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ABSTRACT
To realize efficient photovoltaic devices, charge carrier-selective layers are utilized to
effectively separate and collect them at the electrodes. These layers allow the transport of one type
of charge carrier while presenting a barrier to the other, preventing recombination within the layer.
Typically, in both high-efficiency perovskite and silicon solar cells, carrier-selective layers require
high-temperature treatments to achieve enhanced efficiency, which hinders scalability, increases
thermal budgets, and causes other detrimental effects to the underlying layers. Traditionally,
furnace annealing processes have been used for high-temperature treatment. This thesis
investigates high-temperature treatment using short-pulse laser heating to improve photovoltaic
device performance, overcome some of the limitations of the furnace annealing process, and
generate a fundamental understanding of the laser annealing process.
By utilizing pulsed laser annealing, energy can be injected at short timespans
(nanoseconds) with localized energy deposition due to the shallow absorption depth (10s of
nanometers) of the laser light wavelength. This prevents the detrimental effects by having selective
energy deposition, lower thermal budget, higher throughput, and by increasing the overall device
efficiencies. In addition, laser processing is advantageous due to the ability to control the laser
fluence, repetition rate, scan speed, pulse overlap, beam shape, and pulse width, allowing for finetuning of laser-material interaction.
This work has investigated: (1) the laser annealing of low-temperature TiO2 electron
transport layers (ETLs) used in flexible perovskite solar cells; (2) laser annealing for selective
activation of dopants and crystallization of a/poly-Si carrier-selective passivating contacts (CSPC)
for high-efficiency; (3) laser annealing of Al2O3, MoOx, and TiOx passivating and carrier-selective
layers for Si solar cell devices; (4) laser-induced defects on a well-passivated silicon solar cell to
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evaluate the impact of laser annealing and high fluence laser processing on defect formation; and
(5) the use of lasers to bond well-passivated wafers of opposite doping type to form a p-n junction
and solar cell device by transmitting a focused beam through one of the wafers.
The main results demonstrate the use of laser annealing of the thin layers that enables (1)
conversion of chemical solution-deposited film to an efficient TiO2 electron transporting layer
without damaging underlying flexible substrates; (2) partial crystallization and dopant activation
of n+ doped a-Si:H thin films without detrimental effects to the underlying tunnel oxide or bulk
wafer; (3) improved performance of passivating and carrier-selective metal oxides for silicon solar
cells through interface improvements and changes in stoichiometry. The results also demonstrate
(4) the impact of laser fluence and the percentage of laser process area on defect formation and
subsequent impact on device performance; and (5) that wafer bonding of well-passivated Si wafers
is feasible and shows promise for future high-efficiency devices.
This work is of widespread interest to the photovoltaic community and essential to
improving efficiency and reducing the fabrication cost of photovoltaic devices. By demonstrating
laser annealing methods for various carrier-selective layers and demonstrating an innovative
method for p-n junction formation, this work provides viable avenues for further improvements to
device efficiency and fabrication cost reduction.
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CHAPTER 1: Introduction and Motivation
Photovoltaics (PVs) convert solar radiation into electricity by exploiting the photovoltaic
effect discovered by A. E. Becquerel in 1839. Photovoltaics have several unique advantages: their
operation produces no emissions, their operation is passive in nature, the materials required for
fabrication are abundant on earth, and they are easily and entirely scalable. Photovoltaic energy
generation is one of the most rapidly growing industries, yet accounts for only a small portion of
the overall energy production market. To increase their share of the energy market, photovoltaics
must produce as much electricity as possible for as low a price as possible, evaluated in terms of
their cost per kilowatt-hour or $/kWh. To compare the costs of various sources of electricity
production at the utility scale, the Levelized Cost of Energy (LCOE) is used, which sums the cost
of the investment, operations and maintenance, and fuel expenditures (not applicable for
photovoltaics) for a given year and divides it by the total electrical energy generated in that same

Fig. 1 Unsubsidized levelized cost of energy and projected cost for electricity production technologies.
Data taken from Lazard Levelized Cost of Energy Analysis–V14.0 [1].
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year. The expected lifetime of the system and any discounts can also be included in the calculation.
Figure 1 shows the unsubsidized LCOE and projected LCOE for various electricity production
technologies [1]. Solar photovoltaics have seen a rapid decrease in LCOE in recent years, with
projections indicating a further decrease in cost. The two primary approaches for reducing the cost
per kilowatt-hour or LCOE are to reduce the cost of fabrication and to increase the power
conversion efficiency of the device.
To reduce manufacturing costs, researchers have looked into replacing high-temperature,
high-vacuum, and other complex fabrication steps as they can hinder scalability and throughput.
In addition, high-temperature processes can cause unwanted damage or diffusion to the underlying
layers in a photovoltaic device. By reducing the temperature of key steps in the photovoltaic
fabrication process, the thermal budget is reduced, saving cost. Also, if the complexity and
duration of these steps are reduced, the manufacturing throughput is increased, providing more
production volume in less time. Both of these goals can be obtained using pulsed laser processing,
decreasing the cost per kilowatt-hour of photovoltaics, and potentially increasing the device
efficiency.
A promising method for enhancing photovoltaic efficiency is to employ carrier-selective
layers on opposite sides of the absorber to efficiently extract the photogenerated charge carriers
and minimize unwanted charge-carrier recombination. These layers selectively allow one type of
charge carrier, either electrons or holes, to pass through the layer, while preventing the other from
entering, based on the layer energy alignment with the absorber. By separating these charge
carriers, the recombination of the electron-hole pair is prevented, enabling the device to extract
them to produce current and enhancing the overall device efficiency. However, these layers
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Fig. 2 Device structures of traditional Si Al-BSF cells, which do not make use of carrier-selective
layers, compared to the next generation of high-efficiency devices, which all employ carrier-selective
layers.

commonly require high-temperature thermal treatment or complex deposition methods, hindering
scalability and throughput. Therefore, innovative approaches, such as laser annealing, are needed
to make device fabrication with these layers cost-effective.
Perovskite solar cells are one of the most rapidly developing photovoltaic technologies to
date and have power conversion efficiencies comparable to or exceeding traditional photovoltaics
[2]. They are solution-processable and can be deposited on flexible substrates for high-throughput
roll-to-roll manufacturing. Thin, lightweight, and flexible solar cells are of expanding interest in
the aerospace industry for providing power to lightweight aircraft and balloons or as deployable
arrays for satellites and extraterrestrial missions, where conventional photovoltaics are too rigid
and heavy. The active area of perovskite solar cells is hundreds of times thinner than that of silicon
solar cells, enabling substantially higher specific power. However, the electron selective layers in
this perovskite solar cells, commonly composed of TiO2, require high-temperature thermal
annealing, which is unusable with the flexible plastic substrates needed for roll-to-roll
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manufacturing [3]. Therefore, a low-temperature annealing method is required in order to use this
layer with flexible plastic substrates.
Silicon solar cells are currently the most widely used in the photovoltaics market,
accounting for 90% of photovoltaic manufacturing production [4]. The materials used in their
fabrication are earth-abundant, the modules have greater than 20-year reliability, and silicon cell
design has received the most extensive study of any photovoltaic technology. The most commonly
manufactured crystalline Si cell structure is the passivated-emitter rear contact (PERC)/Al-back
surface field (Al-BSF), which has metal directly contacting doped regions in the absorber [4].
Carrier-selective layers are needed between the contact and the absorber for the aforementioned
reasons, but the most promising carrier-selective layers require high-temperature annealing or
complex deposition methods, raising the thermal budget and slowing throughput. A variety of
state-of-the-art, high-efficiency solar cell concepts that employ carrier selective contacts are shown
in Figure 2. This work explores state-of-the-art tunnel oxide passivated contacts and dopant-free
transition metal oxide contacts for Si solar cells.
Conventional p–n and solar cell junctions as well as heavily doped areas near the contacts
are formed using dopants and diffusion processes. High levels of doping can cause unwanted
Auger recombination and ultimately limit the device efficiency, and undesirable dopant diffusion
from highly doped areas can occur with high-temperature annealing. Dopant-free carrier-selective
contacts are of interest because they avoid these issues while still maintaining carrier selectivity.
Transition metal oxides are a novel group of materials for forming carrier-selective layers that is
gaining increased interest because they reduce fabrication complexity, temperature, and cost.
However, these materials have not yet reached the performance of heterojunction with intrinsic
layer (HIT) contacts for Si, and more research is needed to improve their band alignment and
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process temperature. In addition, an innovative method for forming p–n junctions for solar cells is
demonstrated by using laser bonding of wafers with opposite dopant types. This avoids the need
to form heavily doped emitters using traditional ion-implanted dopant and thermal diffusion
techniques. Carrier selectivity is needed to reduce recombination at the interfaces of the wafers
and to effectively separate the photogenerated charge.
Carrier-selective contacts play an important role in high-efficiency perovskite and silicon
solar cells. Therefore, an in-depth investigation of the complexities inherent in their fabrication,
annealing, and functionality will have a large impact on improving the creation of high-efficiency
perovskite and silicon solar cells. To address this important issue, this dissertation investigates
high-temperature annealing using short-pulse laser heating to improve photovoltaic device
performance, overcome some of the limitations of the furnace annealing process, and generate a
fundamental understanding of the laser annealing process. A fundamental understanding of laserinduced defects generated from short-pulse laser heating is critically important in the quest to
improve carrier-selective contacts.
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CHAPTER 2: Solar Cell Operating Principle
Solar cells, and in particular silicon photovoltaics, are an increasingly widespread form of
energy generation due to their sustainability, ability to generate power passively, and their potential
for low-cost development. The two important functions of a solar cell are to convert absorbed
photons into electron-hole pairs and to separate and extract the electrons and holes before they
recombine. By absorbing incoming photon energy from the sun, electrons in the active layer’s
valence band become excited into the conduction band, creating an electron-hole pair which can
be extracted and used to produce electricity. Extraction is achieved by having regions that are
conductive to one type of carrier but not the other on opposite sides of the device. The basic process
is shown in Figure 3. By measuring the current-voltage characteristics of the photovoltaic device
under a 1-sun-calibrated illumination, its open-circuit voltage (VOC), short-circuit current (ISC), fill
factor (FF), and power conversion efficiency ( ) can be extracted and used to evaluate the device’s
performance. Silicon solar cells have achieved a record efficiency of 26.7% [5], roughly 3% shy
of the theoretical Shockley-Queisser efficiency limit for crystalline silicon solar cells of 29.4% [6].
An overview of the champion efficiencies of various solar cell structures is shown in Figure 2.

Fig. 3 The two important functions of solar cells: e-h pair photogeneration and e-h pair separation and
extraction.
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Fig. 4 Overview of the different types of recombination in solar cells.

Two primary loss mechanisms prevent solar cells from reaching the theoretical limit:
optical losses and electrical losses. Optical losses usually result from reflection from the front of
the cell surface, reflection from the front contact, or front contact shadowing loss, and affects the
short-circuit current primarily. Steps have been taken to reduce these optical losses including the
introduction of back contact cells [7], surface microtextures [8], and anti-reflective coatings [9],
reducing its impact on the overall device loss. Electrical losses such as electron-hole pair
recombination and contact resistances decrease the open-circuit voltage primarily. All photoexcited electrons in the conduction band (EC) will eventually shift back to the valence band (EV)
via one of three possible mechanisms, if it they are not extracted. These mechanisms for
recombination are shown in Figure 4. For traditional crystalline silicon photovoltaics, ShockleyRead-Hall and Auger recombination dominate, and are driven by defects and high dopant
concentrations, respectively. Surface-state recombination is present in all solar cells because the
surface is terminated at the surface of the solar cell, producing dangling bonds which provide
additional defect states for charge carriers to recombine. These states can be passivated using
dielectrics such as oxides, and hydrogenation can further passivate remaining bonds. An overview
of dangling bonds and surface passivation is shown in Figure 5.
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Fig. 5 Dangling bonds at the absorber surface and methods for passivating them.

In order to reduce voltage and efficiency losses from recombination, the causes for that
particular type of recombination need to be addressed. In order for minority carriers to be captured
before recombining, a high carrier diffusion length is required. Diffusion length is improved by
superior material properties, while increased doping can reduce the diffusion length. Generally,
amorphous materials have a high number of defects due to the variety of bond lengths and dangling
bonds, leading to increased recombination. Crystalline materials will have a more discrete
distribution of bond lengths, leading to a low number of defects and low recombination. Dopants
in amorphous materials are typically un-activated, as they will occupy interstitial sites and may
not share bonds with the bulk material, leading to low conductivity and poor band bending if used
as heterojunction layer. Once the material becomes crystallized, these materials become activated,
swapping with atoms in the lattice, increasing the conductivity and band bending of these
materials. A summary of crystallization and dopant activation is shown in Figure 6. However,
increasing the doping can reduce the minority equilibrium carrier concentration at the junction,
which reduces recombination at the junction, introducing a delicate balance between the two.
Lastly, passivating surfaces can reduce the surface recombination or interface recombination by
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Fig. 6 Material crystallinity and dopant activation and the effects of defect quantity on recombination,
conductivity, and band bending.

reducing the number of recombination locations and even providing electric field passivation to
repel unwanted carriers. Since the passivating layers used to prevent surface recombination are
generally thin insulators, ohmic contact with the device cannot be made, so a heavily doped region
is typically employed near the patterned contacts, and the passivating layers are employed where
the contacts are absent. This heavily doped region degrades the diffusion length of the carriers but
was previously the best option to reduce recombination at the surface [10].
However, this heavy doping limits the efficiency of front junction silicon solar cells due to
the carrier recombination in those areas, especially in the contact region. Carrier-selective
passivating contacts eliminate the need for heavily doped regions near the contacts and diffused
regions to separate the carriers, reducing Auger recombination and increasing the carrier lifetime.
A comparison of the various methods for forming carrier-selective contacts is shown in Figure 7.
The conduction and valence bands are denoted by EC and EV, respectively, while the quasi-Fermi
levels for the electrons and holes are denoted by EFC and EFV. EF denotes the Fermi level in the
contact. When the Fermi energy of the structure more closely matches the quasi-Fermi energy for
electrons, the electron drift current density, denoted by Jn, indicates that electrons will more readily
9

Fig. 7 Overview of carrier-selective contacting methods: Traditional diffusion-based homojunction
electron-selective contact; state of the art n-type tunnel oxide passivating contact; band-alignment-based
electron-selective TiO2 contact; and band-bending-based hole-selective MoOx contact, with ITO
transparent conductive oxide.

flow toward the metal contact, and vice versa for holes, denoted by the hole drift current density
Jp. The Fermi energy must remain constant through the device, which causes the shifts and
subsequent band bending in the conduction and valence bands of the materials at their interfaces.
Carrier-selective contacts move the interface defects away from the metal contact, reducing
recombination, while traditional diffusion-based homojunction contacts do not. The work function

Fig. 8 Energy alignment chart of dielectrics and carrier-selective layers used and considered in this work.
The chart is separated into passivating dielectrics, light absorbers, electron-selective contacts, and hole
selective contacts. The conduction band minima and valence band maxima are defined by the materials
work function and band gap from the vacuum level energy (0.0 eV).
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of a particular layer will also affect where its conduction and valence bands will be in an energy
diagram. For example, while MoO3 has a smaller band gap than TiO2, it has a much higher work
function, making it useful for hole selective contacts as shown in Figure 7. A variety of dielectrics
and carrier-selective layers were considered and used for this work, and their energy alignment
compared to silicon and perovskite absorbers is shown in Figure 8. The values shown in Figure 8
were taken from the literature [11]–[13].
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CHAPTER 3: Background on Laser Annealing and Experimental Setup
High-temperature thermal treatments are commonly employed during solar cell fabrication
and for annealing the various layers in a device. From start to finish of solar cell fabrication, these
thermal treatments are used for growing crystalline silicon boul
driving in and activating dopants (800–

–900

interface adhesion (100–

, and contact firing

temperatures can range from

–900

), layer

For carrier-selective layers, these

and the anneal time can be anywhere from 5–60 minutes,

depending on the purpose of the anneal. However, there is a need to replace these hightemperature, long-duration anneals which increase the thermal budget of manufacturing and
decrease the throughput. In addition, high-temperature, long-duration anneals can potentially cause
damage or unwanted diffusion to other layers in the device. Rapid thermal annealing (RTA) can
neal time to minutes or
seconds, but can only process a single wafer at a time. A comparison of these annealing techniques
is shown in Figure 9.

