generation
of dangling bonds (weak Si-Si bonds) in a-Si:H under light soaking, which is
a well-known mechanism. The dangling bonds act as recombination centers
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Figure 5.7: Normalized cell characteristics as a function of light soaking time for the
flat and the nanorod cells with absorber layer thicknesses of 100 nm and 200 nm. The
lines are provided as a guide to the eye.

and thus trap charge carriers, which in turn affects the Voc and photocurrent.
The nanorod cells exhibit less degradation with respect to the their references.
We attribute this to a fact that practically the i-layer is thinner for nanorod
cells with respect to the flat counterparts deposited simultaneously, because the
surface to be coated per projected area in the nanorod geometry is significantly
enhanced compared to that in the flat geometry.

5.6
5.6.1

Cell optimization by FDTD simulations
2D FDTD simulations on cell structure optimization

For the two-dimensional FDTD simulations, the nanorod template is simplified to an array of periodic rod pattern with a pitch of 400 nm, a rod length
of 300 nm, and a rod diameter of 100 nm, following the values obtained by
experiments. In order to investigate the effect of scatterers at the rear side on
light management, the shape and thickness of the ZnO:Al and the Ag layers
are tuned, while the volume of the a-Si:H layer is kept identical in the four
structures shown in Figure 5.8(a-d). Thickness of the ZnO:Al layer on top of
the Ag layer decreases from 80 nm in Figure 5.8(a) to 20 nm in Figure 5.8(b)

5.6. Cell optimization by FDTD simulations

93

and further to zero in Figure 5.8(c). In order to reduce absorption in the Ag
layer and thus enhance internal reflection, in Figure 5.8(d) a flat Ag layer is
used, with a dome-shaped ZnO:Al pattern on top for efficient light scattering.
The flat ZnO layer on top of glass substrate in Figure 5.8(a-c) only acts as a
seed layer to favor the growth of ZnO nanorods in solution. In order to keep
the substrate identical, this flat ZnO layer also exists in Figure 5.8(d) and (e)
though in which no ZnO nanorods are presented. Note that no contribution of
this ZnO layer to the optical performance of the device is considered in all the
2D simulations. A flat structure shown in Figure 5.8(e) is used as a reference.

Figure 5.8: Schematic cross sections of the structures used for 2D FDTD simulations.
Thickness of the ZnO:Al layer on top of Ag: (a) 80 nm, (b) 20 nm, and (c) 0 nm. (d)
Cell with dome-shaped ZnO:Al patterns on top of a flat Ag layer. (e) A flat reference
cell. In all structures: Ag: 200 nm, a-Si:H n-i-p stack: 30-200-15 nm, ITO: 80 nm.

Another important setting for the simulations is the material property data.
These should be similar as the material properties used for experiments. In
the 2D simulations a Lorentz-Drude fit to Palik Ag (0-2 µm) is chosen. The
properties of ZnO:Al, ITO, and a-Si:H are measured from samples and added
to the material database. Although the refractive index of intrinsic a-Si:H
layer is different from p- and n-doped layers, we neglect the difference for the
very thin doped layers and assume the refractive index of a-Si:H n-i-p stack is
homogeneous. A mesh size of 2 nm is used for the simulations. The frequency
points are set at 100 points, to limit the computing time.
The absorption can be calculated from the divergence of the Poynting vector [182]:
Pabs =
00

00
00
1
2
2
(ωε |E| + ωµ |H| )
2

(5.1)

where ω is the frequency, ε is the imaginary part of the permittivity, E is
00
the electric field, µ is the imaginary part of the permeability, and H is the
00
magnetic field. For most materials, µ = 0 and the second term is thus neglected
[182].
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Figure 5.9: 2D FDTD simulations of the absorption spectra of individual layers for
the structures shown in Figure 5.8: (a) nanorod+80 nm ZnO:Al, (b) nanorod+20 nm
ZnO:Al, (c) nanorod+0 nm ZnO:Al, (d) nanorod+dome ZnO:Al, (e) flat reference.
(f) Simulated absorption spectra in the i-layer in all the structures.
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The FDTD-simulated light absorption spectra in individual layers of the
devices are shown in Figure 5.9 (a-e). At wavelengths below ~500 nm, the
ITO layer and the p-layer heavily absorb the incident light. The featured Ag
demonstrates a high optical absorption in the red and near-infrared region,
whereas for the flat cell this part of radiation is mainly lost in terms of reflection. At wavelengths above 800 nm the absorption in Ag does not affect the
absorption much in a-Si:H due to its high band gap of ~1.8 eV. As shown in
the absorption spectra of i-layer for all the structures in Figure 5.9(f), the patterned cells demonstrate an enhanced blue-response due to the anti-reflection
effect originating from the rough surface, agreeing well with the experimental absorption (see Figure 5.5(a)) and EQE (Figure 5.5(b)). As previously
discussed, the corrugated top surface provides a gradual reduction of the effective refractive index, making good impedance matching between ITO and
air, thereby exhibiting superior anti-reflection properties over a large range of
wavelengths [84].
Figure 5.9(e) shows the absorption spectra for the i-layer in different geometries. The absorption peaks caused by interference in the flat reference
cell are not observed in the structured cells, instead, several absorption peaks
appear in the wavelength range of 620-630 nm and 670-720 nm. These absorption peaks are also observed in similar structures in the literature, in which
they are attributed to light coupling to waveguide mode (or so-called leaky
mode resonance) [72, 182]. The intensity of these peaks decreases with decreasing thicknesses of the ZnO:Al layer from 80 nm to 0 nm. Interestingly,
the most significant resonance is observed in the structure with dome-shaped
ZnO:Al patterns on top of a flat Ag layer. The reason could be attributed to
a geometrical scattering of the periodic ZnO:Al dielectric scatterers at specific
wavelengths, thereby allowing for a waveguide mode of the incident light in the
a-Si:H absorber layer [183]. The resonance intensity decreases at decreasing
volume of the ZnO:Al layer due to reduced interference. For a short summary
for structure optimization by 2D FDTD simulations, featured ZnO:Al dielectric
scatterers on top of a flat Ag back contact is a promising approach for efficient
light management.

5.6.2

3D FDTD simulations on cell structure optimization

To investigate the light scattering contribution of the rear- and the front-side
nanopatterns to the optical performance of the devices, solar cells with several
configurations are characterized with 3D FDTD simulations. Figure 5.10(a)
shows the studied four geometries: flat structure (flat), nanorod geometry
(NR), patterned-back-flat-front (flat front): rough Ag/AZO and AZO/a-Si:H

96

Chapter 5. Light Trapping in Nanorod-based Solar Cells

interfaces, but flat a-Si:H/ITO and ITO/air interfaces, and patterned-frontflat-back (flat back): rough a-Si:H/ITO and ITO/air interfaces, but flat Ag/AZO
and AZO/a-Si:H interfaces. The roughness profile at the rear side is imported
from the AFM measured surface topography of the Ag coated nanorod substrate, and the roughness used at the a-Si:H/ITO and ITO/air interfaces is the
same as in the simulation of the NR200 cell, while the a-Si:H thickness used
is 350 nm to enable for a constant volume of the different layers in all the geometries. Figure 5.10(b) and (c) show the simulated absorption spectra in the
a-Si:H layer and in the Ag layer, respectively, for these different geometries.

Figure 5.10: Contribution of the rear- and the front-side pattern to light trapping in
a-Si:H solar cells. (a) Schematic cross sections of the structures used for modeling.
Simulated absorption spectra in the a-Si:H layer (b) and in the Ag layer (c). (d)
Simulated reflection spectra of the devices. The volume of the a-Si:H absorber layer
is kept constant in all the geometries and is equivalent to that of a 350 nm flat intrinsic
layer.