Fig. 9 Comparison of the annealing times and temperatures for traditional batch furnace annealing, rapid
thermal annealing, and pulsed laser annealing.
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Fig. 10 Schematic of pulsed laser annealing of thin films on a substrate or bulk device indicating the
localized heating of the film due to short absorption depth and short pulse width.

Pulsed laser processing for solar cells has gained increased interest over the years due to
its potential for replacing furnace heating techniques

. Due to the shallow laser absorption

depths and short laser pulse lengths, lasers grant additional control over heat application to
localized regions while preventing damage to the bulk of the device or substrate. A schematic of
the pulsed laser annealing process is shown in Figure 10. The laser wavelength, laser fluence, pulse
width, pulse repetition rate, pulse overlap, scan speed, and spot size are tunable, allowing for
precise control over laser-material interaction and kinetics. In addition, laser techniques are
entirely scalable for industrial applications, with a variety of processes available for PV
manufacturing, and they enable high-throughput solar cell fabrication at a reduced thermal budget.
The majority of the completed work described in this thesis made use of a Coherent, Inc.
MATRIX 355-8-50, diode-pumped solid state, Q-switched laser. This laser operates at 355 nm
ultraviolet wavelength, at pulse durations between 8–33 ns, at repetition frequencies between 20
kHz and 150 kHz, and a maximum average power of 8 W at 50 kHz. The output beam passes
through a beam expander and then through a collimator, reducing beam divergence and allowing
for a smaller spot size after focusing the beam. The collimated beam passes through a mirrored
galvanometric scan head with an f-theta lens. The scan head uses a series of galvanometric mirrors
13

Fig. 11 Computer-controlled pulsed laser processing schematic showing laser, beam expander,
galvanometer scanner, laser/galvo controller, and computer interface.

to direct the beam at scan speeds up to 15,000 mm/s at a resolution of 0.1 µm while the f-theta lens
produces a linear displacement to reduce distortion at angles far from the normal. This focused
beam is directed down onto the height-adjustable sample stage to account for varying sample
thicknesses with a fixed laser focus. In certain applications, the sample stage height was adjusted
in order to obtain a defocused beam that reduces high intensity at the Gaussian peak, smoothing
out the profile to obtain reduced temperature gradients in the material. The galvo scan head is
interfaced with a controller that connects to the laser system, galvo scan head, and computer and
sends a trigger pulse and control pulse to the laser and galvo, respectively, at a precisely calibrated
time. The computer sets the laser power and repetition rate, and sends a signal to the controller to
begin laser firing and scanning. This system can be modified to have gas flow over the sample or
with a vacuum chamber placed under the scan head to control the laser processing environment.
An x-y stage can also be incorporated to allow for large-area sample processing. A schematic of
this setup is shown in Figure 11.

Fig. 12 Propagation of Gaussian beam with increased distance from focus and change of beam profile.

For certain experiments, the beam focus location can be changed using a height-adjustable
z-stage. This is particularly advantageous for positive out-of-focus laser processing in order to
reduce the intensity gradient of a Gaussian beam, resulting in a more uniform and smooth
temperature profile in the material being processed. Figure 12 shows how the Gaussian beam
intensity changes with respect to increased distance from the focus. Negative defocusing is
necessary for thru-wafer laser processing of the rear surface of the wafer, particularly for wafer
bonding, where keeping the front surface un-damaged is desired. A general comparison of intensity
gradients versus the location of the beam focus relative to sample depth is shown in Figure 13.

Fig. 13 Intensity profile of the beam relative to beam focus depth in a material.
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CHAPTER 4: Laser Annealing of TiO2 Electron Transporting Layers for
Flexible Perovskite Solar Cells

Introduction
Hybrid organic-inorganic metal-halide perovskite solar cells are a relatively new
photovoltaic technology that emerged from dye-sensitized solar cells in 2009. Initially, they were
used by Kojima et al. as a photoactive dye to assist a TiO2 structure collect more photogenerated
electrons [15]. However, their power conversion efficiencies were low—around 3.8%. More
recently, single-junction perovskite solar cells have perovskite featured as the primary photoactive
layer and have recently reached efficiencies of 25.5% [2]. They have an advantage over traditional
photovoltaics due to the wide variety of inexpensive methods used to fabricate them while
retaining high efficiency. A basic device structure is shown in Figure

(a).

The TiO2 layer in perovskite solar cells, initially used as scaffolding for a photoactive dye,
commonly serves as the electron transport layer (ETL)—a nanoscale-thin film that transports
photogenerated electrons from the perovskite active layer to a metal contact. Without the TiO2
layer, device efficiencies are limited to

[16], since that layer assists with electron extraction,

prevents carrier recombination, and provides the most favorable conduction band mismatch (~0.2
eV) when compared to other metal oxides [17]. TiO2 has high optical transmittance allowing for
increased light capture by perovskite along with high durability and stability, allowing for longlasting and highly efficient perovskite solar cells.
The greatest weakness of TiO2 electron transport layers is that they require a high
to generate high efficiency, and they are the only layer within a
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Fig.

(a) Basic perovskite solar cell structure. (b) Laser annealing concept for TiO2 ETLs on flexible
PEN substrates.

and degrade the polyethylene napthalate (PEN) substrate, decreasing surface wetting and
preventing subsequent layer deposition.
polyethylene-based plastics. In addition, the transparent conductive oxide, Indium Tin Oxide
(ITO), which is commonly used as a transparent cathode for perovskite solar cells, loses
conductivity after annealing
sheet resistance of ITO can increase by 500% mainly due to a filling of oxygen vacancies and
consequent decrease in carrier current density [18], [19]. This causes an increase in series
resistance, decreasing the ultimate device VOC. A doubling in sheet resistance can negatively
impact the normalized power conversion efficiency of a device by as much as 20%. Thermal
annealing can also increase the roughness of ITO, decreasing its wettability for subsequent layer
deposition.
The rest of the perovskite solar cell fabrication process typically only needs annealing
temperatures of less than

-temperature fabrication

techniques that are compatible with flexible substrates such as poly(ethylene terephthalate) (PET)
and poly(ethylene naphthalate) (PEN). These substrates are low cost, flexible, lightweight, and
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roll-to-roll processable [20], making them financially attractive by decreasing the device weight
while increasing manufacturing throughput [21]. The active layer of perovskite solar cells is less
than 500 nm thick, hundreds of times thinner than that of traditional silicon counterparts, so thin
PEN substrates enable perovskite solar cells to have 60 times the power-to-weight ratio of silicon
solar cells [22]–

. This makes flexible perovskite solar cells of considerable interest to the

aerospace industry, as the cells enable high specific power, flexibility, compact storage, and low
weight when compared to traditional photovoltaics. It currently costs $5k per kg for low-earth
orbit, $30k per kg for geostationary orbit, $0.3M per kg for lunar orbit, $1.8M per kg for the lunar
surface, and $2M per kg for delivery with the lunar rover [25].
Pulsed laser annealing provides an opportunity to anneal the TiO2 ETL without damaging
the ITO or underlying substrate. It also allows the use of the standard titanium diisopropoxide
bis(acetylacetonate) in butanol sol-gel method for TiO2 layer formation, capable of generating
efficiencies of 15–18%
annealing process for TiO2 ETLs is shown in Figure

A schematic of the laser
(b).

Fabrication, Optimization, and Device Results
The ITO film on the ITO-coated glass substrates has a thickness and roughness of ~100
nm and ~2.5 nm, respectively, characterized by spectroscopic ellipsometry and optical
profilometry. Topographical scanning electron microscopy (SEM) gives good visual qualitative
information about the film smoothness.
fter a

5

min anneal. The optical bandgap, determined from ellipsometry, shifted from 3.55 eV to 3.29 eV
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Fig. 15 Effect of laser fluence on film color shift for ITO-coated glass and PEN substrates with asdeposited, laser-annealed films, and thermally annealed films (glass).

The laser processing fluence was optimized by coating the ITO-coated glass and PEN
substrates with sol-gel TiO2 and annealing at increasing laser fluences. As-deposited films appear
blue on ITO-coated glass and purple on ITO-coated PEN.
fading of the blue color of the sol-gel film indicating successful conversion to TiO2. With
increasing laser fluence, similar color shifts are observed on glass and PEN ITO-coated substrates.
Above a threshold fluence, a moiré pattern begins to appear, suggesting periodic ablation damage
to the underlying film, ITO, or potentially the substrate.

2

fluence for glass

and 1.38 J/cm2 for PEN coated-substrates, indicating a lower damage threshold for ITO-coated
PEN. These results are summarized in Figure 15. SEM was used to inspect the laser-processed
spots at increasing fluence on the stack to see the qualitative shift in contrast which is an indicator
of conductivity, and the laser-induced damage. The dark regions represent unannealed film, while
the lighter 20 µm diameter spots are regions annealed by a single laser pulse. The 0.88 J/cm2
fluence, laser-processed films have poor spot uniformity and contrast, while spot uniformity and
contrast for the 1.13 J/cm2 and 1.38 J/cm2 fluence-

2

,

ablation damage appears which is unsuitable for subsequent device fabrication. SEM images are
shown in Figure 16. A fluence of 1.13 J/cm2 was selected as the optimal fluence, based on visual
19

Fig. 16 SEM inspection of spot uniformity and laser-induced contrast at increasing laser fluence for TiO2
films on ITO-coated glass.

Fig. 17 SEM inspection of the topography of the underlying ITO, hot plate-annealed, and laser-annealed
TiO2 films on ITO-coated glass.

and SEM inspection as well as compatibility with flexible substrates. A comparison of the
topography of the underly

-plate annealed TiO2, and laser-annealed TiO2 is

shown in Figure 17 for reference.
Next, perovskite solar cell devices consisting of glass or PEN/ITO/TiO2/perovskite/SpiroOMeTAD/Ag or Au were fabricated and tested under illumination for I–V data. Figure 18 shows
(a) a schematic of the device structure and (b) a picture of the flexible perovskite device being bent
by hand. The device area was defined by the overlap between the ITO top contact and the bottom
Au contact which was 0.03 cm2. For laser annealing of the TiO2 film, a laser fluence of 1.13 J/cm2,
20

Fig. 18 (a) Perovskite solar cell structure and (b) picture of the flexible perovskite solar cell being bent by
hand.

focal spot size of 20 µm, pulse width of 25 ns, pulse overlap of 25% (or a 15 µm spacing between
pulses), scan speed of 750 mm/s, repetition rate of 50 kHz, and line overlap of 15 µm were used.
Reference devices consisted of TiO2 annealed thermally on a hot plate

. On

top of the TiO2 films, a two-step mixed-halide alloyed perovskite (FA0.85MA0.15PbI2.55-Br0 )
layer (~300 nm)

-tetrakis(N,N-di-p-methoxyphenyl-a mine)-

-spiro bifluorine (Spiro-

OMeTAD) layer (100 nm), and a gold anode layer (60 nm) were deposited. Illuminated I-V and I-

Fig. 19 I-V curve and corresponding parameters for (a) reference hot plate-annealed device on glass and
laser-annealed device on glass and (b) flexible laser-annealed device on PEN.
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V parameters of the reference thermally-annealed device on glass, the laser-annealed device on
glass, and the laser-annealed device on PEN are shown in Figure 19.
Characterization of Laser Annealed TiO2
TiO2 films were deposited on ITO-coated glass substrates and were stepwise annealed on
a hotplate and their sheet resistance and 635 nm wavelength optical transmission were measured.

vacancies in the ITO, while the optical transmission begins decreasing. This decrease in optical
transmission is caused by a reduced photon mean free path from increased light scattering at grain
boundaries caused by morphological changes in the film due to the phase transition to crystalline
TiO2 and crystalline grainy boundary improvement from annealing [26], [27]. These results are
summarized in Figure 20 (a). A similar experiment was done using pulsed laser annealing of the
structure at a 1.13 J/cm2 fluence with an increasing number of pulses. It is able to bring about
similar decrease in optical transmission in the stack, indicating conversion to TiO2, without
increasing the sheet resistance at all. These results are shown in Figure 20 (b).
Additional TiO2 films were prepared on glass via thermal and laser annealing for
characterization. Variable-angle spectroscopic ellipsometry (VASE) was used to compare the peak

Fig. 20 Effect of (a) annealing temperature and (b) number of pulses on glass/ITO/TiO2 sheet resistivity
and light transmission at a 635 nm wavelength.
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in refractive index of the various TiO2 films to evaluate their crystallinity and band gap. TiO2 has
a refractive index peak between 2.0 and 3.3 at a wavelength of 300 nm. The band gap varies
between 3.2 and 3.6 eV, with higher band gaps having more crystalline film phase [28] and higher
density [29], [30]. This is due to the air voids in the film, which have a refractive index of 1.0,
decreasing the overall refractive index in the film and signifying denser films will have fewer voids
and therefore a higher refractive index. The as-deposited films have a band gap of 3.35 eV and
refractive index peak value of 1.9. This increases to 3.51 eV and 2.05 after thermal annealing at

Similarly, laser processing of the as-deposited film increases the band gap to 3.56 eV and the peak
refractive index to 2.1, suggesting improved film density and crystallinity. The refractive indices
of these films are shown in Figure 21 (a). VASE can also be used to obtain film thickness which
were

-deposited, hot plate-annealed, and laser-annealed

TiO2 films, respectively.
X-ray photoelectron spectroscopy was done to characterize the chemical composition and
bonding of the TiO2 films. Survey spectra for all films, shown in Figure 21 (b), reveal O 1s, Ti 2p,
and C 1s peaks, which is consistent with the literature for titanium diisopropoxide
bis(acetylacetonate) in butanol sol-gel prepared TiO2 films by thermal annealing [31], [32]. Highresolution XPS spectra are shown for the Ti 2p and O 1s in Figure 21 (c) and (d), respectively. The
thermal-annealed and laser-annealed Ti 2p3/2 and 2p1/2 are well aligned with each other and are
consistent with values found in the literature for anatase TiO2 [32], [33], while the as-deposited Ti
2p peaks have higher binding energies due to their structural and chemical difference from the
annealed forms. Ti

2p peaks correspond with predominately TiO2 while Ti

can indicate

suboxide TiOx or even TiO. Both thermal and laser annealing reduce the intensity of the Ti3 peaks,
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Fig. 21 (a) Spectral refractive index, (b) XPS survey spectra and high-resolution XPS spectra of the (c)
2
Ti 2p and (d)
laser-annealed TiO2.

indicating the formation of stoichiometric TiO2 with the Ti

peaks. The Ti –O 1s peaks

correspond with the Ti 2p peaks, also indicating stoichiometric TiO2. A similar binding energy
shift with thermal and laser annealing from their as-deposited state was observed. Un-annealed
sol-gel TiO2 has an Ti –O 1s peak at 529.85 eV, matching well with our as-deposited result

.

Anatase TiO2 has a Ti –O 1s peak at 530.6 eV, and both the thermal and laser annealed TiO2 have
matching Ti –O 1s binding energies for anatase [35]. The additional O 1s peaks are the result of
from leftover organic compounds and hydroxyl groups, but do not affect device performance [21].

These XPS results demonstrate that hydrolysis and linkage of Ti-O-Ti groups can occur on the
order of a 25 ns laser pulse, demonstrating nanosecond crystallization and formation of TiO2 films.
Conclusions
This project successfully demonstrates a novel laser annealing method for sol-gel TiO2
films for electron transporting layers in high-efficiency flexible perovskite solar cells. By utilizing
laser annealing of TiO2 on ITO-coated glass and flexible PEN substrates, a 17.1% device efficiency
was obtained. Film characterization demonstrates that laser processing can successfully convert
the as-deposited titanium diisopropoxide bis(acetylacetonate) into stoichiometric, dense, uniform,
conductive, and crystalline anatase films of comparable quality to their traditional,
thermally annealed counterparts. This technique is compatible with flexible PEN substrates, unlike
This chapter opens the door for high-throughput and low-temperature
laser processing for high performance flexible perovskite solar cells and has the potential to bring
the difference in efficiency between flexible and rigid devices to parity.
The results of this chapter were published in ACS Applied Materials & Interfaces, volume
–

November of 2018.
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CHAPTER 5: Laser Annealing of Poly-Si for Tunnel-Oxide Passivated
Carrier-Selective Contacts for Silicon Solar Cells

5.1 Introduction
Carrier recombination in silicon solar cells can be greatly reduced by using passivating and
carrier-selective interlayers between the silicon absorber and its metal electrodes to enhance cell
efficiency. Highly doped a-Si:H, well studied as an interlayer in various Si devices, is receiving
increasing interest as a carrier-selective layer for high-efficiency Si solar cells [36]–

. When

coupled with a thin (< 2 nm) passivating layer (such as SiO2), surface passivation can be achieved
without negatively impacting carrier transport. Additionally, tunnel-oxide passivating contacts are
one of the few viable methods for eradicating diffusion and metal-contact-induced recombination
because they relocate heavily doped diffused regions and metallized contacts outside of the
absorbing base. The band alignment of the base, thin passivation layer, and carrier-selective layer
work together to create a high barrier for one carrier and low barrier for the other, providing carrier
selectivity for low minority carrier recombination and efficient majority carrier transport. The
energy diagram of this system is shown in Figure 22.
Typically, the highly doped amorphous or nanocrystalline silicon layer is deposited via
plasma-enhanced or low-pressure chemical vapor deposition (PECVD or LPCVD) at low
temperatures between 200–

-minute high-temperature anneal at 800–

used to further crystallize the as-deposited layer [36]–
structural and electrical stability [37]–

–

; increase

; activate dopants within the layer

; reduce short wavelength parasitic absorption by increasing crystallinity

; and possibly

generate pinholes in the interfacial oxide for carrier transport [38], [39]. Amorphous Si can reduce
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Fig. 22 TOPCon energy diagram showing carrier transport.

short-circuit current density values by as much as 9 mA/cm2 for a 100 nm thick layer, which is
2

for poly-Si

, emphasizing the need for layer crystallization. Dopant

activation will decrease the sheet resistance of the poly-Si, enabling a low series resistance for
subsequent metallization. However, high-temperature furnace anneals lead to several problems:
(1) degradation of the tunnel oxide and its interfaces [38]; (2) dopant diffusion from the poly-Si
into the base which increases Auger recombination; (3) incomplete dopant activation in the polySi;

ation of the absorber lifetime due to prolonged high-temperature exposure.
To alleviate these issues and grant further control over the processing, the use of ultraviolet

pulsed-laser annealing was investigated to replace the secondary furnace-based high-temperature
anneal. Laser-based solar cell manufacturing has gained increased interest in recent years, allowing
for easy adoption

. Pulsed laser annealing allows for selective control over dopant

activation and crystallization of the poly-Si layer while preventing oxide degradation, absorber
degradation, and excessive diffusion. This is due to the short laser pulse (25 ns) which can activate
dopants and crystallize the poly-Si in nanoseconds, and the shallow absorption depth (10 nm for
27

Si) enabling the processing to only affect the desired layer. Coupled with the low thermal
diffusivity of amorphous (0.10 cm2
crystalline silicon (0.90 cm2/s)

2

/s) when compared to

, it is possible to reach the high temperatures required for

activation and crystallization while preventing passivating oxide break-up (at
nanosecond pulsed laser heating

under

. This provides a unique advantage in preventing oxide break-

up while annealing the poly-Si layer.
In this chapter, the change in passivation, crystallization, and dopant concentration of laser
processed a-Si:H, carrier-selective passivating contacts and the impact of subsequent SiNx
deposition to replace the furnace-based high-temperature anneal for TOPCon for high efficiency
Si solar cells is described.

5.2 Modeling and Simulation
In order to understand the impact of the laser wavelength and fluence on the absorption
and resultant temperature increase in the TOPCon structure, the spectral optical properties of
amorphous and crystalline silicon were modeled and the laser-material interaction was simulated
to provide a conceptual background for the study.
The optical properties of amorphous and crystalline silicon were modelled to assess an
appropriate wavelength for laser annealing using Essential MacLeod optical modeling software.
While laser wavelengths can vary greatly, high-powered lasers based on Nd:YAG are typically
, and 266 nm wavelengths based on the first, second, third, and fourth
harmonic generation. The absorption properties of silicon with varying degrees of crystallinity
from amorphous to single crystal were investigated using data from Sopra SA

. Throughout

the visible spectrum, the absorption coefficient can shift by an order of magnitude across the
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Fig. 23 Log plot of the ultraviolet absorption depth of silicon of various degrees of crystallinity from
amorphous to single crystal. The arrow direction indicates the trend of increasing crystallinity. Dashed
line indicates the selected laser wavelength, which will have identical absorption regardless of silicon
degree of crystallinity.

aforementioned allotropes
absorption depth across allotropes ensures consistent laser energy absorption regardless of the
crystallinity of the Si and is therefore desired to ensure film homogeneity. However, abo
nm the absorption depth reaches 100 µm, indicating the majority of the laser energy will be
absorbed in the bulk wafer and not in the film. Therefore, a laser wavelength of 355 nm was chosen
to ensure sufficient energy absorption in the a-Si film without large amounts of c-Si substrate
absorption. Figure 23 shows a log plot of the absorption depth of silicon with various states of
crystallinity from amorphous to single crystal for ultraviolet wavelengths.
LCPSim, a finite differences code programmed in MATLAB and developed by Andreas
Fell at Fraunhofer ISE, can simulate laser optical effects such as reflection and absorption as well
as thermodynamic effects such as heat transport and phase change within various materials
[50]. This simulation was used to calculate the variation of temperature with silicon depth for
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various laser fluences to validate the experimental measurements. Only the laser interaction with
crystalline silicon could be reliably modeled due to the varying film density of amorphous silicon,
which does not have consistent thermal diffusivity or optical properties data. An enthalpy-based
heat transfer model was used along with the laser wavelength set to 355 nm, pulse width to 25 ns,
and pulse shape to Gaussian. Figure

shows the simulated temperature versus depth in crystalline

silicon for single laser pulses of increasing fluence. In addition, the substrate temperature after
times of 20, 10, and 7 µs, which correspond to the time between pulses for repetition rates of 50,
100, and 150 kHz, respectively, were investigated. The findings suggest that despite the high
repetition rates (50–150 kHz) used in laser raster processing, substrate temperature returns to near
indicating that there is no thermally induced
increase in absorption between pulses and each pulse has its own discrete, isolated effect on the
sample. The thermal diffusivity for crystalline, polycrystalline, and amorphous Si are 0.90, 0.10–

Fig.
Modeled results of temperature vs. crystalline silicon depth for increasing laser fluences of a
single laser pulse. The simulated laser had a 355 nm wavelength and 25 ns pulse width and was modelled
using LCPSim from Fraunhofer ISE with permission from A. Fell.
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0.10 cm2/s, respectively

. Therefore, the true temperatures at increasing depths in

the a-Si may be lower.
5.3 Fabrication, Optimization, and Device Results
This study used high carrier

-cm resistivity, 298 µm thick,

textured, n-type FZ wafers so that the variation in dark current density, J0, better reflects the change
in surface passivation and sheet resistance measurements reflect the change in film resistivity. The
wafers are etched using a KOH solution and then cleaned in an RCA solution. Next, a 1.5 nmthick tunnel oxide was grown symmetrically on both sides of the wafer using a HNO3 solution at
-thick phosphorus-doped a-Si:H layer was deposited on both sides of
the structure using PECVD by Prof. Rohatgi’s research group at the Georgia Institute of
Technology
annealing to further crystallize the layer, activate dopants, and improve its interface with SiO2

.

Fig. 25 Symmetric carrier-selective passivating-contact device structure for QSSPCD evaluation of
passivation showing laser raster scan pattern.
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Using a 355 nm wavelength, 25 ns pulse width laser with a spot size of 160 µm and a computercontrolled galvanometric scan head, the laser fluence and pulse overlap was optimized. The pulsed
laser was raster scanned across the substrate with a repetition rate of 50 kHz, a scan speed between
2–8 m/s,

–160 µm. Figure 25 shows a schematic of the device

structure and laser raster pattern.
To evaluate the passivation parameters of the symmetric structures shown in Figure 25, the
method developed by Kane and Swanson [51] was employed, using a Sinton Instruments WCT120 QSSPC at a specified minority carrier density of 1.0×1015 cm-3 in generalized (1/1) analysis
mode. J0 values are divided by two to reflect the saturation current of one of the two layers in the
symmetric structure which is designated by 1×J0. The sheet resistances of the deposited films were
measured with a Jandel Multiposition Probe with a linear 1.00 mm probe spacing and a 25 µm tip
radius.
After deposition of the 20 nm n a-Si:H films but before any subsequent anneal, the as-

the order of 1016 cm-3, lifetime of 733 µs, implied open circuit voltage (iVOC) of 679 mV, and 1×J0
of 25.6 fA/cm2
inert nitrogen to activate the dopants, crystallize the a-Si, and improve the interface it shares with
SiO2. After annealing, the resistivity dropped t
increased to 7.7×1019 cm-3, indicating phosphorus moving from interstitial to substitutional lattice
sites and solid-phase crystallization of the n a-Si. The lifetime and iVOC increased to 3586 µs and
719 mV, respectively, while the 1×J0 decreased to 5.2 fA/cm2, indicating excellent surface
passivation.
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To reduce the thermal budget for this process and the amount of time at which the structure
stays at elevated temperatures, as-deposited samples were laser processed across a variety of laser
fluences and pulse overlap percentages on both sides of the symmetric structure. The process
optimization results are shown in Figure 26. Initially, as the laser fluence increases, the film
resistivity decreases and the iVOC increases, suggesting simultaneous dopant activation and
passivation improvement. The iVOC peak

2

, which corresponds

furnace annealing temperatures for TOPCon. Above this fluence, the drop in resistivity flattens

Fig. 26 Fluence of a single laser pulse vs. (a) film resistivity and (b) device iVOC. The optimal fluence
2
based on low film resistivity and high iVOC. Percentage of pulse overlap at the
optimal laser fluence vs. (c) film resistivity and (d) device iVOC. While greater overlap resulted in a lower
film resistivity, the peak device iVOC occurred at a pulse overlap of 50%. The inset in (d) shows a topdown illustration of how pulse overlap of a Gaussian beam influences the number of pulses per area.
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generation, if at all, would be confined to a similar depth from the Si surface. This study used a
405 nm laser for photoluminescence excitation, which has a penetration depth of roughly 100 nm,
meaning that only a partial component of the signal may come from the surface where the laser
generate defects are concentrated. Additionally, these defect-band peaks are typically visible at
room temperature, but their intensities increase drastically at cryogenic temperatures [69], [70].
These defect-band dislocation peaks, called D1, D2, and D3 are found at 1527 nm, 1417 nm, and
1327 nm and are typically broad at room temperature [69], [71]. There is an additional defect peak,
D4, at 1240 nm, but this peak is often overshadowed by the large and broad band-to-band Si peak
(1150 nm) and the shorter, but still prominent at room temperature, phonon Si peak (1200 nm),
making the D4 peak difficult to observe. Despite these considerations, the D1 peak was observed
above a laser fluence of 1.27 J/cm2 and the D1 and D2 dislocation peaks were observed at a laser
fluence of 3.45 J/cm2. The defect peaks at the fluences of interest are compared with the low
fluence and high fluences used to show that they are not present at low fluences and disappear at
higher fluences, likely due to large scale melting and resolidification of the Si surface. Additionally
the same defect peaks are not present at both the 1.27 J/cm2 and 3.45 J/cm2 fluences, suggesting
that the laser fluence is important on the type of defect formed. These results are shown in Figure
40 (b)–note that the intensity is plotted in linear scale here.
Raman spectra of the 520 cm-1 wavenumber Si Raman peak for laser marked spots at
increasing fluences is shown in Figure 41 (a). With increasing fluence, they show a reduction in
peak height and also broadening of the peak. This indicates that high fluences are causing a loss
in silicon crystallinity by forming amorphous silicon, which has a broad shallow peak. At higher
fluences, the peak height begins to increase again, potentially due to the remelting of the
amorphous silicon and formation of polycrystalline silicon. The full width at half maximum
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Fig. 41 (a) Raman spectra of the 520 cm-1 silicon peak taken for different laser fluences inside the marked
spot. (b) the FWHM of the 520 cm-1 Si Raman peak versus laser fluence, demonstrating peak broadening
with increased laser fluence.

(FWHM) of the peaks are plotted versus the laser fluence in Figure 41 (b) with a line indicating
the moving average. The increase in FWHM demonstrates the broadening of the peak relative to
the peak height intensity, and indicates the degree of crystallinity in the sample. Large FWHMs
are indicative of a decrease in crystallinity and the formation of amorphous silicon. It can be seen
in Figure 42 (b) that there is a sharp increase in FWHM at low laser processing fluences, which
levels off at fluences above 2.36 J/cm2. The formation of amorphous silicon can also be used to
characterize the amount of defects because amorphous silicon has reduced crystal structure order
and therefore is more likely to contain dislocations.