Comparing the spectra for the flat and the nanorod cells, the same trends
are observed as described above for the F100/F200 and NR100/NR200 cells:
both blue- and red-response are enhanced in the nanorod cells. The effect of
light trapping in the infrared is relatively small in Figure 5.10 because of the
large a-Si:H thickness (350 nm). Flattening the front surface of the nanorod
cell (flat front) reduces the absorption in the a-Si:H in the blue, confirming the
importance of surface roughness for light incoupling in the blue spectral region.
Indeed, the reflectance is significantly enhanced in the blue as shown in Figure
5.10(d). Interestingly, for this geometry (flat front) also a reduced red response
is observed (Figure 5.10(b)), indicating that light scattering from the surface
topography leads to enhanced light trapping. Surprisingly, the device with
rough surface and flat back (flat back) shows the highest absorption. For this
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geometry, the absorption in the a-Si:H in the red is significantly higher than
for the standard nanorod geometry (NR). This is due to a strongly reduced
absorption in the Ag, as shown in Figure 5.10(c). This demonstrates that a
rough Ag interface is not essential for light trapping and structuring only the
top of the device can lead to very efficient light trapping.

5.7

Conclusions

In summary, we present an efficient nanostructured thin-film a-Si:H solar cell
based on a ZnO nanorod template. A ZnO nanorod array is obtained by a
simple and inexpensive chemical bath deposition process at low temperature
(80°C) and the morphology is tuned by seed layer thickness, reactant concentration, and growth time. An initial efficiency up to 8.4% is achieved for the
nanorod-based cells with a 200 nm thick a-Si:H absorber layer, compared to
6.4% for a flat device with a similar absorber layer thickness. EQE measurements on the nanorod cells show a broad enhancement with respect to the flat
cells over almost the entire 350-800 nm spectral range. Corrugation at the top
of the nanorod devices leads to an enhanced blue-response and light trapping
is observed in the red part of the spectrum. 3D FDTD simulations are in good
agreement with the experimental EQE measurements and show complex field
profiles inside the cell. Reflection is significantly reduced for the nanorod cells,
but absorption in the patterned Ag layer is relatively high. Our simulations
show that for devices with a flat Ag/ZnO:Al interface and rough a-Si:H/ITO
and ITO/air interfaces, light trapping is further enhanced due to a reduced
absorption in the Ag layer. This inexpensive method opens up a new platform
for novel efficient cell design that can be made at low cost. With proper back
contact material the nanorod substrate is applicable for a variety of PV systems
based on e.g. multi-junction thin-film Si, CdTe, and CuInx Ga1−x Se2 .
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Chapter 6

p-layer Optimization for
a-Si:H n-i-p Cells

The p-type doped layer plays a critical role in thin-film silicon solar cells. A
good balance between optical and electrical properties must be achieved for
this very thin (typically 10-20 nm thick) doped layer. Otherwise a band gap
mismatch at the i/p interface or a contact barrier at the p/TCO interface
could be generated. In this chapter first an introduction of an S-shape barrier
in the J-V curve is given. Second, the influence of the low-temperature hydrogenated amorphous silicon incubation (buffer) layer located at i/p interface
on both p-layer crystallinity and cell performance is investigated. Third, effects of deposition parameters including the type of substrate, H2 dilution, and
trimethylboron (TMB) flow rate on the p-layer are studied. Under identical
deposition conditions a highly crystallized p-layer is easily obtained on bare
Corning Eagle XG glass substrate, whereas for glass coated with an a-Si:H
buffer layer a p-layer with a dominating amorphous network is fabricated. Increasing TMB ratio in the precursor gases is detrimental to the nucleation and
growth of crystallites. In the end, performance of the cells with their p-layer
deposited under various TMB flow rates is presented.
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Introduction

Hydrogenated microcrystalline silicon (µc-Si:H) is a popular material for use as
the p-layer in thin-film silicon solar cells. The nature of mixed-phase materials,
with crystallites embedded in an amorphous matrix, enables a combination
of high conductivity and low activation energy. The low activation energy
contributes to a high built-in potential while the high conductivity improves
the contact at p/TCO interface and reduces the depletion width in p-layer near
the p/TCO interface, thereby decreasing the series resistance at the p/TCO
interface. For superstrate-type hydrogenated amorphous silicon (a-Si:H) solar
cells, a very thin p-µc-Si:H buffer layer between the µc-SiC:H p-layer and the
TCO layer improves the p/TCO contact. Compared to a-Si:H, µc-Si:H is a more
favorable material for p-layer because of lower activation energy and higher
doping efficiency. Meanwhile, a wide optical band gap, which reduces the
optical loss within the p-layer, is achievable for µc-Si:H due to its mixed-phased
nature.
In thin-film silicon solar cells, the p-layer is typically thinner than 20 nm. It
is straightforward to obtain a crystalline network in a relatively thick (>50 nm)
film, but below 20 nm crystallization becomes much more challenging, since the
crystallites need to nucleate and grow on top of the initial amorphous layer.
It was reported that the substrate has a strong effect on crystallinity of a
thin (~20 nm) µc-Si:H p-layer [184]. Crystalline nucleation directly on oxide
substrates such as SnO2 :F, Ta2 O5 , TiO2 , and Corning 7059 glass is much easier
than on device quality a-Si:H film. However, for substrate-type a-Si:H n-i-p
cells, the p-layer has to be deposited on top of a-Si:H intrinsic layer. In order
to obtain an appropriate crystalline volume fraction of the p-layer, deposition
parameters such as composition of precursor gases and H2 dilution need to be
carefully selected.
The standard deposition recipe for µc-Si:H p-layer for a-Si:H n-i-p cells,
which is described in Table 2.1 in Chapter 2, is dependent on the system configuration, primarily the positioning of the pumps, leading to a specific pump
resistance. Therefore, if a system is relocated the original recipes may no longer
work. This also happened to the deposition system PASTA after lab relocation from Utrecht to Eindhoven. Due to inadequate nucleation of the p-layer,
barrier existed in the current-voltage (J-V) curve for the n-i-p cells (shown in
Figure 6.1). Based on this situation, a new recipe for µc-Si:H p-layer was developed. In this chapter we investigate the influence of substrate, buffer layer, H2
dilution, and B(CH3 )3 (TMB) ratio, with an emphasis on the last parameter,
on material properties of the p-layer. Note that the TMB is diluted in H2 with
a TMB/(TMB+H2 ) volume ratio of 2%. For simplicity the TMB+H2 mixed
gas is labeled as TMB in the rest of this chapter.
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The S-shape character in the J-V curve

Figure 6.1 shows light J-V curves of the single-junction a-Si:H n-i-p cells deposited by PECVD. Three types of substrates including Corning Eagle XG
glass (flat), Asahi U-type TCO (Asahi U), and glass coated with ZnO nanorods
(NR) were used. The recipes shown in Table 2.1 in Chapter 2 were used for the
deposition of n-, i-, and p-layers. All the cells shown in Figure 6.1 have a configuration of substrate/200 nm Ag/100 nm ZnO:Al/5 nm n-µc-Si:H/25 nm n-aSi:H/350 nm i-a-Si:H/2.6 nm i-a-Si:H buffer/15 nm p-µc-Si:H/80 nm ITO/Au
grids. The a-Si:H buffer layer was deposited using the recipe for device-quality
a-Si:H by PECVD shown in Table 2.1 in Chapter 2, only decreasing the heater
temperature to 185°C (corresponding to a substrate temperature (Tsub ) of
100°C) and the deposition time to 13 seconds. This very thin porous a-Si:H
buffer layer, which will be discussed in the next subsection, initiates the nucleation of crystallites for the p-layer.
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Figure 6.1: J-V curves of n-i-p cells with a configuration of substrate/200 nm
Ag/100 nm ZnO:Al/5 nm n-µc-Si:H/25 nm n-a-Si:H/350 nm i-a-Si:H/2.6 nm i-aSi:H buffer/15 nm p-µc-Si:H/80 nm ITO/Au grids. Three types of substrates were
used: Corning Eagle XG glass (Flat), Asahi U-type TCO (Asahi U), and Corning
Eagle XG glass coated with ZnO nanorods (NR). The p-layer was deposited under a
µc-Si:H condition: SiH4 1.2 sccm, H2 150 sccm, TMB 0.78 sccm, pressure 1900 µbar,
rf power 5.5 W, and substrate temperature 160°C.
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The cells were annealed at 140°C for ~16 hours before J-V measurements.
If not explicitly noted otherwise, no light shadow mask was used for the JV measurements in this chapter. Therefore the current density for all cells is
slightly (~10%) overestimated due to the charge collection outside the cell area,
but relative comparisons of their performance can still be made.
It is clear that all the J-V curves plotted in Figure 6.1 show a similar S-shape
character, indicating there is an electrical barrier for charge collection. The
charge carriers cannot pass through the barrier without assistance of an external
voltage. Considering the two n-layers deposited at a substrate temperature of
195°C: they were annealed for at least one and a half hour during the preheating
and the deposition of the i-layer at the i-layer deposition temperature of 195°C
(substrate temperature). Therefore, the ZnO:Al/n and the n/i interfaces are
not likely to behave as electrical barriers. The possible band gap mismatch
between the intrinsic and the doped a-Si:H layers at the i/p interface is more
likely to cause a barrier, since it is more challenge to well control the 1015 nm thick wide band gap p-layer with material ideally in the amorphousto-microcrystalline transition region. In addition, due to the work function
difference between p-layer and ITO (n-type) layer, a contact barrier might
exist at the p/ITO interface.
To figure out the origin of the barrier, p-, i- and n-type thin films were deposited on bare glass (Corning Eagle XG) using the recipes shown in Table 6.1,
to check their band gap and doping level. The material properties of these layers are listed in Table 6.2. Judging from these data we believe that the a-Si:H
is of device-quality [185], and the µc-Si:H is comparable to those in the literature [184]. However, note that the p-layer studied in Table 6.1 is relatively thick
(83 nm) and is deposited on bare glass for material characterization, whereas
in n-i-p cells the p-layer with a thickness of only 10-20 nm is grown on top of
a-Si:H layer. Increasing the thickness improves the crystallinity since once the
incubation layer is formed, nucleation and growth of crystallites become more
straightforward. In addition, compared to the porous a-Si:H buffer layer, the
bare glass substrate favors crystallization even more, so that very thin µc-Si:H
p-layers can be grown [184]. Based on these considerations, we assume that the
i/p and/or p/ITO interfaces could be the origin of the barrier. To confirm this,
we first investigated the influence of the a-Si:H buffer layer at the i/p interface
on cell performance. The results are analyzed in the next subsection.

6.2.2

Effect of buffer layer thickness on the barrier

The porous a-Si:H buffer layer located at the i/p interface plays a crucial role in
crystalline nucleation of the µc-Si:H p-layer. Here we first investigate the buffer
with a series of thicknesses of 0 nm, 2 nm (deposition time 10”), 4 nm (20”),
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Table 6.1: Deposition parameters for n-, i-, and p-layers on bare Corning Eagle
XG glass for material characterization. The TMB is diluted in hydrogen with a
TMB/(TMB+H2 ) volume ratio of 2%.
Run

Type

SiH4

H2

TMB

PH3

Pressure

Tsub

rf power

Thickness

Rd

sccm

sccm

sccm

sccm

µbar

°C

W

nm

nm/s

P5276

n-a-Si:H

40

–

–

10

300

195

3

98

0.082

P5280

p-µc-Si:H

1.2

150

0.78

–

1900

160

10

83

0.046

P5282

i-a-Si:H

40

–

–

–

700

195

4

998

0.166

Table 6.2: Material properties for n-, i-, and p-layers on bare glass.
Run

Type

Etauc ∗

E04

α400

α600

Ea

σd

σp

eV

eV

cm−1

cm−1

eV

Ω−1 cm−1

Ω−1 cm−1

P5276

n-a-Si:H

1.89

1.93

5.02E+05

2.62E+04

0.240

7.05E-03

1.15E-02

P5280

p-µc-Si:H

1.92

2.06

2.76E+05

1.04E+04

0.061

2.54E-01

5.12E-02

P5282

i-a-Si:H

1.81

1.88

4.72E+05

3.67E+04

0.896

9.74E-11

6.06E-05

Etauc : the band gap according to the Tauc model. E04 and α400 are the band gap and the
absorption coefficient at 400 nm wavelength light, respectively. α600 is the absorption coefficient at 600 nm wavelength light. Ea is the activation energy. σp is the photo-conductivity

∗

in air. If not specifically noted otherwise, σd in this chapter is always the dark conductivity
at 25°C in vacuum after annealing at 160°C during 60 min.

and 6 nm (30”). J-V characteristics of these cells are shown in Figure 6.2. It
is clear that the cells show a clear barrier for buffer thicknesses above 2 nm.
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Figure 6.2: J-V curves of n-i-p cells in a configuration: Asahi U/200 nm Ag/100 nm
ZnO:Al/5 nm n-µc-Si:H/25 nm n-a-Si:H/350 nm i-a-Si:H/x nm a-Si:H buffer/20 nm
p-µc-Si:H/80 nm ITO/Au grids, where x=0, 2, 4 and 6 nm.
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To investigate whether the p-layer is significantly influenced by the buffer
layer, Raman spectroscopy was carried out at the top surface of the n-i-p cells
with the p-layer exposed to a green laser. The results are shown in Figure 6.3.
No visible difference is observed in Raman spectra for all the p-layers grown
on the buffer layers with different thicknesses. The broad amorphous peak
centered at 480 cm−1 in the Raman spectra is present in all cases, and no visible
crystalline peak is seen at 510-520 cm−1 . Considering the much thicker a-Si:H ilayer underlying the ultrathin p-layer, one might be concerned that the Raman
signal from the p-layer might be overwhelmed by the signal from the i-layer
underneath. However, in an earlier work in our group, for an optimized thin player in a-Si:H n-i-p cells the crystalline peak was clearly visible (Figure 5.7 on
page 101 in the reference [114]). Moreover, in the present Raman measurements
a green laser was used, which even better probes the near-surface properties
than the red laser that was used in the reference [114].
Judging from Figure 6.2 and Figure 6.3 we attribute the barrier to the
adverse band line up at i/p interface and/or p/ITO interface. In the Raman
spectra on complete cells no visible difference is detected for all p-layers studied.
These cells are deposited under identical conditions except for the buffer layer,
while the cell with a 2 nm thick buffer exhibits only minor barrier behavior.
Therefore the barrier could be caused by the i/p interface (either the band
gap mismatch or the buffer layer itself) rather than the p/ITO interface. This
assumption will be further discussed in the next subsection.

P 5 3 2 5 , 6 n m

In te n s ity ( a .u .)

P 5 3 2 3 , 4 n m

P 5 3 2 1 , 2 n m

P 5 3 1 9 , 0 n m

3 0 0

3 5 0

4 0 0
4 5 0
5 0 0
-1
R a m a n s h ift ( c m )

5 5 0

6 0 0

Figure 6.3: Raman spectra of the p-layer (~20 nm) in the n-i-p cells shown in Figure
6.2. Porous a-Si:H buffer layers with thicknesses of 0 nm, 2 nm, 4 nm, and 6 nm were
used as incubation layers for growth of the p-layers. Identical condition was used for
deposition of the p-layers: SiH4 1.2 sccm, H2 150 sccm, TMB 0.78 sccm, pressure
1900 µbar, rf power 5.5 W, substrate temperature 160°C.