7.4 Conclusions
This work characterizes the impact of ultraviolet laser processing of well-passivated silicon
at a variety of fluences and ratios of total sample area to laser processed area to evaluate how laser
dielectric opening as well as laser annealing of carrier-selective and passivating layers can impact
the overall device passivation, localized photoluminescence signal, and defect formation in the Si
substrate. Excellent passivation was achieved using an Al2O3/SiNx stack for an iVOC of 721 mV
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and lifetime near 1 ms. Laser fluences below the melting fluence (0.4 J/cm2) and far above the
ablation threshold (0.5 J/cm2) as well as area ratios of 1%, 5%, and 10% were studied to compare
with the wide range of conditions used for laser processing of these devices. Overall sample
passivation was found to only decrease at low fluence with no substantial decrease even at
exceptionally high fluences. Increasing the laser processed area resulted in further decrease to the
overall passivation, but the overall sample passivation remained excellent. Localized µ-PL of the
Si band-to-band peak in the laser processed regions dropped exponentially with increasing laser
fluence. Defect generation was examined through the defect-band photoluminescence peaks and
was found to occur at specific laser fluences. Raman spectroscopy revealed the degree of
amorphous Si generation and allowed for further characterization of defects. This findings of this
study are of widespread interest to the photovoltaic community as the use of laser processing in
high-efficiency photovoltaics grows.
A manuscript for this study is in preparation with the aim of submitting it for journal
publication.
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CHAPTER 8: Laser Direct Wafer Bonding for Solar Cell Junction Formation
8.1 Introduction
Conventional p-n junctions are formed via doping by ion implantation, dopant diffusion,
or epitaxy. These methods have been thoroughly studied for applications in logic gates, diodes,
and photovoltaics. However, control of dopant diffusion and limiting unwanted diffusion at higher
temperatures, which are needed for solar cell fabrication, is a difficult process. Joining of two
isolated pieces of Si wafer with opposite doping type, called silicon direct bonding (SDB) for
silicon p-n junctions, is an underexplored area and typically needs custom pressurized chambers
and temperatures in excess of 1100 °C [72], [73] to achieve bonding. Water is also typically used
at the wafer interface to form Si-O-Si bonds between the wafers.
As stated earlier, laser processing of silicon has attracted growing attention in recent years.
Laser wafer bonding would be of immense interest for p-n junction formation because it is able to
inject heat locally without excessive heating to the rest of the device, reducing the heat affected
zone and thereby reducing thermal stress [74]. The bandgap of silicon is 1.1 eV so the absorption
of silicon begins to drop off at wavelengths above 1000 nm and becomes near transparent to
wavelengths above 1100 nm. Therefore, near-infrared lasers can pass through silicon wafers
relatively unattenuated (besides reflection loss). This has led to recent interest in in-volume silicon
modification for waveguide, microchannel and microfluidic devices using non-linear absorption
by ultrafast lasers. In 2017, Kämmer et al. used a 1.55 µm wavelength, picosecond pulse width
laser focused through a high-NA microscope objective to achieve a sharp and short focal distance
[75]. They focused this beam to the inside of a 1 mm thick Si wafer and created cavities on the
order of 100 µm, due to non-linear absorption by the ultrafast 1.55 µm pulses [75]. Chambonneau
et al. used a similar wavelength and pulse width to create waveguides in single crystalline silicon
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in 2016 [76]. Liu et al. was able to melt the rear surface of a 380 µm thick Si wafer using a ns
pulsed, 1064 nm wavelength laser by passing the beam through the wafer [77]. While the
absorption at 1064 nm is higher for Si than 1.55 µm used in previous demonstrations, their
technique showed no marking on the front surface of wafer while the rear surface had 2–3 µm high
clusters of molten silicon [77]. Wissinger et al. first demonstrated a laser wafer bonding technique
by using a 1940 nm-wavelength, CW-thulium fiber laser by making use of metallic interlayers
between the wafers which would absorb the 1940 nm light and melt, inducing bonding [74].
However, the use of interlayers, metallic or otherwise, induces a high number of defects at the
desired p-n junction and is not suitable for solar cells.
This opens a window for the possibility of direct wafer laser bonding of two silicon wafers.
By focusing a near-infrared laser at the interface between two wafers, laser induced melting can
be sufficient to join the two wafers together without inducing melting at the front surface of the
top wafer. If the wafers are of opposite type (n and p) and are well passivated for high lifetime and
iVOC, they could potentially form a p-n junction which could be used for solar cells. This would
be a transformative method of solar cell fabrication, but involves the complex task of precisely

Fig. 42 Schematic overview of laser direct wafer bonding for silicon p-n junction formation.
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matching the laser focal position with the wafer interface position. They would also be heavily
reliant on carrier-selective layers to effectively separate the photogenerated charge and prevent
recombination at the front and rear surface of the top and bottom wafer, respectively. This study
investigates the use of a 50 ns pulse-width, 1064 nm wavelength laser to mark the front surface of
the bottom silicon wafer without damaging the front surface of the top silicon wafer, as well as its
applications for laser bonding the wafers together using this technique to form a p-n junction for
low cost fabrication of Si solar cells.

8.2 Optical Properties and Laser Beam Focusing Considerations
Selecting an appropriate wavelength for laser transmission bonding of silicon wafers needs
to be done carefully to ensure sufficient laser light reaches the interface between the wafers to
induce melting and bond the wafers. The optical properties of silicon are shown in Figure 43
[48][78]. While reflection is of some concern for direct wafer bonding, the major concern is the
absorption of the laser energy. Visible wavelengths (380–700 nm) have very shallow absorption
depths (0.01–5 µm), and given that typical wafers are between 200–500 µm, these absorption
depths are insufficient to reach the interface. In contrast, wavelengths above 1200 nm have
absorption depths > 4.5 mm, far above the typical wafer thickness and are likely to pass through

Fig. 43 Optical properties of silicon and variation of reflection, transmission and absorption versus
wavelength for a 500 µm thick silicon wafer [48][73].
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the silicon wafers entirely (omitting reflection) without generating significant absorption to induce
melting. Ultrashort pulsed lasers are capable of in-volume marking thanks to non-linear processes
such as multiphoton absorption, where the material absorption coefficient has linear or higherorder dependence as a function of the light intensity. However, these processes are typically several
orders of magnitude weaker than standard, linear absorption and thus are energy- and costintensive for industrial fabrication processes. Additionally, metallic (or similar) interlayers, which
have high infrared absorption, can be sandwiched between the two wafers to ensure adequate
bonding, but they will detrimentally hinder any diode behavior by introducing numerous chargecarrier recombination defect sites at the interface.
Therefore, to ensure that the laser light reaches the interface and can still be readily
absorbed, wavelengths between 1000–1200 nm should be used. Of commonly available laser
wavelengths, Nd:YAG lasers operate at a fundamental wavelength of 1064 nm and are widespread,
efficient and cost-effective laser systems. The semiconductor industry already makes use of
Nd:YAG lasers operating at a 1064 nm wavelength for stealth wafer dicing technology which
focuses these lasers through the front Si surface to induce cracking which enables subsequent
dicing through a dry and clean process [77]. However, getting a 1064 nm wavelength to melt the
rear surface is complicated task due to the weak Si absorption coefficient (9.55 cm-1 [79]) at this
wavelength.
Free-carrier absorption is light absorption where the free carriers, such as electrons or
holes, absorb a photon that excites them from an already-excited state to an unoccupied excited
state in the same band; i.e. conduction-to-conduction band transition for electrons and valence-tovalence transition for holes. It can be described as an intraband transition rather than interband
transition like typical semiconductor absorption, where an excited carrier travels from the valence
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to the conduction band or vice versa after absorbing light. The statistical occurrence of such
transitions is typically low, but becomes increasingly prevalent with heavily doped silicon, due to
the shift in Fermi level. This occurs primarily with near-bandgap photon energies, where band-toband absorption is weakest. Typically, it is thought to be detrimental to solar cell performance
because it will parasitically absorb infrared light without contributing to current generation.
However, free-carrier absorption can be exploited for direct wafer laser bonding by utilizing a
lowly doped top cell (~1016 cm-3) and heavily doped bottom cell (~1019 cm-3) and infrared laser
wavelengths near the bandgap. The absorption depth at near infrared wavelengths for undoped
silicon and silicon with boron and phosphorus dopants at high doping densities is shown in Figure
44. The free-carrier absorption depths for doping densities of 1017–1020 and wavelengths between
1000 and 1450 nm are calculated from parameterized equations from Baker-Finch et al. [80]. As
can be seen in Figure 44, the absorption depth for silicon at a wavelength of 1064 nm increases
approximately an order of magnitude for every order of magnitude increase in the doping density

Fig. 44 Effect of dopant concentration on the absorption depth of infrared wavelengths [48], [75].
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above 1018 cm-3, meaning undoped silicon will absorb 63% of the initial intensity of 1064 nm light
at 900 µm depth, much greater than the thickness of standard wafers used in the photovoltaics
industry, while 1020 cm-3 boron-doped silicon will absorb the same amount of light in 25 µm, far
closer to the surface of a standard wafer. With wafer thicknesses of 280 µm, the top wafer will
absorb roughly 24% of the relative intensity, while the bottom wafer will absorb 99% of the
remaining intensity within 120 µm of the front surface. By having absorption depths change two
orders of magnitude for the same material based on the doping content, direct wafer laser bonding
of silicon becomes practical without the use of absorptive interlayers.
Another factor to consider is how the refractive index of the silicon wafers induces
reflection and refraction of the incident laser light. For silicon, the refractive index is 3.55 at a
wavelength of 1064 nm. This results in a compounding 31.5% reflection each time the incident
light crosses from air-to-silicon and vice versa, which will occur three times for light entering the
bottom wafer, meaning 68% of the light entering the bottom silicon wafer will be lost to reflection.
Including the absorption losses through a top wafer thickness of 280 µm, only ~25% of the incident
laser intensity energy will enter the bottom wafer to be absorbed. Consequently, in order to achieve
melting at the rear surface with only ~25% of the initial energy without inducing damage at the
front surface, a significantly larger beam diameter is needed at the front surface to keep the energy
density low. To achieve this, a high numerical aperture (NA) lens should be used, enabling a tight
depth of focus, so that the energy density of the focused beam with 25% of the initial energy is
significant enough to induce Si melting at the interface between wafers, while the energy density
at the front surface, hundreds of microns apart, is significantly low to avoid damage. Thermallyinduced red-shifting in absorption of the top wafer must also be avoided as this will result in
additional beam intensity losses prior to reaching the interface [81]. Even with a high numerical
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Fig. 45 Change in ½ angular aperture with lens numerical aperture for light in air after leaving the lens
(red) and after entering silicon from the air (blue).

aperture lens, the refractive index of silicon at 1064 nm is 3.55, so the large ½ angular apertures
(< 90°) achieved with high numerical aperture lenses will be reduced (< 16°) due to Snell’s law
within the silicon substrate as shown in Figure 45. The ½ angular aperture, , first defined by Ernst
Abbe, is calculated from:
(1)

= sin

where NA is the numerical aperture of the lens and n is the refractive index of the medium, which
is air in this case. The change in ½ angular aperture once the beam enters silicon, , is given by:
= sin

sin( )

(2)

By passing the beam through silicon, the focal length or working distance of the lens is
increased due to Snell’s law. The increase in focal distance is dependent on the numerical aperture
and the thickness of the silicon, but independent of the lens’ initial focal length or working distance
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Fig. 46 Light path when (a) the laser is focused on the front surface of the sample (z = 0), (b) the focal
height is changed exactly the distance of the wafer thickness, t, (z = t), and (c) where the true focal height
lies for in focus marking of the rear surface (z = e – (j – b))

and can be solved through simple trigonometry, however it must be accounted for with high
numerical aperture lenses with small depths of focus. Figure 46 shows how the light path would
look when (a) the laser is focused on the front surface of the sample (z = 0), (b) the focal height is
changed exactly the distance of the wafer thickness, t, (z = t), and (c) where the true focal height
lies for in-focus marking of the rear surface (z = e – (j – b)). The sides of the triangles are labeled
alphabetically, where primes indicate a side length that is modified by the presence of silicon, and
the Greek letters indicate angles. The focal length is given by b and helps to define the other
parameters, but the focal length shift, the difference in focal height from the front of the wafer to
the rear of the wafer, and the spot size at the front of the wafer when the back of the wafer is in
focus are independent of this value, and it can be set to 1 for the purposes of simplifying the
calculation. For the example in Figure 46 (a), a and c are given by:
=

tan

,

=

(3)
cos

When the wafer height, z, is shifted upwards by the thickness of the wafer, t, as shown in
the example in Figure 46 (b) (where t = e), it’s sides are similarly given by:
=

,

=

tan

,

=

(4)
cos

and the beam waist at the front of the wafer is denoted as d and given by:
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(5)

=
and

is given by equation (2). The remaining sides can be solved for in a similar fashion, noting

that the angle of the triangle will change back to

once it exits the rear of the wafer. The inset of

Figure 46 (b) shows the labels of the remaining sides. The shift in focal length, which is
independent of the rear of the wafer’s distance from the focus assuming the beam exits from or
focuses at the rear surface of the wafer, is denoted j, and given by:
=

(6)

+ +

The wafer distance necessary to have the focus position at the rear surface of the wafer, as
shown in Figure 46 (c), which is also equivalent to the difference in distance from marking the
front of the wafer as in Figure 46 (a) and marking the rear surface is given by:
=

(

)

(6)

Lastly, the beam waist at the front surface of the wafer when the rear surface of the wafer
is in focus, is given by 2d’. This value is important when considering a fluence that is necessary
to mark the rear surface after absorption and reflection losses through the wafer. If it is too small,
than the energy density of the laser will be too large at the front surface causing marking of the
front surface without reaching the rear. How these important parameters vary together with various
lens numerical apertures and wafer thicknesses is shown in Figure 47.
While there are many choices for laser wavelength, wafer doping, lens NA and wafer
thickness that could accomplish wafer bonding, the feasibility of the entire system should be
evaluated with these considerations in mind.
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Fig. 47 Impact of wafer thickness and lens NA on the (a) shift in focal length, (b) difference between the
focus spot size at the front of the wafer and rear of the wafer, (c) beam diameter at the front surface of the
wafer when the rear surface is in focus.
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8.3 Experimental Approach
For this study, a 1064 nm laser with a 50 ns pulse width and maximum pulse energy of 1
mJ was used (IPG, YLP RA 1-50-30-30). The pulse repetition rate was fixed at 30 kHz. The
collimated beam diameter was approximately 4.5 mm before focusing. A lens with an NA of 0.55,
effective focal length of 4.51 mm, working distance of 2.43 mm, and clear aperture of 5.07 mm
was used (Thorlabs, C230TMD-C). The lens was coated with an infrared anti-reflective layer to
reduce reflection on the lens. The lens was mounted on a Z-stage to control the focal distance from
the sample. The beam was directed into the lens via tiltable infrared mirrors. A computer controlled
X-Y stage with a stepper resolution of 0.24 µm was used to move the sample underneath the lens
in a raster pattern (MKS Newmark, ET-50-21). A kinematic sample holder with adjustable tip and
tilt was placed on the X-Y stage and used to level the sample relative to the lens. Levelness was
ensured by drawing large squares on a silicon sample (via the computer controlled X-Y stage) just
above the threshold marking fluence and adjusting the tip and tilt and lens z-stage position until
the square pattern marked perfectly and an ablation plume could be seen along all edges and
corners of the square pattern on the sample.
Two Si wafers, with thicknesses of 280 µm and opposite doping type were utilized. A
double side polished n-type wafer with a resistivity of 1-

·cm (doping concentration of 1–5 ×

1015 cm-3) was used as the top wafer due to its flatness on both sides and low free carrier absorption.
A single side polished p+-type wafer with a resistivity of 1-

·cm (doping concentration of 2–

10 × 1019 cm-3) was used as the rear wafer, with the polished side face up. The high doping
concentration of this wafer enables significantly higher free carrier absorption. The wafers were
cleaned to remove any debris and to ensure the wafers remained perpendicular and flush with one
another. Wafers were passivated with 1.2 nm of Al2O3 on both sides deposited by a plasma ALD
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process to reduce recombination in the subsequent device after bonding and increase current
capture. After Al2O3 deposition the wafers were annealed in forming gas for 1 hour at 350 °C. The
wafers were placed on top of one another and DI water was applied between them to increase bond
strength. A weight was applied to the edges of the top wafer to push it against the bottom wafer
and squeeze out excess water.