6.2. Effect of a-Si:H buffer layer on cell performance

6.2.3
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Discussion

The a-Si:H buffer layer deposited at a substrate temperature of 100°C is a
void-rich material. It plays several roles in the device. First it acts as an
incubation layer to promote crystalline nucleation for µc-Si:H p-layer. It is
a challenge to obtain a very thin (<20 nm) µc-Si:H layer directly on top of
dense a-Si:H layer, since in this case the atomic hydrogen is mostly involved
in surface etching and roughening of the dense a-Si:H film. Once a void-rich
layer is formed on top of the dense a-Si:H layer, crystalline nucleation can be
initiated much easier [186]. Atomic hydrogen reacts with the strained bonds
at the internal surface of the voids, initiating nucleation and growth of the
crystallites [187]. In this way a very thin µc-Si:H p-layer can be obtained. An
amorphous network in the material results in both low conductivity and high
activation energy for the p-layer. The low conductivity increases the series
resistance or in an even worse case causes a contact barrier at the p/ITO
interface, while the high activation energy reduces the built-in potential within
the p-i-n junction, thereby decreasing carrier extraction efficiency and also Voc .
This issue will be further discussed in Section 6.3 for the p-layer optimization.
Besides for crystalline nucleation, the buffer layer is a sacrificial layer. It
should be etched by the H while nucleations centers are formed. Therefore, the
2 nm buffer disappears in the process. On one hand if the buffer remains, it
causes a barrier between i- and p-layers due to the high defect density in this
porous layer. On the other hand without the buffer, the i-layer is damaged by
the highly diluted plasma and also boron might diffuse into the i-layer, leading
to bulk recombination and bad J-V curves. Therefore, there is an optimum
buffer layer thickness, namely, just the thickness that is etched by the highly
diluted plasma during p-layer deposition. This explains the S-shape character
in the J-V curves becomes more obvious at increasing buffer thickness beyond
2 nm up to 6 nm (see Figure 6.2).
It was reported that the porous a-Si:H buffer layer that remains after player deposition, improves cell performance if only the defect density in this
layer is not too high, otherwise an additional defect recombination region at
the p/i interface is present [184]. Therefore, a-Si:H is more favorable than
other high band gap materials e.g. a-SiC:H for the buffer, since extra alloying
element causes a high interface defect density between a-Si:H i-layer and the
buffer, whereas the epitaxial growth of porous a-Si:H on top of dense a-Si:H
introduces much less defects at the interface.
Additionally, the buffer blocks interdiffusion of dopant atoms from p-layer
into i-layer during p-layer growth. Annealing improves the conductivity of the
boron-doped p-layer, since during annealing the out-diffusion of H atoms from
the less active B-H-Si bonds generates more active B-Si bonds [188]. How-
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ever, the annealing effect is rather limited in case the p-layer contains a small
crystalline volume fraction, because the number of hydrogen passivated boron
states in an amorphous phase is much smaller compared to that in a crystalline
phase [184].
As a short summary of this section, the porous a-Si:H buffer as an incubation layer for the p-layer is essential to improve the cell performance. The
optimal thickness should be neither too thin (otherwise the i-layer can be damaged by hydrogen plasma during p-layer deposition and boron may diffuse into
the i-layer during growth and/or annealing treatments) nor too thick (otherwise a highly defective layer remains leading to severe recombination and
hole blocking). An optimal thickness for the buffer layer found in the present
work is 2 nm (corresponding to a deposition time of 10 seconds in PASTA).
The S-shape character in J-V curve becomes more obvious at increasing buffer
thickness beyond 2 nm.

6.3

Optimization of µc-Si:H p-layer

The barrier is largely solved by selecting the buffer layer thickness of 2 nm, as
shown in Figure 6.2. However, the Voc in the range of 0.5-0.6 V is too low for
a-Si:H single junction cells. The quality of the p-layer commonly has crucial influence on Voc . In this regard, in this section the effect of deposition parameters
including H2 dilution and TMB flow rate on the p-layer is investigated.

6.3.1

H2 dilution

Table 6.3 shows the deposition parameters for the p-layer deposited on bare
Corning Eagle XG glass and on glass coated with a ~2 nm thick a-Si:H buffer
layer. The H2 flow rate changes from 150 to 200 sccm, while the other deposition parameters are identical. The activation energy and the dark conductivity
at 25°C (in vacuum) are shown in Table 6.3. The crystallinity of the p-layer
was characterized with Raman spectroscopy and the results are shown in Figure 6.4. The amorphous peak centered at ~480 cm−1 was detected for all the
samples. Increasing the H2 flow rate from 150 to 200 sccm shows no significant
improvement in crystallization for the films grown on the buffer (higher H2 dilution could not be attempted due to the limitation of the mass flow controller
used in the deposition system). The lower dark conductivity for the sample
deposited at H2 flow rate of 200 sccm can be partially attributed to the thinner
layer thickness. In contrast, increasing H2 flow rate enhances the crystallinity
for the films deposited on bare glass, indicating by the decreased intensity ratio
of amorphous peak to crystalline peak in the Raman spectra (Figure 6.4).
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Table 6.3: Deposition parameters and material properties for the p-layers deposited
under different H2 dilution. Other deposition parameters for all the samples are
identical: pressure 1900 µbar, rf power 5.5 W, substrate temperature 160°C. The
a-Si:H buffer layer is ~2 nm in thickness.
Run

Substrate

SiH4

H2

TMB

Thickness

Rd

Ea

σd

sccm

sccm

sccm

nm

nm/s

eV

Ω−1 cm−1

P5318

Glass+buffer

1.2

150

0.78

25

0.026

0.640

5.69E-11

P5340

Glass+buffer

1.2

200

0.78

17

0.015

0.820

7.96E-13

P5316

Glass

1.2

150

0.78

67

0.032

0.054

2.12E-1

P5328

Glass

1.2

200

0.78

68

0.027

0.038

1.19E+0

1 5 0 s c c m

H

2 0 0 s c c m

H

3 5 0

(b )
2
2

1 5 0 s c c m

H

2 0 0 s c c m

H
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2
2
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Figure 6.4: Raman spectra of the p-layers deposited under different H2 flow rate: (a)
150 and 200 sccm, on Corning Eagle XG glass coated with a porous a-Si:H buffer; (b)
150 and 200 sccm, on bare Corning Eagle XG glass. The other deposition parameters
are kept identical, as shown in Table 6.3.

Discussion: The hydrogen in the precursor gases is crucial for microcrystalline formation since it serves as a main source of atomic hydrogen. The
atomic hydrogen plays two main roles during the µc-Si:H film growth, namely
surface passivisation and surface activation [189]. A sufficient atomic hydrogen coverage on the growing surface facilitates the crystal growth [189, 190].
A high H2 dilution improves the crystallization due to large amounts of hydrogen radicals available. Considering the high H2 to SiH4 ratio (125 for the
sample P5318 and 167 for the sample P5340), the deposited material should
be µc-Si:H [191, 192]. However, note that for material characterization, normally relatively thick films were deposited on bare Corning glass, which favors
nucleation and growth of µc-Si:H compared to the substrate coated with an
a-Si:H buffer layer [184]. For the relatively thick samples deposited on bare
glass, a sharp crystalline peak is present at 510-520 cm−1 (Figure 6.4 (b)).
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The crystalline fraction increases with increasing H2 flow rate, as indicated by
the remarkably decreased peak intensity at 480 cm−1 . However, it is important
to note that the growth conditions for obtaining microcrystalline p-layers were
used, but we do not actually need much crystallinity for the p-layer in the cell.
The p-layer material with a small crystalline fraction located near the edge
of amorphous-to-microcrystalline transition is more beneficial for a wide band
gap window layer. In contrast, for ultrathin p-layer deposited on the buffer,
no crystalline peak is detected for both the samples deposited under 150 and
200 sccm H2 . The reason could either be the deposition condition is far from
optimized for µc-Si:H and/or the film thickness of ~20 nm is too thin. As described before, the growth of µc-Si:H is thickness dependent. The first initial
layer with a thickness in the range of 30~50 nm is in the transition region from
amorphous to microcrystalline [193]. In addition, the crystalline nucleation on
a porous a-Si:H buffer layer is more difficult than on a bare glass [184].
Another issue that is essential is etching of the buffer layer by hydrogen
plasma, especially for the extremely thin buffer layer exposed to the plasma
with a high hydrogen dilution. Once the porous incubation layer is etched
away, the formation of crystalline on top of dense a-Si:H becomes more challenging. This could partially explain that the film deposited on buffer under
the H2 flow rate of 200 sccm hydrogen exhibits a higher activation energy and a
lower dark conductivity compared to the counterpart deposited under 150 sccm
(Table 6.3), since for the latter the etching could be less significant.

6.3.2

TMB flow rate

The effects of H2 dilution and buffer layer thickness on the crystallinity of
the p-layer have been investigated. However, no appropriate material in the
amorphous-crystalline transition region is obtained, which in turn limits the
activation energy as well as the conductivity of the p-layer. It was reported
that boron atoms play an important inhibiting role in crystallization for µc-Si:H
p-layers [194]. Increasing the ratio of diborane to silane the crystalline fraction
in the deposited film decreases [194]. To this end, we deposited a set of p-layers
under TMB flow rates from ~0.12 sccm up to 0.78 sccm, while hydrogen and
silane flow rates were kept constant at 200 sccm and 1.2 sccm, respectively. All
the samples were deposited at a substrate temperature of 160°C, an rf power
of 5.5 W, and a pressure of 1900 µbar on Corning Eagle XG glass coated with
a ~2 nm thick porous a-Si:H buffer layer. To investigate the effect of substrate
material on film crystallinity, samples were also deposited on bare Corning
Eagle XG glass.
The Raman spectra of the films are shown in Figure 6.5 and the material
properties are plotted in Figure 6.6. For the calculation of crystalline vol-
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Figure 6.5: Raman spectra of the p-layer (~20 nm) deposited under microcrystalline
condition with a series of TMB flow rates. The other deposition parameters are
kept identical at: SiH4 1.2 sccm, H2 200 sccm, pressure 1900 µbar, rf power 5.5 W,
substrate temperature 160°C. Corning Eagle XG glass coated with a porous a-Si:H
buffer layer (~2 nm, left column) and bare glass (right column) are used as substrates.
The TMB is diluted in H2 with a TMB/(TMB+H2 ) volume ratio of 2%.

ume fraction, the Raman spectra were deconvoluted by Gaussian fitting to
the transverse-optical (TO) mode at 510~520 cm−1 as well as the transverseacoustic (TA) mode for crystalline silicon, the longitudinal-acoustic (LA) mode
at ~330 cm−1 , the longitudinal-optical (LO) mode at 435~445 cm−1 , and TO
mode at 480~490 cm−1 for a-Si:H. The crystalline volume fraction (Xc ) was
determined by the relation Xc = Ic /(Ic + mIa ), where Ic and Ia are the integrated area of the deconvoluted crystalline and amorphous peaks at ~520 cm−1
and ~480 cm−1 , respectively, and m is a correction constant for the difference
in cross-section between amorphous and crystalline phases [195], here 0.88 is
adopted.
At TMB flow rates of 0.12 and 0.2 sccm, the films possess a clear crystalline
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peak at around 520 cm−1 in the Raman spectra (see Figure 6.5). Increasing
TMB flow rate up to 0.78 sccm the peak intensity gradually decreases, with a
tiny peak for the sample deposited under 0.4 and 0.5 sccm, but no such a peak
was detected for the samples deposited under 0.6 and 0.78 sccm TMB. The
associated crystalline fraction (Figure 6.6(a)) decreases with increasing TMB
flow. The deposition rate (Figure 6.6(b)) first increases, and beyond TMB flow
rate of 0.2 sccm it first gradually decreases and then slightly increases with
further increase in TMB rate. The activation energy (Figure 6.6(c)) reaches
a minimum of 0.34 eV at 0.3 sccm, while the dark conductivity in vacuum
(Figure 6.6(d)) shows a maximum of 7.8×10−6 Ω−1 cm−1 at 0.2 sccm. Note that
the "microcrystalline" p-layer in an a-Si:H n-i-p cell should not contain a high
microcrystalline fraction, but is a wide band gap layer near the amorphous-tomicrocrystalline transition. Such a layer is good for the cell because it is highly
transparent due to the wide band gap and efficiently doped due to medium
range order.
Compared to their counterparts on porous a-Si:H buffer layer, the films
deposited on bare glass behave very differently at increasing TMB rate except
for the crystallinity trend. In the Raman spectra (Figure 6.5, right column) it
is clear that all the samples on bare glass exhibit a sharp crystalline peak at
~515 cm−1 and a weak amorphous peak centered at ~480 cm−1 in the Raman
spectra. With increase in TMB flow rate, a downward trend is visible for both
the crystalline volume fraction and the activation energy, while an upward
trend is demonstrated for both the deposition rate and the dark conductivity
(Figure 6.6).

6.3.3

Discussion

The evolution of crystalline in µc-Si:H p-layer is strongly thickness dependent,
particularly at the initial nucleation stage. However, the p-layer used in thinfilm silicon solar cells typically is thinner than 20 nm. In order to largely
correlate material properties measured from a single layer with that in solar
cells, in the present work very thin layer of around 20 nm is used for material
characterization.
First we discuss the samples deposited on the buffer layer. It is clear that
increasing TMB flow rate decreases the crystalline volume fraction (see Figure 6.5 and Figure 6.6(a)). A high crystalline fraction leads to a low activation
energy and a high conductivity. A relatively high TMB flow rate is detrimental
to the formation and growth of crystallites due to the compositional disorder
in the bulk.
According to a surface-growth model, a growing surface covered with atomic
hydrogen is beneficial for nucleation of crystalline [190], since atomic hydrogen
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Figure 6.6: Variation of crystalline volume fraction, deposition rate, activation energy,
and dark conductivity as a function of TMB flow rate for the p-layer. The other
deposition parameters are identical. The lines are provided as a guide to the eye.

has a strong influence on the thermally-activated surface diffusion coefficient of
SiHx adsorbates via changing the activation energy for surface diffusion. The
surface diffusion coefficient determines the diffusion of SiHx adsorbates into
neighboring stable sites for microcrystalline nuclei formation. Increasing ratio
of boron source gas in the precursor gases leads to more BHx,(x=1−3) radicals
incorporated into the growing surface of the film, thereby increasing the surface
disorder and reducing the surface diffusion coefficient, causing a higher sticking
probability and a crystalline-to-amorphous transition [190]. Additionally, the
inactive boron atoms in the growing film segregate to the amorphous matrix
as well as the grain boundaries, thereby increasing the structural disorder and
hindering the coalescence of microcrystalline nuclei into larger crystallites [196].
The above discussion explains that in the present work the crystalline volume
fraction decreases with increase in TMB flow rate.
When increasing the TMB flow rate from 0.2 sccm up to 0.5 sccm the deposition rate slightly decreases and beyond 0.5 sccm it increases again. This
trend could be explained by the structural change from mixed-phase to single
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amorphous phase, which is confirmed by the Raman spectra with a tiny crystalline peak present at 510-520 cm−1 for the sample deposited under 0.5 sccm
TMB, whereas no such a peak is detected for the samples deposited under 0.6
and 0.78 sccm TMB (see Figure 6.5).
The conductivity of the p-layer is determined by a combination of crystalline
volume fraction, grain size, and effective boron doping [196]. The inhomogeneous distribution of dopants in the material network affects the conductivity
as well [196]. In the present work the conductivity goes up with increase in
TMB flow rate from 0.12 to 0.2 sccm due to a higher doping level in both
the crystallites and the amorphous matrix. Further increasing TMB flow rate
the matrix gradually changes from mixed-phase to single amorphous phase.
Compared to microcrystalline Si, in amorphous Si a smaller B-fraction is in
an effective doping configuration. The excess incorporated boron atoms segregate into the amorphous phase or stay at the amorphous-crystalline interface,
which often deteriorates the conductivity [196]. This mechanism explains the
conductivity decreases beyond the TMB flow rate of 0.2 sccm. In contrast,
for the films deposited on bare glass, the active doping level increases with
increase in the TMB flow rates from 0.2 sccm up to 0.6 sccm due to the nature
of crystalline matrix.
Compared to the conductivity, an opposite trend for the activation energy
as a function of TMB flow rate is observed. There is an empirical relationship
between conductivity and activation energy, described as σ = σ0 exp(−Ea /kT ),
where σ is the temperature dependent dark conductivity, σ0 is a prefactor, Ea
is the activation energy, k is the Boltzmann constant, and T is the absolute
temperature. The reduction in the activation energy of the samples deposited
under 0.12-0.3 sccm TMB could be caused by a higher boron doping level
both in the crystallites and in the amorphous matrix. Further increasing TMB
rate creates an amorphous dominating network, which has a higher activation
energy than the mixed-phase material. Similar trend for activation energy
as a function of boron gas ratio in the precursor gases was reported in the
literature [197]. In contrast to the films deposited on the buffer layer, the
activation energy of the films deposited on bare glass decreases with increasing
TMB flow rate, which can be explained mainly by the larger amounts of dopants
dissolved in the crystalline matrix.
For the films deposited on bare glass, the high crystallinity can be explained by the low nucleation energy. As described before, the nucleation of
crystalline on bare glass is much easier than that on an a-Si:H buffer [184]. For
a crystalline network, a larger amount of dopant atoms could dissolve into the
crystalline matrix rather than mainly segregate to the amorphous matrix or
stay at the amorphous/crystalline interface, which is the case for the sample
with an amorphous network. Therefore, the films on bare glass demonstrate an
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up-going trend for the conductivity and a downward trend for the activation
energy at increasing TMB flow rate.