8.4 Results
Initial I–V measurements were taken of each wafer individually and with both wafers
stacked on top of one another without bonding and are shown in Figure 48 (a). As expected, the
highly doped p-type wafer showed a higher conductivity than the lowly doped n-type wafer. It also
displayed Schottky behavior most likely caused by the CuBe probe used to measure the wafer.
When stacked, diodic, rectifying behavior is measured however overall current flow is quite poor
most likely because current flow only is occurring from wafer contact causing high series
resistance. Under AM1.5 illumination the current of the stack increases, due to the photovoltaic
effect, however due to the lack of bonding this effect is significantly reduced (Figure 48 (b)).

Fig. 48 (a) I–V curves of the individual wafers under darkness as well as the wafers stacked on top of one
another without bonding, showing current—indicating contact between the wafers and (b) illuminated and
dark I–V curves of the stacked wafers demonstrating small photocurrent generation.
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Fig. 49 (a) Microscope image showing the laser raster lines with 100 µm line spacing, (b) ejected material
heat map showing the three lines, (c) 3D model of the surface profile, (d) surface profile of line drawn
across the three laser marked lines shown in (b).

Laser marking of the bottom wafer through the top wafer was first attempted without DI
water between the wafers in order to evaluate the amount of swollen material produced from thruwafer marking. Height profiles of the laser marked lines were taken via optical profilometer (Zygo,
NewView 7300). Depending on the laser fluence, the height profiles of the ejected material on the
front of the bottom wafer ranged between 30–90 nm. On the rear surface of the front wafer, peak
height profiles were on the order of 70–110 nm. This means that the space between the wafers
would need to be between 100-200 nm in order to ensure sufficient silicon-to-silicon bonding
through the ejected material. The height profile of the front surface of the rear wafer is shown in
Figure 49.
After deposition of 1.2 nm of Al2O3 on via ALD each side of the wafer and subsequent
350°C anneal, the n-type wafer had an iVOC of 687 mV, lifetime of 954 µs, and J0 of 67 fA/cm2.
Due to the high doping of the p-type wafer, it was unable to be measured by the QSSPCD method
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from Kane and Swanson (Sinton, WCT-120). However, it is assumed that the p+-wafer’s surface
passivation would also be markedly increased, but internal Auger recombination would still be
significant. After raster scanning the laser at the interface between these stacked wafers at a pulse
energy of 0.03 mJ (1.0 W average power), the wafers remain affixed to one another demonstrating
successful bonding. Figure 50 (a) shows the rear wafer being held at a vertical angle while both
wafers remain attached. Figure 50 (a) also shows that no marking of the front surface of the front
wafer occurred during bonding, indicating that melting did not occur and the front surface
passivation remained intact. An illuminated I–V curve of the laser bonded stack is shown in Figure
50 (b). While it showed diode behavior and photovoltaic response, the current through the device
was still limited due to the high series resistance

of the device. However, the open circuit

voltage (652 mV) remained close to the implied open circuit voltage value (687 mV) measured for
the n-type wafer. The fill factor was largely limited (36.8%) by series resistance losses.

Fig. 50 (a) Picture of the laser bonded wafers being held vertically by the rear wafer and (b) AM 1.5illuminated I–V result of the laser bonded wafers with text inset showing relevant parameters.
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8.5 Conclusions
This work has demonstrated a novel method of wafer bonding and p-n junction formation
at low temperatures, that relies solely on injecting laser energy significant to induce melting at
exactly the interface between two wafers. All optical considerations are discussed for
demonstrating laser direct-wafer bonding, including laser wavelength, lens numerical aperture,
wafer thickness, and wafer doping type. An experimental setup is demonstrated and the impact of
laser pulse energy is explored through the impact on the ejected molten material height profile.
Direct-laser wafer bonding is also demonstrated with the assistance of water at the interface
between the wafers. Dark and illuminated current-voltage characteristics are measured for the
individual wafers, the wafers stacked without bonding, and the wafers bonded via laser. After
bonding, diode formation occurs and the photovoltaic effect is demonstrated. The open circuit
voltage is largely preserved from QSSPCD measurement, but the generated current is low. Future
work will focus on optimizing the laser bonding process to reduce series resistance and increase
current generation.
A manuscript for this study is in preparation with the aim of submitting it for journal
publication.
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CHAPTER 9: Conclusions and Future Work
9.1 Conclusions
This work entails the use of novel laser processing techniques for the fabrication of
advanced solar cell concepts for high-efficiency solar cells. Of particular importance in this work
were the carrier-selective and passivating layers of photovoltaic cells, which efficiently separate
photogenerated charge while simultaneously preventing recombination at the absorber surface and
interfaces. This includes the electron transport layer in flexible perovskite solar cells, the heavily
doped polysilicon layer in TOPCon silicon solar cells, and transition metal oxide layers and tunnel
oxides in amorphous Si-free, asymmetric heterojunction solar cells. In addition, the influence of
laser processing parameters on defect generation was investigated. Lastly, a novel use of infrared
lasers for room-temperature silicon wafer bonding and p-n junction formation with wide-ranging
applications for semiconductor devices was explored.
For flexible perovskite solar cells, the traditional, high-temperature thermal annealing
conditions for the sol-gel TiO2 electron transport layer, was replaced with laser annealing of the
TiO2 layer. This laser annealing condition was optimized in terms of film morphology and device
performance. Using this optimized condition, a 17.1%-efficient flexible device was fabricated and
showed better performance than its rigid, furnace annealed counterpart. The laser-annealed TiO2
layer was also characterized using optical transmission, ellipsometry, and X-ray photoelectron
spectroscopy to confirm its crystallinity and high transparency. This study demonstrates a novel,
low-temperature method for generating high-efficiency flexible perovskite solar cells without
impacting the flexible substrate.
For state-of-the-art tunnel-oxide passivated contact (TOPCon) solar cells, the highesttemperature step of the fabrication process is the annealing of the heavily doped polysilicon on
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tunnel oxide stack–necessary to activate the dopants within the polysilicon, crystallize the layer
for improved conductivity, and anneal the interfaces for improved passivation. Using a novel laser
annealing technique, these same tasks are accomplished without heating the entire wafer through
selective laser surface heating and with further control, resulting in an iVOC of 718 mV and
. Optical and laser modeling are provided to give an estimated absorption
depth and temperature with laser fluence, correlating well with the experimental findings. The
laser fluence is optimized for both improved passivation and conductivity of the poly-Si. This work
provides a rapid and novel method for low-temperature annealing of TOPCon devices.
The laser annealing concept was also applied to amorphous silicon layer-free, asymmetric
carrier-selective transition metal oxide contacts in silicon solar cells, which can be deposited with
far cheaper source materials and without toxic and flammable silane, phosphine, and diborane used
in intrinsic and doped amorphous and polycrystalline silicon. Optimization of the laser annealing
conditions is demonstrated for MoOx, TiOx, and Al2O3 and compared with the impact of traditional
thermal annealing. Further study on the laser annealing process can be used to create a complete
photovoltaic device.
With the growing use of laser processing for photovoltaic device fabrication and the
demonstrated improvements in device performance in this work, there is widespread interest in
characterizing how high fluence laser processing could impact the total and localized passivation
of a device and if it could lead to defects in the silicon absorber. This chapter discussed how laser
fluence and processing area impacted those factors, showing that high laser fluences processing at
10% of the device area had minimal impact on the overall device lifetime. Defects such as
dislocations were discovered at particular fluences and were also characterized.
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Lastly, this work discussed a novel method of wafer bonding by focusing a laser through
one wafer at the interface between to wafers to inducing melting and bond the wafers. Optical
considerations were carefully discussed as well as choice of laser wavelength, wafer thickness,
and wafer doping. This work also demonstrated the bonding of two wafer of opposite doping to
form a p-n junction and demonstrated a solar cell with a photovoltaic response using this technique.
The bonded wafers also made use of passivating and carrier-selective layers to improve the device
efficiency. This technique has broad applications for low temperature bonding of vertically
integrated devices like multijunction photovoltaics, CMOS devices, and multi-layer structures that
require low-temperatures compatible with the on wafer devices.
Overall, this work demonstrated the feasibility and benefit of utilizing pulsed laser
processing for carrier-selective layers in high-efficiency hybrid organic-inorganic lead halide
perovskite and silicon photovoltaics. The key implications of this work are as follows: (1) The
electron transporting layer in perovskite solar cells can be laser annealed to allow for the use of
flexible substrates; (2) that laser annealing allows for the fabrication of TOPCon silicon solar cells
at relatively lower temperatures, under 500 °C; (3) a systematic evaluation for the scientific
understanding of laser generated defects and their impact on device performance; (4)
demonstration of a p-n junction device by laser bonding of two wafers, which eliminates high
temperature processing and dopant diffusion processes. This work is of widespread interest to the
photovoltaic community and essential to improving efficiency and reducing the fabrication cost of
photovoltaic devices. By demonstrating laser annealing methods for various carrier-selective
layers, characterizing them, and demonstrating an innovative method for p-n junction formation,
this work provides viable avenues for further improvements to device efficiency and fabrication
cost reduction.
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9.2 Future Work
Perovskite solar cells could benefit from future work with laser annealing for alternative
carrier-selective layers that require high temperature annealing. Inverted structures could
potentially utilize this technique as it would protect the temperature-sensitive underlayer from high
temperatures. Additionally, large scale roll-to-roll printing on flexible substrate could use this
technique with high-speed polygon scanners to increase throughput and remove costly furnaces
all-together. Any device that utilizes sol-gel precursors which need high temperatures to convert
to their final layers could utilize laser annealing instead.
TOPCon devices could benefit from further optimization with laser annealing if the
thickness and laser wavelength were optimized for industrially compatible solar cell fabrication.
Because this process is far more rapid than conventional high temperature annealing, TOPCon
devices could see reduced fabrication cost, higher throughput and potentially improved device
efficiency though minimized dopant diffusion and oxide breakup. Additionally, a fundamental
understanding of how tunneling and carrier-selectivity in TOPCon structures is still lacking, and a
transmission electron microscopy study of this interface would lead to a complete understanding
of how it could be improved. This method will be further explored as a part of NSF Grant ECCS2005098, which is ongoing at the time of the publication of this thesis.
Transition metal oxide, amorphous silicon layer-free, asymmetric heterojunction solar cells
would benefit from further study if the laser annealing process and alternate carrier-selective layers
are explored. Current candidates for hole-selective layers include NiOx, WOx and VOx, which may
have better temperature stability than MoOx. By coupling these layers with various tunnel oxides,
the passivation of these layers could be further improved without loss of carrier selectivity. If the
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conductivity of the top carrier-selective layer could be improved, this device could be fabricated
without costly indium tin oxide transparent conductive oxide. This activity will also be explored
under NSF Grant ECCS-2005098.
Characterizing the defects generated from ultraviolet laser processing of well-passivated
carrier-selective contacts is a difficult process due to the shallow absorption depth of this laser
wavelength. Ultraviolet excitation wavelengths for photoluminescence and Raman spectroscopy
would enable the bulk of the signal to come from the surface and allow further understanding of
how these defects propagate. Additional structures which require different wavelengths or laser
fluences could benefit from the understanding of how laser-induced defects impact the overall
device.
Lastly, wafer laser bonding has only just been demonstrated in this work. It has a wide
range of potential applications for a multitude of semiconductor devices. There is much to explore
on this topic, including optimizing the wafer bonding process for reduced series resistance,
increasing current flow through the wafer interface, and minimizing laser induced defects at the
interface between the wafers. Besides photovoltaics, this approach could be translated to vertically
integrated structures for lasers, medical applications, and 3D-chip structures.
The most impactful areas to apply this research would be further improvement in laser
processing for alternative low-cost carrier-selective layers for silicon and perovskite photovoltaics.
Laser treatment allows for selective energy deposition only in certain incremental areas of the
carrier-selective layer—ideally where the contacts would be subsequently deposited. This would
enable higher conductivity near the contacts while maintaining passivation elsewhere. While this
work showed the potential of a variety of carrier-selective layers, a fundamental understanding of
charge transport at these layers and the change in charge transport with furnace or laser annealing
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is still needed to explain how exactly these contacts work on a fundamental level. Lastly, the laser
wafer bonding process has only just been demonstrated with silicon wafer bonding, but there are
a multitude of applications for this type of bonding for electronics and photonics. Additional
materials, laser wavelengths, pulse energies, and focusing strategies should be explored to make
this technique more robust and widely applicable.
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APPENDIX A: Projects on Photovoltaics in Space Applications
A.1 Encapsulated Perovskite Cells for Space Applications
Photovoltaics have long been used in space, since the first satellite launch in 1959, and
have since vastly improved in their specific power. The most recently deployed photovoltaic panel,
the Roll Out Solar Array (ROSA), utilizes 4-junction inverted metamorphic solar cells with an
efficiency exceeding 32% (AM0) and a specific power above 1 W/g [82]. On Earth, laboratory
demonstrations of triple junction III-V photovoltaics have exceeded 3 W/g [83]. Unfortunately,
the fabrication of these cells is cost, energy and rare-material intensive. Perovskite solar cells have
demonstrated specific powers of 29.4 W/g with a device PCE of only 12.9% [84], owing in large
part to their solution processability and ultrathin active layer thicknesses, typically <500 nm which
is 300 times thinner than a commercial silicon wafer (~150 µm). Perovskite solar cells have
demonstrated efficiencies of over 25.2% [2], so the potential to achieve substantially higher W/g
ratios is within reach. This would enable huge weight savings for NASA as current launch costs
are $22,000/kg for payload sent to orbit. However, studies on the effects of micro-gravity, high
ultraviolet light irradiation, cosmic radiation, atomic oxygen and drastic temperature fluctuations
on perovskite solar cells are limited and have only been demonstrated on stratospheric balloons
which reach an altitude of 35 km [85] or rockets reaching 240 km [86]. The International Space
Station (ISS) has an orbital altitude of over 400 km, where environmental conditions are
considered “real space” [86]. A unique opportunity was provided to send encapsulated perovskite
solar cells to the ISS as part of the 11th Materials International Space Station Experiment (MISSE11) mission to evaluate the durability of these cells in true space conditions. The objective of this
mission is to test material samples for space qualification studies where the samples are located
outside of the ISS and subjected to exposure to vacuum, cosmic radiation, enhanced ultraviolet,
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atomic oxygen and drastic thermal fluctuations, where the results of this mission would be helpful
in evaluating the success of said materials in future space exploration missions. To date, the
perovskite solar cells have not yet returned but details of this study and the mission are described.
The cells consist of the same structure and were fabricated identically to the device in
Chapter 4, but the TiO2 was thermally annealed. It consists of a glass substrate, patterned indium
tin oxide transparent cathode deposited via sputtering, 500 °C thermally-annealed TiO2 electron
transporting layer, a mixed-halide mixed-cation perovskite active layer (FA0.85MA0.15PbI2.55Br0.45),
a doped Spiro-OMeTAD hole transporting layer, a gold anode, dual side conductive copper tape
attached to each pixel anode and shared cathode, and is encapsulated with microslide glass and
UV-cured optical cement. Pictures of the front and rear of the device are shown in Figure A1. Four
devices were fabricated simultaneously, each consisting of 6 pixel cells. The I-V result of the
champion pixel as well as the average and standard deviation of all I-V parameters is shown in
Figure A2. One device was sent to NASA as part of the MISSE-11 mission and the remaining
three were stored in a nitrogen-filled, humidity free glovebox.

Fig. A1 Front and rear of encapsulated perovskite solar cell with conductive copper tape connected to
cathode and anode.
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Fig. A2 Illuminated I-V result of the champion perovskite pixel. The average and standard deviation of all
pixels is shown within the curve.

The sample was mounted on a Material Sample Carrier deck with various other NASAsponsored samples by Alpha Space Test and Research Alliance of Houston, Texas in a state-ofthe-art cleanroom. The location of the sample in the deck is shown in Figure A3, circled in red and
was titled SQOODAM-5 [87]. The MISSE sample carrier remains closed until deployed on the
ram side of the ISS, where it will remain for at least one year while exposed to the conditions of
space. A camera periodically scans across the samples to provide qualitative assessment of the
sample condition. The closed, open and imaging configurations are shown sequentially in Figure
A4. The MISSE-11 mission was launched on April 17th, 2019 on the Northrop Grumman (NG)11 Cygnus via x an Antares rocket. An image of this launch was capture by Brady Kenniston and
is shown in Figure A5. Once at orbit with the ISS, Canadarm2 was used to grapple the NG-11 and
bring it to the Node-1 “Unity” module nadir (Earth-facing) port on the ISS, shown in Figure A6.
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Fig. A3 Sample integration on the deck and location of perovskite solar cell on sample deck indicated
with a red circle (modified from N. Prasad [82]).

Figure A7 shows different views of Alpha Space Technology and Research Alliance’s MISSE
carrier mounted on the International Space Station. The carrier remains in place while sample
decks are swapped out by Canadarm2 as shown in Figure A8. The location of our sample deck on
the ram side of the ISS in its open configuration is shown in Figure A9.

Fig. A4 MISSE sample carrier in its closed (stowing) configuration, open (exposed) configuration, and
with imaging camera scanning across the samples (from Alpha Space Test & Research Alliance website).
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Fig. A5 April 17th , 2019 launch of the Cygnus Northrup Grumman (NG)-11 aboard an Antares rocket
(Photo credit: Brady Kenniston).

Fig. A6 Canadarm2 grappling the NG-11 to bring it to the node-1 Nadir (Earth-facing) port on of the ISS
(Photo credit: NASA).
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Fig. A7 Different views of the Alpha Space MISSE carrier on the ISS (Photo credit: NASA).

Fig. A8 Canadarm2 extracting a sample deck from the ISS and installing the deck on the MISSE sample
carrier (Photo credit: NASA).

After returning from orbit, changes to pixel efficiency, surface morphology, and layer
composition will be compared to the devices stored on Earth in inert nitrogen. This study will
evaluate their long-term space readiness for potential power generation needs of future space
exploration missions—whereby the impact of ozone, vacuum, and drastic temperature swings will
be evaluated. Potential degradation over time will be demonstrated via the periodic images of this
device in said conditions.
88

Fig. A9 The location of the opened sample deck integrated into the MISSE carrier on the ISS (Photo
credit: NASA).
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A.2 Photovoltaic Balloon for Energy Generation on Mars
In 2018, NASA identified a need for an energy source on Mars that would be reliable,
sustainable, and autonomous as a part of the 2018 BIG Idea challenge. The Sun provides Mars
with an abundance of solar energy, but the Martian climate has seasonal variations in solar intensity
and fine powdery dust which impede the effectiveness of panels fixed on the ground. Additionally,
the photovoltaic system would need to be deployed autonomously so that power is available before
human arrival. Our proposed design utilized a spherical balloon made of a Kapton-Kevlar film
with a low emissivity coating that was filled with Martian atmosphere (primarily CO2). The top of
the balloon would house 1000 m2 of high efficiency PV cells, whereas the height of the top of the
balloon would be far from the Martian surface, reducing dust accumulation on the PVs. The CO2
could also be heated allowing the balloon to generate lift and further increase its altitude from the
dusty surface.

Fig. A10 (a) Balloon surface structure, (b) the estimated power output during mission time, (c) complete
balloon design, and (d) the Martian dust concentration compared at various altitudes.
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ABSTRACT: In order to realize high-throughput roll-to-roll manufacturing of ﬂexible
perovskite solar cells, low-temperature processing of all device components must be realized.
However, the most commonly used electron transporting layer in high-performance perovskite
solar cells is based on TiO2 thin ﬁlms processed at high temperature (>450 °C). Here, we
demonstrate room temperature solution processing of the TiOx layer that performs as well as
the high temperature TiO2 layer in perovskite solar cells, as evidenced by a champion solar cell
eﬃciency of 16.3%. Using optical spectroscopy, electrical measurements, and X-ray diﬀraction,
we show that the room-temperature processed TiOx is amorphous with organic residues, and
yet its optical and electrical properties are on par with the high-temperature TiO2. Flexible
perovskite solar cells that employ a room-temperature TiOx layer with a power conversion
eﬃciency of 14.3% are demonstrated.

M

MHP solar cell structures rely on a titanium dioxide (TiO2)
electron transporting layer (ETL) processed at high temperatures (>450 °C). The high temperature requirement prohibits
the use of ﬂexible plastic substrates such as polyethylene
terephthalate (PET) and polyethylene naphthalate (PEN) that
cannot withstand temperatures greater than 150 °C. Due to the
high performance of metal oxide-based ETLs for MHP solar
cells, it is of great interest to achieve low-temperature
processing of metal oxide thin ﬁlms with favorable optical
and electrical properties. Indeed, among all ﬂexible MHP solar
cell results to date, device architectures that employ metal oxide
ETLs currently hold the best PCE records of between 15% and
18%.4−6 Previous eﬀorts to deposit metal oxide ETLs on
ﬂexible substrates at low temperature have been based on
solution processing of nanoparticles,5,7−13 sputter deposition,4,14,15 spray coating,16,17 e-beam evaporation,18 atomic
layer deposition (ALD),19,20 and electrodeposition.21,22 Despite
the encouraging device performance, these methods require
vacuum processing steps, nanoparticle formulations, etc., that
can signiﬁcantly increase the cost while reducing the
throughput. Therefore, there is a need for developing lowtemperature solution processing of metal oxide ﬁlms starting
from simple and low-cost commercially available precursors.
Here, we demonstrate that room temperature processing of
simple solution formulation (titanium(IV) isopropoxide (Ti(OiPr)4) in isopropanol) can result in a TiOx layer with high

etal halide perovskite (MHP) solar cells have demonstrated the most rapid improvement in power
conversion eﬃciency (PCE) among all photovoltaic technologies to date. With a record PCE of 22.1%,1 MHP solar cells are
now on par with silicon solar cells in terms of eﬃciency.
Moreover, MHP solar cells can be fabricated entirely using lowcost solution processing methods and earth-abundant compositions. Therefore, they can combine high eﬃciency with low
cost and have a great potential for realizing more economically
competitive solar power.
What is particularly exciting about MHPs is that they can be
deposited on various substrates at low temperature (<150 °C)
and enable roll-to-roll manufacturing of low-cost, lightweight
and ﬂexible devices.2 Lead halide-based MHPs have been
shown to possess a large extinction coeﬃcient greater than 104
cm−1, and a long electron−hole diﬀusion length in the range of
hundreds of nanometers to microns in polycrystalline thin
ﬁlms.3 This means that a ﬁlm only about 500 nm thick can
harvest most of the sunlight and eﬃciently transport the
photogenerated charges into the external circuit. Such a thin
MHP ﬁlm is highly ﬂexible and corresponds to only 2 g m−2 of
weight, which is 2 orders of magnitude lighter than a silicon
solar cell. Successful development of MHP solar cells that
simultaneously combine high eﬃciency, low cost, lightweight,
and ﬂexibility can enable novel portable power generation
capabilities in situations where conventional rigid and heavy
solar cells are not feasible, such as wearable electronics, solar
aviation, automobiles, building integrated photovoltaics, and
more.
While the quest for achieving high PCE has shown
exceptional progress, a majority of the high-performance
© 2017 American Chemical Society
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the Supporting Information. The cells with Ti(OiPr)4 RT ﬁlms
fabricated in 40% to 55% RH resulted in the highest eﬃciency
(Figure S3), so all the following Ti(OiPr)4 ﬁlms were made in
55% RH. Next, to check for the impact of thermal annealing on
solar cell eﬃciency, Ti(OiPr)4 ﬁlms were annealed immediately
after the spin-coating step at various temperatures ranging from
room temperature up to 500 °C. Our results show that the
temperature at which the Ti(OiPr)4 thin ﬁlm is annealed has no
signiﬁcant impact on the solar cell eﬃciency (Figure 1c).
Speciﬁcally, the unannealed ﬁlm (RT) and 500 °C annealed
ﬁlms result in comparable open-circuit voltages (VOC), shortcircuit current densities (JSC), ﬁll factors (FF), and eﬃciencies
(η) as shown in Figure 1d.
Additionally, we examined the impact of thermal annealing
temperature on the performance of TiO2 thin ﬁlms made from
titanium diisopropoxide bis(acetylacetonate) in butanol, from
here on referred to as “Ti(OiPr)2(AcAc)2”. This is the most
commonly employed TiO2 precursor solution for higheﬃciency perovskite solar cells26−28 and is typically annealed
at high temperatures (>450 °C). Our results show that, indeed,
when varying the annealing temperature from 25 to 500 °C, the
solar cell eﬃciency changes from 11% to 16% (Figure 1c),
mostly due to an increase in the JSC (Figure S4). We attribute
the starkly diﬀerent dependence of Ti(OiPr)4 and Ti(OiPr)2(AcAc)2 performance on the annealing temperature to
slower hydrolysis of the acetylacetone groups. 29 Ti(OiPr)2(AcAc)2 has an octahedral coordination with two
isopropoxide and two acetylacetone (AcAc) groups around a
central titanium atom. Previous literature has shown that the
labile isopropoxide groups can easily hydrolyze compared to
AcAc groups.29,30 In fact, the AcAc groups have been used to
stabilize the solution formulation by suppressing uncontrolled
precipitation since hydrolysis of the AcAc groups is signiﬁcantly
more suppressed.31 Therefore, when Ti(OiPr)2(AcAc)2 is used
as the precursor solution to form the titania ETL, pyrolysis at
high temperature is needed rather than just hydrolysis. By
contrast, we show in this work that Ti(OiPr)4 can readily form
a titania layer at room temperature that performs well in
perovskite solar cells.
To better understand the nature of the Ti(OiPr)4 RT ﬁlm,
we performed optical, electrical, and X-ray diﬀraction characterization. The absorbance spectra of the Ti(OiPr)4 RT ﬁlm and
Ti(OiPr)2(AcAc)2 500 °C ﬁlm were measured using a
spectrophotometer equipped with an integrating sphere (Figure
2a). The band gap of Ti(OiPr)4 RT ﬁlm was determined to be
3.69 eV using a Tauc plot, which matches the band gap of TiOx
reported in the literature.32,33 The absorbance onset of
precursor Ti(OiPr)4 solution is 3.89 eV, which is higher than
the deposited Ti(OiPr) 4 RT ﬁlm. The band gap of
Ti(OiPr)2(AcAc)2 500 °C ﬁlm was determined to be 3.57
eV, which is slightly lower than the band gap of the Ti(OiPr)4
RT ﬁlm. Fourier Transform Infrared (FTIR) spectroscopy
results are shown in Figure 2b. Both samples show absorption
in the region below 1000 cm−1, which corresponds to a
vibration peak of Ti−O−Ti bonds,25 suggesting that Ti−O−Ti
bonds have formed in both cases.
In higher wavenumber regions, the spectrum from the
Ti(OiPr)4 sample shows several peaks that are missing in the
spectrum from the Ti(OiPr)2(AcAc)2 sample. These peaks are
associated with O−H groups (2450−3600 cm−1 and 1600−
1700 cm−1), C−O stretching (1050−1180 cm−1), C−H
bending (1350−1410 cm−1), and C−H stretching (2850−
3000 cm−1). These peaks indicate the presence of an OH group

performance in MHP solar cells, as evidenced by a champion
solar cell eﬃciency of 16.3%. Using optical spectroscopy,
electrical measurements, and X-ray diﬀraction, we show that the
room-temperature processed TiOx is amorphous with organic
residues and yet its optical and electrical properties are on par
with the high temperature TiO2. Flexible MHP perovskite solar
cells with a power conversion eﬃciency of 14.3% were achieved
with the room temperature processed TiOx layer. The power
conversion eﬃciency could potentially be increased further
through process optimization.
The room-temperature (RT) processed thin ﬁlms from the
Ti(OiPr)4 solution, from here on referred to as “Ti(OiPr)4
RT”, were prepared on top of glass/indium−tin-oxide (ITO)
substrates as described in the Supporting Information. The
thickness of Ti(OiPr)4 RT ﬁlm was measured to be 20 nm
using ellipsometry (Table S1). Scanning electron microscopy
(SEM) images show pinhole free surface morphology (Figure
S1) and PbI2 in DMF solution shows good wetting behavior on
the Ti(OiPr) 4 RT ﬁlm (Figure S2). Hydrolysis and
condensation of precursor Ti(OiPr)4 is the key to forming
solid thin ﬁlm.23 Once the Ti(OiPr)4 precursor solution is spin
coated on the ITO slide, the isopropanol solvent evaporates
quickly, and Ti(OiPr)4 makes contact with moisture in the air.
Subsequently, hydrolysis and condensation reactions form Ti−
O−Ti linkages.24 Incomplete condensation will result in OH
groups left in the thin ﬁlm,25 as is the case with our Ti(OiPr)4
RT ﬁlm (vide inf ra).
We fabricated and tested perovskite solar cells with
Ti(OiPr)4 RT ﬁlms deposited in diﬀerent relative humidity
(RH) to investigate the impact of RH on solar cell eﬃciency.
The device structure is shown in Figure 1a,b. On top of the
Ti(OiPr)4 RT ﬁlm, a methylammonium lead iodide (MAPbI3)
layer (∼300 nm), (2,2′,7,7′-tetrakis N, N-di-p-methoxyphenylamine)-9,9′-spirobi-ﬂuorine (Spiro-OMeTAD) layer (100 nm),
and silver anode layer (60 nm) were deposited as described in