6.4

Solar cell performance with the optimized
p-layer

To test the p-layer in devices, a series of cells were fabricated under an identical
condition except for the p-layers, which were deposited at a series of TMB flow
rates of 0.2, 0.3, 0.4, 0.45, 0.5, and 0.6 sccm. All the cells have a configuration of
Asahi U/Ag (200 nm)/ZnO:Al (100 nm)/n-µc-Si:H (5 nm)/n-a-Si:H (25 nm)/ia-Si:H (350 nm)/a-Si:H buffer (2 nm)/p-µc-Si:H (20 nm)/ITO (80 nm)/Au
grids. The deposition recipes for the n-i-p stack are shown in Table 6.4.
Table 6.4: Deposition recipes for single junction n-i-p solar cells with p-layer deposited
under different TMB flow rates.
Type

n1 -µc-Si:H

n2 -a-Si:H

i-a-Si:H

a-Si:H (buffer)

p-µc-Si:H

Method

PECVD

PECVD

PECVD

PECVD

PECVD

SiH4 (sccm)

0.7

40

40

40

1.2

H2 (sccm)

100

-

-

-

200
0.2-0.6

TMB, 2vol.% in H2 (sccm)

-

-

-

-

PH3 , 2vol.% in H2 (sccm)

0.6

10

-

-

-

Dep. time (s)

240

350

2100

10

1200

Thickness (nm)

5

25

350

2

20

Pressure (µbar)

990

300

700

700

1900

Heater temperature (°C)

320

320

320

185

260

rf Power (W)

10

3.0

4.0

4.0

5.5

Frequency (MHz)

13.56

13.56

13.56

13.56

13.56

The J-V curves plotted in Figure 6.7(a) show a similar barrier for the cells
with p-layers deposited under TMB flow rates of 0.2 and 0.3 sccm. In contrast,
the cells deposited under the TMB flow rates of 0.4-0.6 sccm demonstrate no
barrier behavior. Decreasing the TMB rate from 0.6 to 0.4 sccm the Voc is
significantly enhanced. However, it is still relatively low considering the high
band gap of ~1.8 eV for a-Si:H absorber layer, suggesting that further work on
the i-layer, the n-layer and the i/n interface is essential. The characteristics
for the cells deposited using 0.45 and 0.4 sccm TMB are listed in Table 6.5.
To estimate the contribution of charge collection outside the cell area (the
side-collection effect) to the Jsc , the cell performance shown in Table 6.5 was
measured without and with a light shadow mask with a 4 mm×4 mm opening.
The Jsc without the shadow mask is 6-10% higher than that with the mask.
The dark J-V curves shown in Figure 6.7(b) reveal low dark currents (also see
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J0 in Table 6.5) for both cells with p-layers deposited under 0.45 and 0.4 sccm
TMB. The corresponding EQE spectra are presented in Figure 6.7(c). Similarly
broad spectral response is demonstrated for both cells because of a combination
of a thick i-layer and random texture allowing for sufficient light absorption.
The cell deposited under 0.4 sccm TMB shows the best performance among all
the cells investigated in this series.

Figure 6.7: (a) J-V curves of the n-i-p cells in a configuration: Asahi U/Ag
(200 nm)/ZnO:Al (100 nm)/n-µc-Si:H (5 nm)/n-a-Si:H (25 nm)/i-a-Si:H (350 nm)/ia-Si:H buffer (2 nm)/p-µc-Si:H (15-20 nm)/ITO (80 nm)/Au grids. The p-layers were
deposited under various TMB flow rates of 0.2, 0.3, 0.4, 0.45, 0.5, and 0.6 sccm. (b)
Dark J-V curves and (c) EQE curves of the cells with p-layer deposited under 0.4 and
0.45 sccm TMB. (d) Raman spectra of the p-layers in the cells.
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Table 6.5: Characteristics of the a-Si:H n-i-p cells with and without using shadow
mask for J-V measurements. The p-layers were deposited under TMB flow rates of
0.4 and 0.45 sccm.
Run No.

TMB

Jsc

Voc

FF

η

Rs

Rp

Jo

sccm

mA/cm2

mV

%

%

Ωcm2

Ωcm2

mA/cm2
7.27E-11

P5373 (no mask)

0.4

18.3

800.0

61.1

8.96

5.7

671.3

P5373 (with mask)

0.4

17.3

795.2

61.7

8.48

5.5

834.6

-

P5370 (no mask)

0.45

18.1

766.8

64.7

8.99

5.3

736.8

1.19E-10

P5370 (with mask)

0.45

16.4

753.6

65.5

8.07

5.7

923.9

-

Raman spectra of the p-layers measured within the cells are shown in Figure 6.7(d). For the p-layer deposited under 0.2-0.5 sccm TMB a small crystalline silicon peak at ~520 cm−1 is visible in the spectra. This peak disappears
when 0.6 sccm TMB was used, which is consistent with the findings obtained
from the material characterization shown in Figure 6.5. The high activation
energy for the amorphous p-layer shown in Figure 6.6 significantly reduces the
built-in potential which in turn limits the Voc in the cells.