Figure 1. Device structures and their performance. (a) Perovskite solar
cell structure. (b) SEM image of device cross-section. Scale bar
represents 1 μm. (c) Impact of annealing temperature of ETL on
performance of solar cells when two diﬀerent precursor solutions were
used, Ti(OiPr)4 and Ti(OiPr)2(AcAc)2. The statistics are based on six
devices at each annealing temperature. (d) J−V curves of champion
devices using ETL of Ti(OiPr)4 ﬁlm fabricated at room temperature
(red line) and annealed at 500 °C (black line). The substrates for
these devices were glass.
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Figure 2. Characterization for Ti(OiPr)4 ﬁlm. (a) UV−vis absorbance spectra for Ti(OiPr)4 RT ﬁlm, Ti(OiPr)2(AcAc)2 500 °C ﬁlm, and Ti(OiPr)4
RT precursor solution. (b) FTIR transmission spectra of Ti(OiPr)2(AcAc)2 500 °C and Ti(OiPr)4 powder. (c) Raman spectra of substrate glass,
Ti(OiPr)4 RT ﬁlm, and Ti(OiPr)2(AcAc)2 500 °C ﬁlm. (d) XRD of Ti(OiPr)4 ﬁlm without annealing, annealed at 100 °C, 200 °C, 350 °C, and 500
°C.

as well as organic residues in the Ti(OiPr)4 sample.34 In a pH
neutral condition such as Ti(OiPr)4 in isopropanol (IPA), a
signiﬁcant fraction of the product will form weaker olation
bonds, which consist of metal ions bridged through hydroxide,
rather than condensation bonds.35 FTIR spectra indicates the
occurrence of a terminal type of OH groups,25 which passivates
the dangling bond of the TiOx ﬁlm. Therefore, our FTIR results
suggest that some of the Ti(OiPr)4 did not completely go
through the hydrolysis and condensation steps.
X-ray diﬀraction (XRD) patterns show no peaks from thin
ﬁlms deposited from Ti(OiPr)4 and annealed below 350 °C
(Figure 2d). If annealed at temperatures above 350 °C, XRD
patterns show peaks that correspond to anatase TiO2. The
transition temperature of ∼350 °C observed in our work is
consistent with the transition from the amorphous to the
anatase phase of TiO2.36 Our Raman spectroscopy results also
present a consistent picture that the Ti(OiPr)4 RT sample is
completely amorphous since there are no obvious peaks that
correspond to crystalline TiO2 as shown previously in the
literature37 (Figure 2c). In comparison, the Ti(OiPr)2(AcAc)2
500 °C show peaks at 145, 398, 516, and 640 cm−1 Raman shift
that correspond agreeably to the anatase phase of TiO2.37
The electrical resistivity was determined using a two-terminal
measurement with ITO and thermally evaporated silver as the
electrical contacts with TiOx thin ﬁlm sandwiched in the
middle. The measured resistivities for the TiOx thin ﬁlms
annealed at diﬀerent temperatures are shown in Table 1. They

are in the range of 60−150 × 105 Ω·cm, which lies between
that of metals (10−6 Ω·cm) and insulators (1014 Ω·cm),
indicating semiconducting behavior. TiO2 has a resistivity of
108 Ω cm making it electrically insulating, but as the titanium
ratio increases relative to the oxide it becomes more like an ntype semiconductor and its resistivity decreases.38 This
indicates that our ﬁlm is partially suboxidized due to the
resistivity being 3 orders of magnitude lower than pure TiO2.
This further indicates that the titanium/oxygen ratio in our
ﬁlms will drastically aﬀect our electrical properties.38 As the ﬁlm
is annealed at higher temperatures, the observed slight increase
in two-terminal resistivity is likely due to the increase in sheet
resistance of ITO thin ﬁlms at temperatures greater than 300
°C. Our TiOx resistivity measurements are on the same order
of magnitude as those obtained from magnetron sputtering at
varying substrate temperatures by Su et al.39 Additionally, this
high resistivity ensures us that our ﬁlm is complete and pinholefree; otherwise short paths would arise and dramatically reduce
the measured resistance.
Refractive indices of the Ti(OiPr)4 and Ti(OiPr)2(AcAc)2
thin ﬁlms prepared at room temperature, and annealed at 110
and 500 °C on ITO coated glass, were measured using
ellipsometry (Figure S6). The measured spectral refractive
indices were obtained in the range of 250−750 nm. At 633 nm,
our ﬁlms have a refractive index of 1.75, which is much lower
than the value of anatase TiO2 (2.55),40 but more close to
amorphous TiO2 (2.03).40 This is consistent with our Raman,
XRD, and FT-IR results that indicate our ﬁlm being amorphous
TiOx. The lower refractive indices also indicate that the
Ti(OiPr)4 thin ﬁlms processed at room temperature may be a
low density ﬁlm with organic residues as shown by FT-IR. The
refractive index of TiO2 is known to correlate positively with
annealing temperature and titanium oxide density.41,42
By employing the room-temperature processed TiOx layer,
we have fabricated and tested ﬂexible perovskite solar cells
using ITO-coated PEN substrates (Figure 3). The device
architecture is shown in Figure 1a. The champion device

Table 1. Electrical Resistivity of TiOx Thin Films Prepared
from Ti(OiPr)4 Solution
anneal temperature [°C]

two terminal resistivity [105 Ω·cm]

25
110
300
500

61.88
78.75
101.3
144.0
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Figure 3. Flexible solar cell. (a) Picture of ﬂexible perovskite solar cell
with device architecture shown in Figure 1a. (b) J−V curves for device
fabricated on ITO-coated PEN substrate with ETL fabricated using
Ti(OiPr)4 as precursor solution at 25 °C. Eﬃciency, VOC (V), JSC (mA
cm−2), and FF are shown in inset.
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achieved 14.3% eﬃciency, with VOC of 1.00 V, JSC of 20.04 mA
cm−2, and FF of 0.71 (Figure 3b). This is close to the record for
eﬃciency of a ﬂexible solar cell based on MAPbI3, 15% to 16%.
The highest record eﬃciency so far by Wang et al. of 18%
eﬃciency has been achieved with alloyed perovskites.6 We
emphasize that all of these previous record eﬃciency results
have relied on either vacuum processing (ALD or sputter
deposition) or colloidal nanoparticles, whereas our ﬂexible solar
cells are based on room-temperature and nonvacuum
processing with a simple sol−gel precursor. To check for the
stability of our ﬂexible solar cells, we monitored the device
performance over a time period in nitrogen glovebox storage
and found that the device maintained ∼90% of its original
eﬃciency after 2 weeks (Figure S7). We have also performed
mechanical durability testing by bending the device with a
radius of curvature of 5 mm (Figure S8). After 300 bending
cycles, the device maintained ∼85% of its original eﬃciency.
The decrease in eﬃciency was caused mainly by the reduced JSC
and increased series resistance.
In summary, we demonstrated room-temperature solution
processing of amorphous TiOx thin ﬁlm with high-performance
TiOx ETL in MHP solar cells. We showed that the solar cell
eﬃciency of cells with the TiOx ﬁlm annealed at a temperature
in the range of room temperature to 500 °C is similar,
suggesting that thermal annealing at high temperature is not
necessary to achieve high solar cell performance. Flexible MHP
solar cells that employ the room temperature processed TiOx
layer achieved a PCE of 14.3% and show promising stability
and mechanical durability. Our work highlights the potential of
ﬂexible, lightweight, and high-eﬃciency MHP solar cells
fabricated all through low-cost, high-throughput, and low
thermal budget processing steps.
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ABSTRACT: Solution-processed TiO2 and other metal-oxide electron-transporting
layers (ETLs) for perovskite solar cells commonly require high-temperature
annealing (>450 °C), causing the underlying indium-tin oxide (ITO) to degrade
and inhibiting the use of ﬂexible plastic substrates, such as poly(ethylene
naphthalate). Laser-based solar cell manufacturing is attracting increased interest
and can enable rapid and low-temperature fabrication of perovskite solar cells. By
using novel pulsed ultraviolet laser processing on the solution-processed TiO2, we
demonstrate a champion 17.1% eﬃcient ﬂexible perovskite solar cell. We can
independently control the annealing of the ETL without aﬀecting the underlying
ITO or substrate due to the shallow absorption depth and short pulse duration of the
laser. Ellipsometry and X-ray photoelectron spectroscopy verify that the laserannealed TiO2 thin ﬁlm is stoichiometric and relatively denser than the thermally
annealed control sample. The eﬃciencies of the laser-processed devices exceeded
those fabricated via hot plate, but with the added beneﬁt of a high-throughput, lowtemperature, and ﬂexible-substrate-friendly process.
KEYWORDS: perovskites, solar cells, TiO2, laser processing, ﬂexible, electron-transporting layer

1. INTRODUCTION
Perovskite solar cells are the fastest-developing photovoltaic
technology in the industry. Rising from a 3.4% eﬃciency at
their inception in 2009, single-junction perovskite solar cells
have recently reached a power conversion eﬃciency of 22.7%.1
A variety of relatively low-cost methods exist to fabricate
perovskite solar cells, which will culminate in their competitive
commercialization with traditional photovoltaics. Perovskite
solar cells depend on an electron-transporting layer (ETL),
which is necessary to prevent charge recombination at the
indium-tin oxide (ITO) and perovskite interface by introducing a layer with favorable energy levels that enable eﬃcient
electron extraction while simultaneously preventing hole
transport. Without an ETL, perovskite device eﬃciencies are
limited to 14%.2
TiO2 is the most-employed inorganic ETL material, with
numerous synthesis and deposition methods, and some of the
most highly eﬃcient architectures built on top of it. Although
other materials like SnO2 and ZnO have been investigated as
alternative metal-oxide ETLs, they have issues with hysteresis
and chemical instability, respectively, as well as large
conduction band maximum mismatches of ∼0.6 and ∼0.3
eV, respectively, which can cause electron injection oﬀsets.3
TiO2 has an excellent band gap with only a ∼0.2 eV
conduction band maximum mismatch with perovskite, highly
stable electronic properties, high optical transmittance, high
durability, and ultra-thin uniformity and homogeneity which
enables high-performance perovskite solar cells.3
© 2018 American Chemical Society

Unfortunately, the majority of high-eﬃciency perovskite
solar cells utilize a TiO2 ETL that requires high-temperature
(>450 °C) annealing. Not only does this hinder scalability and
throughput because of the increased thermal budget of the
solar cell processing, but it also limits the available substrates
that perovskite devices can use, namely ﬂexible transparent
plastics and ITO-coated glass. Despite ITO’s low surface
roughness which makes it an ideal candidate for subsequent
layer deposition, high-temperature (>300 °C) annealing
negatively aﬀects electrical conductivity. When annealing
ITO in air at temperatures of 500 °C, the sheet resistance
can increase by 500% due to a ﬁlling of oxygen vacancies and
consequent decrease in current carrier density.4,5 A doubling in
sheet resistance can negatively impact the normalized power
conversion eﬃciency of the ﬁnished device by as much as
∼20%. Fortunately, laser annealing of ITO can decrease the
surface roughness and slightly decrease the sheet resistance of
high-melting temperature oxides on low-melting temperature
substrates.6
Since perovskite ﬁlms are typically grown and annealed at
low temperatures (<150 °C), there is considerable interest in
developing perovskite solar cell fabrication techniques that are
compatible with ﬂexible substrates such as poly(ethylene
terephthalate) (PET) and poly(ethylene naphthalate) (PEN).
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Figure 1. (a) Perovskite solar cell structure and (b) a photo of the ﬂexible perovskite solar cell. (c) Eﬀect of annealing temperature and (d) number
of laser pulses on the sheet resistance and light transmission at a wavelength of 635 nm for TiO2 ﬁlms on ITO-coated glass (TiO2 + ITO + glass).

ITO substrates, which can result in a stable ITO sheet
resistance and a champion 17.1% eﬃcient perovskite solar cell,
with slightly enhanced performance over its 16.6% eﬃcient,
hot plate-annealed TiO2 counterpart. We verify the laserannealed TiO2 structure and composition via vis−NIR
spectrometry, variable angle spectroscopic ellipsometry
(VASE), and X-ray photoelectron spectroscopy (XPS) while
demonstrating its performance with four-point probe measurements and illuminated current−voltage scans of completed
devices. We show that ﬁlm hydrolysis, condensation reactions,
removal of moisture, removal of hydroxyl groups, and Ti−O−
Ti linkages occur within tens of nanoseconds, on the order of
the laser pulse width. Future eﬀorts can utilize this process for
other metal-oxide ETLs, which require high-temperature
processing and further optimization of ITO/TiO2 devices for
increased power conversion eﬃciency.