6.5

Conclusions

Effects of growth conditions including substrate, hydrogen dilution, and TMB
ratio on material properties of boron-doped µc-Si:H p-layer have been investigated. It is found that the material properties are strongly affected by the
substrate. Bare glass (Corning Eagle XG) favors formation of crystallites,
whereas nucleation of crystallites on device-quality a-Si:H or on a porous aSi:H buffer layer is much more difficult. Relatively high TMB ratio inhibits
crystallization of µc-Si:H p-layer. Under 0.78 sccm TMB flow rate, varying
the hydrogen flow rate from 150 to 200 sccm has only negligible influence on
the crystallization. The p-layers deposited under TMB flow rates of 0.6 and
0.78 sccm (B/Si ratio in the precursor gases is 1.0% and 1.3%, respectively)
exhibit an amorphous network and thus a high activation energy of 0.6-0.8 eV
combined with a low dark conductivity in the order of 10−11 -10−13 Ω−1 cm−1 .
For the optimal p-layer, a crystalline volume fraction of 2.5%, an activation energy of 0.42 eV, and a dark conductivity of ~ 6.58×10−9 Ω−1 cm−1 are obtained
at the TMB flow rate of 0.4 sccm (B/Si ratio in the precursor gases: 0.67%).
The material of this optimal p-layer is located near the edge of amorphous-tomicrocrystalline transition, which opens the band gap and thus is very suitable
for a-Si:H cells. An initial efficiency of 8.48% (measured with a shadow mask)
has been achieved for the single junction a-Si:H n-i-p cell with this optimized
p-layer. Even though the absolute gas flow rates for an appropriate p-layer differ from different deposition systems, and the actual flow rate of TMB might
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slightly deviate from the set value by mass flow controller due to the extremely
low flow rate, the relative comparisons of the influence of TMB flow rates on
material properties of the p-layer can still be made.
In order to avoid a significant deviation between material characteristics
obtained from single layer characterization and their performance in substratetype n-i-p solar cells, a recommended approach to analyze the p-layer is the
usage of a thin layer (20-30 nm) deposited on an ultrathin (~2 nm) porous
a-Si:H buffer layer as used in the actual device.
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Summary
Light absorption and carrier collection are the two most important factors that
determine the photovoltaic performance of solar cells. Unfortunately, these two
factors are in competition in conventional planar solar cells. To achieve a high
energy conversion efficiency, the absorber layer in the photovoltaic device must
be optically thick to capture a sufficient fraction of incident photons but must
also be sufficiently thin to enable efficient charge collection, thereby avoiding
recombination. In order to eliminate this trade-off, we propose an innovative
solar cell concept in this thesis, which employs an architecture of zinc oxide
nanorods coated by an ultrathin n-i-p layer stack to form a nanorod-based
three-dimensional (nano-3D) solar cell.
This thesis starts with a comprehensive review of the basic operation principles and state-of-the-art of inorganic radial junction solar cells based on elongated nanostructures, i.e. nanowires, nanorods, nanopillars, etc. The current
status of major inorganic thin-film semiconductors, including cadmium telluride
(CdTe), copper indium gallium diselenide (CIGS) based compounds, and thinfilm hydrogenated silicon (both amorphous Si (a-Si:H) and nanocrystalline Si
(nc-Si:H)), is introduced. After a brief description of the synthesis technologies
for the elongated nanostructures, the carrier transport and photon absorption
mechanisms for radial junction solar cells are analysed. The present main challenges for synthesis and applications of elongated nanostructures in inorganic
thin-film solar cells are also discussed. Advanced insight is provided that will
help to conquer these challenges in the future.
As the scaffolds for the nano-3D solar cells, ZnO nanorods have been synthesized by chemical bath deposition. The effect of growth condition on the
morphology of the nanorods has been studied. It is found that the morphology is determined mainly by the seed layer, precursor solution concentration,
growth time, and growth temperature. A ZnO thin film deposited by magnetron sputtering is used as the seed layer. The grain size in the outermost
region of the seed layer controls the amount of nucleation sites per unit area for
the growth of nanorods, while the solution concentration limits the available
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amounts of precursor molecules for the nucleation and growth of the nanorods.
Larger grains are obtained in a thicker seed layer by increasing the sputtering
time. Nanorods with a low site density are synthesized using a combination
condition of a relatively thick seed layer of 1000 nm and a low concentration
solution of 0.0005 mol/L Zn(CH3 COO)2 mixed with an equal molar ratio of
hexamethylenetetramine (HMT). In the initial stage the length of nanorods
increases rapidly with the growth time. After a certain time, which is dependent on the solution concentration and the temperature, the length of nanorods
becomes constant due to the depletion of the precursors. The threshold temperature for the large-scale precipitation reaction is around 60°C. Beyond this
temperature, up to 90°C, the length of nanorods increases noticeably as a function of the growth temperature, meanwhile the site density slightly increases.
The ZnO nanorods with an average diameter of 100 nm, an average length
of around 400 nm, and a site density of about 7×108 /cm2 are selected as the
scaffolds for the ultrathin a-Si:H solar cells. The cells are realized by depositing
n-i-p a-Si:H layer stack over ZnO:Al/Ag coated nanorods. With an ultrathin
a-Si:H absorber layer of only 25 nm by hot-wire chemical vapor deposition,
an efficiency of 3.6% is achieved, which is significantly higher than that for
the planar or even randomly textured counterparts on Asahi U-type glass with
a three times thicker (~75 nm) a-Si:H absorber layer. The enhancement in
efficiency originates from a substantially enhanced photocurrent because of the
efficient light trapping arising from the three-dimensional geometry. Increasing
the a-Si:H absorber layer thickness from 25 nm to 75 nm, the initial efficiency
rises from 3.6% to 4.1% for the nanorod solar cells.
For the initial ultrathin cells on nanorods, a significant reduction in open
circuit voltage (Voc ), fill factor (F F ), and yield are found. The inhomogeneous
coating of applied layers on the nanorods, especially on the side walls, leads to
the generation of voids or porous regions, which are detrimental to the electrical properties. Incomplete coating of the nanorods leads to shunting of the
front and back contacts, which is detrimental to the F F . To conquer these
challenges, we have further optimized the surface profile of the nanorod substrate via coating of a Ag/ZnO:Al stack with optimized thicknesses of 200 nm
and 80-100 nm, respectively, on reduced aspect ratio nanorods (250~300 nm
in length, and ~100 nm in diameter). With these combined efforts a good
balance is reached between the optical and electrical performance, maintaining the advantage of advanced light trapping, as indicated by the short-circuit
current density (Jsc ), while demonstrating Voc and F F values similar to the
cells deposited on planar substrates. An initial efficiency up to 8.4% is achieved
for the nanorod cell with a 200 nm thick a-Si:H absorber layer, which should
be compared to 6.4% for the flat reference device deposited simultaneously.
The reduction in Voc for the nanorod cells is only ~30 mV with respect to the
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planar counterparts. External quantum efficiency (EQE) measurements on the
nanorod cells show a broad enhancement over almost the entire 350-800 nm
spectral range.
The light management in the nanorod cells has been investigated in detail by optical measurements in combination with finite-difference time-domain
(FDTD) simulations. Corrugation at the top of the nanorod devices leads to an
effective anti-reflection effect which enhances the blue-response, while efficient
light trapping is observed in the red part of the spectrum. Three-dimensional
FDTD simulations are in good agreement with the experimental EQE measurements and show complex electric field profiles inside the cell. Reflection is
significantly reduced at the surface of the nanorod cells, but absorption in the
structured Ag layer is relatively high. The simulations show that for devices
with a flat Ag/ZnO:Al interface and rough a-Si:H/indium tin oxide (ITO) and
ITO/air interfaces, light absorption in the active layer could be further enhanced due to a reduced absorption in the Ag layer.
In order to avoid electrical barriers in the J-V curves and to further optimize the cell performance, the optoelectronic properties of boron-doped p-layers
with different microcrystalline fractions have been studied. The nucleation
of microcrystalline on a bare borosilicate glass (Corning Eagle) occurs much
easier than on a porous a-Si:H layer. Besides the substrate, the composition of
source gases also has a crucial impact on the crystallization. A high B(CH3 )3
(TMB) ratio in the precursor gases deters the crystallization in a thin p-layer
of ~20 nm. The p-layer with a completely amorphous network exhibits a high
activation energy in the range of 0.6-0.8 eV, which in turn limits the Voc to a
low value of about 0.6 V in the a-Si:H single junction cells. An optimal p-layer
contains a crystalline volume fraction of 2.5%, an activation energy of 0.42 eV,
and a dark conductivity of ~10−8 Ω−1 cm−1 at a thickness of around 20 nm.
The nanorod growth approach presented in this thesis does not involve complex manufacturing procedures or equipment requirements. This inexpensive
design opens up a new platform for novel efficient cell design that can be made
at low cost. The utilization of 3D nanostructures, optimized for conformal coverage by the thin-film stack of the solar junction structure, along with the use
of multiple bandgap materials, will enhance the prospects for ultrathin nano3D solar cells. With proper back contact material, the nanorod substrate is
applicable for a variety of PV systems based on e.g. multi-junction thin-film
Si, CdTe, and CuInx Ga1−x Se2 .
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Samenvatting
Lichtabsorptie en het verzamelen van ladingsdragers zijn de twee belangrijkste factoren die bepalen hoe goed een zonnecel werkt, maar in conventionele
vlakke zonnecellen moet altijd een compromis worden gevonden tussen deze
twee eigenschappen. Om een hoog omzettingsrendement te bereiken, moet de
absorptielaag in de zonnecel “optisch dik” zijn om zo genoeg fotonen te kunnen
absorberen, maar ook dun genoeg om de ladingsdragers efficiënt af te kunnen
voeren en recombinatie te voorkomen. In dit proefschrift wordt een nieuw concept beschreven waarin dit compromis wordt vermeden. Hierin wordt gebruik
gemaakt van staafvormige zinkoxide nanostructuren, die bedekt worden met
een ultradunne n-i-p laagstructuur. Het geheel vormt een nanodriedimensionale (nano-3D) zonnecel, gebaseerd op nanostaafjes (NS).
Het proefschrift begint met een beschrijving van de werking van inorganische radiale zonnecellen die gebaseerd zijn op langwerpige nanostructuren,
zoals nanodraden, nanostaafjes, nanopilaren, etc. Hoofdstuk 1 geeft een uitgebreid overzicht van de state-of-the-art op dit terrein. We beschrijven de laatste ontwikkelingen van de belangrijkste inorganische dunnefilm halfgeleiders,
waaronder legeringen die gebaseerd zijn op cadmiumtelluride (CdTe), koperindiumgalliumarsenide (CIGS) en waterstofhoudend dunnefilmsilicium (zowel
amorf silicium (a-Si:H) als nanokristallijn silicium (nc-Si:H)). Na een korte beschrijving van de synthesemethoden van de langwerpige nanostructuren van
zinkoxide, analyseren we het ladingstransport en de fotonabsorptie voor zonnecellen met radiale diodeovergang. Daarna bespreken we de grootste struikelblokken bij het synthetiseren en de toepassing van langwerpige nanostructuren
in inorganische dunnefilm-zonnecellen. De verkregen inzichten kunnen helpen
om deze problemen in de toekomst op te lossen.
Als basis van de nano-3D zonnecellen, hebben we ZnO NS gesynthetiseerd
door middel van depositie in een chemisch bad. Bij het bestuderen van de
invloed van de groeicondities op de morfologie van de NS blijkt dat de morfologie vooral wordt bepaald door de kiemlaag, de chemische samenstelling van
de oplossing, de groeitijd en groeitemperatuur. Als kiemlaag werd een dunne
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gesputterde laag ZnO gebruikt. De korrelgrootte aan de oppervlakte van de
kiemlaag bepaalt de dichtheid van de nucleatiecentra voor de NS, terwijl de oplossingsconcentratie de hoeveelheid groeimoleculen begrenst die voor nucleatie
en groei van de NS beschikbaar zijn. Grotere korrels kunnen worden verkregen
door een dikkere kiemlaag te groeien door langer te sputteren. Substraten met
een lage NS-dichtheid kunnen worden gesynthetiseerd door gebruik te maken
van een relatief dikke kiemlaag van 1000 nm en een lage concentratie van 0,0005
mol/L Zn(CH3 COO)2 , gemengd met een even grote molaire concentratie van
hexamethyleentetramine (HMT). In de beginfase groeien de NS snel, maar na
een bepaalde tijd, afhankelijk van oplossingsconcentratie en -temperatuur, vertraagt de groei van de NS, door het opraken van de groeiprecursors. Bij een
zekere drempelwaarde van de temperatuur komt de neerslag pas op gang. Deze
bedraagt ongeveer 60°C. Boven deze temperatuur, tot ongeveer 90°C, worden
de NS duidelijk langer als functie van de temperatuur, terwijl de dichtheid van
de NS licht stijgt.
ZnO NS met een gemiddelde lengte van ongeveer 400 nm en een dichtheid
van ongeveer 7×108 /cm2 zijn gekozen als basis voor de ultra-dunne a-Si:H
zonnecellen. Deze cellen worden gemaakt op de ZnO NS eerst dunne lagen
van zilver en zinkoxide aan te brengen, gevolgd door de depositie van een n-i-p
a-Si:H laagstructuur. Met een ultra-dunne absorptielaag van slechts 25 nm,
gedeponeerd met hete-draad chemische damp depositie, werd een rendement
bereikt van 3,6%, wat significant hoger is dan het rendement van dezelfde cel
gedeponeerd op een vlak substraat en zelfs hoger dan dat van een cel op een
getextureerd Asahi “U-type” glazen substraat waarbij de a-Si:H absorptielaag
driemaal dikker was (~75 nm). De verbetering in rendement is toe te schrijven
aan een aanzienlijke verhoging van de geproduceerde stroom, die het gevolg is
van verbeterde lichtopsluiting door de driedimensionale geometrie. Als we de
dikte van de absorptielaag verhogen van 25 nm tot 75 nm, dan gaat het initieel
rendement omhoog van 3,6% naar 4,1%.
Bij de eerste ultra-dunne cellen op NS werd een aanmerkelijke daling in
de open-klemspanning (Voc ) en vulfactor (VF) geconstateerd. De inhomogene
bedekking van de gegroeide lagen op de NS, vooral op de verticale zijwanden,
leidt tot holle ruimten of poreuze gebieden, die bijzonder nadelig zijn voor
de elektrische eigenschappen. Onvolledige bedekking van de NS veroorzaakt
kortsluiting tussen de voor- en achtercontacten, hetgeen leidt tot een lagere
VF. Om deze uitdagingen te overwinnen, hebben we het oppervlakteprofiel van
de NS geoptimaliseerd door ze te bedekken met een Ag/ZnO:Al laagstructuur
met een geoptimaliseerde dikte van 200 nm en 80-100 nm, respectievelijk, op
NS met een kleinere hoogte-breedteverhouding (250~300 nm lang en ~100 nm
diameter). Door deze aanpassingen hebben we een goede balans bereikt tussen
de elektrische en optische prestaties, waarbij we de voordelen van de verhoogde
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lichtopsluiting, die terug te zien zijn in de kortsluitstroom (Jsc ), combineren
met een Voc en een VF die vergelijkbaar zijn met die van cellen gedeponeerd op
vlakke substraten. Voor de NS-cel met een a-Si:H absorptielaag van 200 nm dik
wordt een initieel rendement tot 8,4% is bereikt. Ter vergelijking: een cel op een
vlak substraat, tegelijkertijd gedeponeerd, gaf een omzettingsrendement van
6,4%. De afname van de Voc vergeleken met die van zijn vlakke tegenhanger,
bedroeg slechts 30 mV. Externe kwantumrendementsmetingen (EQE) lieten
een verbetering zien over vrijwel het gehele spectrale bereik van 350 nm tot
800 nm.
Het gedrag van het licht binnen de NS-cellen is in meer detail bestudeerd
door middel van optische meettechnieken in combinatie met finite-difference
time-domain (FDTD) simulaties. De ruwheid aan het oppervlak van de zonnecel zorgt voor een anti-reflectie effect, waardoor meer blauw licht de zonnecel
binnentreedt, terwijl lichtopsluiting zorgt voor een betere respons in het rode
deel van het spectrum. Driedimensionale FDTD simulaties zijn in overeenstemming met de experimenteel verkregen EQE-waarden en laten zien dat er
complexe elektrische velden ontstaan binnen de cel. De reflectie is aanzienlijk
verlaagd aan het oppervlak van de cel, maar de lichtabsorptie in het gestructureerde zilver is relatief hoog. Simulaties laten zien dat de lichtabsorptie verder
verhoogd kan worden met een vlak Ag/ZnO grensvlak, waardoor de absorptie
in de zilverlaag wordt verminderd, en ruwe a-Si:H/indiumtinoxide (ITO) en
ITO/lucht grensvlakken.
Om elektrische barrières in de J-V-krommes te voorkomen en om de celprestaties verder te optimaliseren, hebben we de opto-elektronische eigenschappen
van boorgedoteerde p-type lagen met verschillende kristalvolumefracties bestudeerd. Het kiemen van kristallieten vindt veel gemakkelijker plaats op een kaal
substraat van boorsilicaatglas (Corning Eagle), dan op een poreuze a Si:H laag.
Naast het substraat heeft ook de compositie van het brongasmengsel invloed
op de kristallisatie. Een hoge fractie B(CH3 )3 (trimethylboor, TMB) in het
gasmengsel vermindert de kristallisatie in een dunne p-laag van ~20 nm. Een
p-laag van puur amorf materiaal, heeft een hoge activeringsenergie van 0,6 tot
0,8 eV. Dit veroorzaakt in de amorfe cel een lage waarde van ongeveer 0,6 V voor
de Voc . Een optimale p-laag bevat een kristalvolumefractie van 2,5% en heeft
een activeringsenergie van 0,42 eV, een donkergeleiding van ~108 W−1 cm−1 en
een dikte van rond de 20 nm.
De methode om nanostaafjes te maken, zoals gebruikt voor dit proefschrift,
behelst geen ingewikkelde procedures of complexe apparatuur. Het ontwerp
biedt aanknopingspunten voor een nieuw ontwerp voor zonnecellen die zeer kosteneffectief kunnen worden geproduceerd. Het gebruik van 3D-nanostructuren
die geoptimaliseerd zijn voor conforme bedekking door de dunnelaagstructuur
van de zonnecel, samen met het gebruik van materialen met verschillende
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bandafstanden, biedt mogelijkheden voor de fabricage van geavanceerde nano3D zonnecellen. Met een goedgekozen materiaal voor het achtercontact kan
het nanostaafsubstraat gebruikt worden voor een verscheidenheid aan types
zonnecellen, gebaseerd op bijvoorbeeld gestapelde dunnefilm silicium, CdTe of
CuInx Ga1−x Se2 .
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