These substrates are low cost and enable perovskite solar cells
to be lightweight, ﬂexible, and roll-to-roll processable.7 Flexible
substrates make perovskite solar cell manufacturing attractive
by decreasing the weight while increasing the production
throughput and volume, reducing overall manufacturing cost.8
They also make the market for perovskite solar cells more
attractive by enabling high power per gram ratios, ﬂexibility,
storability, and low weight all at a lower cost than traditional
photovoltaics (PV) and even current ﬂexible thin-ﬁlm PV.
Previously used techniques to deposit low-temperature
electron transport layers consist of vacuum deposition
techniques9 or nanoparticle processing,10 which can lower
manufacturing throughput while drastically increasing manufacturing cost. Thus, to develop commercially viable and
eﬃcient low-temperature-processed ETLs, vacuum-free, nanoparticle-free techniques are needed.
Laser-based processing opens a window of opportunity for
low-temperature solar cell manufacturing and has garnered
enormous interest in recent years.11−14 Lasers allow for
superior processing control by replacing furnaces with a
rapid process that independently controls the application of
heat to localized regions. Ultraviolet (355 nm), pulsed-laser
processing enables us to control the annealing of the ETL
without aﬀecting the underlying ITO or substrate, due to the
shallow absorption depth (∼100 nm) and ultrashort pulse
duration (25 ns). This allows us to use a common and robust
sol−gel titanium diisopropoxide bis(acetylacetonate), from
here on referred to as Ti(OiPr)2(AcAc)2, in butanol, which
generates high power conversion eﬃciencies of 15−18% on
ﬂexible substrates without any of the damaging eﬀects normally
found from high-temperature (>450 °C) thermal processing.
In this work, we introduce the novel laser annealing method
for hydrolysis and densiﬁcation of sol−gel TiO2 ﬁlms on glass

2. RESULTS
2.1. ITO Investigation. The thickness and surface
roughness of the ITO ﬁlms on glass, commercially prepared
by KINTEC Company, were 919.2 ± 0.4 and 24.1 ± 0.4 Å,
respectively, using spectroscopic ellipsometry. A scanning
electron microscopy (SEM) investigation of the ITO topography has good visual qualitative agreement with the
ellipsometric surface roughness measurement. The patterned
ITO has a sheet resistance of 19 Ω/sq, which rose to 90.2 Ω/
sq after annealing at 500 °C for 5 min on a hot plate.
Additionally, the ITO has an optical band gap of 3.55 eV,
which dropped to 3.29 eV after the hot plate annealing due to
ﬁlm degradation.
2.2. Laser Parameter Optimization. We investigated the
eﬀect of 355 nm wavelength, ultraviolet laser raster scanning
on ITO sheet resistance and TiO2 thin-ﬁlm annealing for
41313
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Figure 2. (a) Spectral refractive index, (b) XPS survey spectra and high-resolution XPS spectra of the (c) Ti 2p and (d) O 1s peaks of unannealed,
500 °C thermally annealed, and 1.13 J/cm2 laser-annealed TiO2.

perovskite solar cells. Perovskite solar cell devices consisting of
glass or PEN/ITO/TiO2/perovskite/Spiro-OMeTAD/Ag or
Au were fabricated and tested in the dark and under
illumination with diﬀerent laser scan and raster characteristics
for the TiO2 layer. Figure 1a,b shows a schematic of the device
structure and a picture of the ﬂexible perovskite device,
respectively. All devices had an area of 0.03 cm2 deﬁned by the
overlap between the bottom and top contacts. For the 355 nm
UV laser, with a 25 ns pulse width, Gaussian beam proﬁle, and
a ∼20 μm focused spot diameter (determined via the heataﬀected zone from a single laser pulse), we found that the ﬁlm
became uniformly annealed with a spot overlap at 25% (or a 15
μm spacing between pulses) using a scan speed of 750 mm/s
at a laser repetition rate of 50 kHz. The raster line spacing is
identical to the spot overlap (15 μm) for two-dimensional
consistency. The laser ﬂuence was chosen to be 1.13 J/cm2
because it is capable of rapid ﬁlm conversion and compatible
with both ﬂexible and glass substrates without damaging them.
At this ﬂuence, the laser has no impact on the ITO’s sheet
resistance or optical band gap and is compatible with ﬂexible
substrates due to its short pulse and shallow absorption depth.
2.3. Eﬀect of Thermal and Laser Annealing on
Resistivity and Optical Transmittance. TiO2 ﬁlms were
prepared on top of the ITO substrates via either 500 °C
thermal annealing or pulsed UV laser processing of a spincoated Ti(OiPr)2(AcAc)2 in butanol precursor solution, which
is the most commonly employed TiO2 precursor.9,15 A
topographical SEM investigation of the hot plate-annealed
TiO2 and laser-annealed TiO2 ﬁlms shows that both ﬁlms are
smooth and uniform. The hot plate-treated ﬁlms were
annealed at various temperatures from 25 to 500 °C for 1
min, and the sheet resistance and optical transmission spectra
were measured. Similarly, ﬁlms were raster-scanned via laser

with a varying number of pulses from 50 to 120, and the sheet
resistance and optical transmission spectra were measured via
four-point probe and vis−NIR spectrometry, respectively.
Figure 1 shows a summary of these results for a transmission
spectral wavelength of 635 nm. Although the thermally
processed ﬁlms showed a large increase in the sheet resistance
and a drop in the visible transmission at high temperatures, the
laser-processed ﬁlm showed a similar shift in the visible spectra
without any increase in the sheet resistance. Morphological
changes in the ﬁlm due to phase transition to crystalline TiO2
and crystalline grain boundary improvement from annealing
contribute to a change in the photon mean free path due to
increased light scattering at the grain boundaries causing a
slight decrease in the visible transparency.16,17 The gradual
changes for the thermally annealed ﬁlms are attributed to the
kinetics of the 5 min annealed increments at each given
temperature, which would likely be steeper for longer anneal
times.
2.4. Film Characterization. TiO2 ﬁlms were prepared via
laser annealing and thermal annealing and characterized using
VASE and XPS to better understand their structure and
composition. A summary of the data is in Figure 2. TiO2 ﬁlms
have a refractive index peak around 300 nm between 2.0 and
3.3 and a band gap between 3.2 and 3.6 eV, which correlates
positively with ﬁlm phase18 and density.19,20 Voids in the ﬁlm
have refractive indices near 1.0 and decrease the overall
refractive index of the ﬁlm, indicating that denser ﬁlms with
fewer voids will have higher index. Our unannealed ﬁlms have
a band gap of 3.35 eV and a peak refractive index of 1.9, which
increases to Eg = 3.51 eV and npeak = 2.05 after thermal
annealing at 500 °C for 5 min, demonstrating an increase in
ﬁlm density and transition to crystalline phase. After laser
processing of unannealed ﬁlms, the band gap increases to 3.56
41314
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Figure 3. Current−voltage curve and corresponding parameters for the (a) rigid champion laser-processed device, its reference 500 °C thermally
annealed champion device and (b) laser-processed ﬂexible device and device statistics for other ﬂexible devices.

amine)-9,9′-spiro biﬂuorine (Spiro-OMeTAD) layer (100
nm), and a gold anode layer (60 nm) were deposited. These
layers are described in detail within the experimental section.
The champion 1.13 J/cm2-ﬂuence UV laser-processed device
and its thermally annealed reference device’s current−voltage
curve and parameters are shown in Figure 3.
An additional advantage of our low-temperature UV laser
processing is that it can be used on ﬂexible ITO-coated PEN
substrates to create ﬂexible perovskite solar cells with the rest
of the structure the same as stated above without any
degradation to the underlying substrate or ITO. The 500 °C
high-temperature annealing, normally required for the Ti(OiPr)2(AcAc)2 solution to form TiO2, is incompatible with
PEN and PET substrates, as temperatures that high will melt
and degrade PEN and PET. The champion ﬂexible device
achieved an eﬃciency of 17.1%, with a Voc of 0.97 V, Jsc of 23.2
mA/cm2, and ﬁll factor of 75.6% (Figure 3b). Parameters for
devices fabricated on ﬂexible substrates were also very
consistent, demonstrating the uniformity achieved by sol−gel
laser processing on ﬂexible substrates.

eV and our refractive index peak increases to 2.1, suggesting
that laser processing has improved ﬁlm density and equivalent
phase. Our ﬁlm thicknesses were measured to be 45, 24, and
27 nm for the unannealed, hot plate-annealed, and laserannealed samples via ellipsometry, respectively.
XPS survey spectra for unannealed, hot plate-annealed, and
laser-annealed samples, shown in Figure 2b, reveal peaks for O
1s, Ti 2p, and C 1s consistent with results in the literature for
Ti(OiPr)2(AcAc)2 ﬁlms fabricated via thermal annealing.21,22
Figure 2c,d shows high-resolution XPS spectra for the Ti 2p
peaks and O 1s peaks, respectively. Between the laser-annealed
TiO2 and the 500 °C thermally annealed TiO2, the Ti 2p3/2
and Ti 2p1/2 peaks (458.4 and 464.3 eV, respectively) are well
aligned with each other and match values found in the
literature.22,23 The unannealed Ti 2p peaks have a higher
binding energy than ﬁlms that have been thermal or laser
annealed, due to their structural diﬀerence from the annealed
forms. The Ti4+ 2p peaks correspond predominantly with
stoichiometric TiO2. Additionally, since the Ti4+ 2p3/2 values
are all within the 458.4−459.3 eV range and the Ti3+ peak
intensity reduces with both thermal and laser annealing, we can
conclude that our layer is stoichiometric TiO2 and not TiO
(455 eV) or TiOx.24 The Ti4+−O 1s peaks (Figure 2d)
correspond with the Ti4+ 2p peaks and indicate stoichiometric
TiO2. The O 1s peaks (Ti4+, Ti3+, and −OH) show a shift in
binding energy between the unannealed and annealed
conditions, which arises from their decreased oxidation states
from annealing. For instance, the Ti4+ O 1s peaks for anatase
and sol−gel derived TiO2 are at 529.8525 and 530.6 eV,26
respectively. From this we infer that our unannealed Ti4+ O 1s
peaks match well with sol−gel TiO2, whereas our laser- and
hot plate-annealed Ti4+ peaks match with anatase TiO2.
Residual organic compounds and hydroxyl groups contribute
to the other observed O 1s peaks. However, presence of these
species does not impact subsequent device performance.8
Hydrolysis of the precursor ﬁlm and Ti−O−Ti linkage
formation occurs on the order of the 25 ns laser pulse,
demonstrating nanosecond formation of TiO2 ﬁlms.
2.5. Device Performance. Devices were fabricated and
tested using TiO2 ﬁlms that were processed with varying laser
processing conditions, which include the number of pulses per
area, the number of repeated raster scans, and the amount of
adjacent line overlap. Reference devices utilized TiO2 ﬁlms
processed on a hot plate at 500 °C. On top of the TiO2 ﬁlms, a
two-step mixed-halide alloyed perovskite (FA0.85MA0.15PbI2.55Br0.45) layer, a 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenyl-

3. CONCLUSIONS
For the ﬁrst time, we have demonstrated the novel laser
processing concept for the TiO2 ETL for fabricating highperformance perovskite solar cells. By utilizing laser processing,
we can obtain a 17.1% device power conversion eﬃciency on
rigid and ﬂexible substrates. We demonstrate that device
parameters and composition of the laser-processed TiO2 are
similar to those of 500 °C thermally annealed TiO2, suggesting
that we can utilize our laser processing technique to replace the
high-temperature thermal annealing normally required for
TiO2 ETLs. As an added beneﬁt, our laser processing
technique is compatible with ﬂexible PEN substrates, which
cannot withstand 500 °C thermal annealing. We demonstrate
that our laser processing does not impact the sheet resistance
of the ITO, while still achieving the same eﬀect as thermal
annealing. These results indicate that a dense, uniform,
crystalline, stoichiometric, and conductive TiO2 thin ﬁlm can
be formed in hundreds of nanoseconds in standard atmosphere
via pulsed-laser annealing without the need for sustained 500
°C thermal annealing. Our work opens the door for highthroughput and low-temperature laser processing in highperformance perovskite solar cells and has the potential to
bring the eﬃciencies of ﬂexible and rigid perovskite devices
toward parity.
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4.7. Vis−NIR. Spectra of the laser and thermally processed TiO2
ﬁlms on ITO glass were taken with a Cary 5E spectrophotometer in a
wavelength range of 300−3300 nm with a 1 nm resolution.
4.8. Ellipsometry. The ITO and TiO2 ﬁlms on glass were
measured with a J. A. Woollam M2000 spectroscopic ellipsometer in a
wavelength range between 250 and 1700 nm at a 50, 60, 70, 75, 80,
and 85° angle of incidence. Fitting was done using CompleteEASE
software from J. A. Woollam. For the ITO, the Kramers−Kronig
consistent general oscillator model was used to ﬁt the measured psi
and delta values. The TiO2 ﬁlms used the Tauc−Lorentz dispersion
model to ﬁt the measured psi and delta values and provide the optical
band gap values. Modeled ﬁlm thicknesses were 45, 24, and 27 nm for
the unannealed, hot plate-annealed, and laser-annealed samples.
4.9. X-ray Diﬀraction. Bragg−Brentano and grazing-incidence Xray diﬀraction were conducted with a PANalytical X’Pert Series 2 for
unannealed, hot plate-annealed, and laser-annealed ﬁlms on ITOcoated glass (TiO2 + ITO + glass). This data can be found in Figure
S4.

4. EXPERIMENTAL SECTION
4.1. TiO2 Film. Compact TiO2 thin ﬁlms were fabricated by spincoating a solution of 146.6 μL Ti(OiPr)2(AcAc)2 in 2 mL of butanol
for 40 s at 4000 rpm. Hot plate-processed devices were annealed at
500 °C for 5 min on a hot plate. Laser-processed devices were rasterscanned with a Coherent (Matrix 355-8-50), 355 nm wavelength
ultraviolet laser using a mirrored XY-galvanometer to control the
beam direction and speed. The laser has a ∼20 μm focused spot size
and was systematically optimized to a pulse duration of 25 ns, a
repetition rate of 50 kHz, a scan speed of 750 mm/s, a line spacing of
15 μm (25%), and a ﬂuence of 1.13 J/cm2.
4.2. Solar Cell Fabrication. The patterned ITO glass and PEN
substrates were cleaned sequentially in Hellmanex III detergent for 10
min, deionized water for 5 min, and ethanol for 5 min in an ultrasonic
cleaner and cleaned with an ultraviolet ozone plasma cleaner for 10
min. The patterned ITO glass and PEN substrates (25.4 mm2 in area)
were purchased from KINTEC Company. Scotch tape was used to
cover the end of the ITO contact to protect it from being coated
during spin-coating. After the TiO2 ﬁlms were deposited using the
above methods, FA0.85MA0.15PbI2.55Br0.45 perovskite was deposited
using a method developed by Saliba et al.27 A FA0.85MA0.15PbI2.55Br0.45
solution (1.8 M) was prepared by mixing PbI2 (99.9985%, Alfa
Aesar), PbBr (TCI), MABr (Greatcell Solar), and FAI (Greatcell
Solar) with 0.425, 0.075, 0.075, and 0.425 part ratios and adding a 1to-4 ratio of dimethyl sulfoxide (Sigma-Aldrich) and dimethylformamide (Sigma-Aldrich), stirring at 60 °C for 2 h, and ﬁltering the
solution with a 0.45 μm ﬁlter. Utilizing the timing-dependent
deposition method, the FA0.85MA0.15PbI2.55Br0.45 solution was
statically dispensed onto the substrate, and then the substrate was
spun in a two-step program: spun at 1000 rpm for 10 s and 6000 rpm
for 30 s. During the second step, the substrate was dynamically
solvent-washed with anhydrous chlorobenzene (Sigma-Aldrich) for 20
s prior to the end of the program, and then the perovskite was
annealed at 150 °C for 15 min.27 Spiro-OMeTAD (Luminescence
Technology Corp.) was prepared with anhydrous chlorobenzene in a
72 mg/mL concentration and doped with 28.8 μL of 4-tertbutylpuridine (anhydrous, Sigma-Aldrich) and 17.5 μL of a solution
of lithium-bis(triﬂuoromethane)sulfonamide (Li-TFSI, 99.95%,
Sigma-Aldrich) in acetonitrile (anhydrous, Sigma-Aldrich) and left
to dissolve. The Spiro-OMeTAD solution was spin-coated at 4000
rpm for 30 s in a nitrogen-ﬁlled glovebox and left to oxidize in a
humidity-controlled dry air box overnight with 10 min of 50%
humidity exposure. The rear contact was deposited by evaporating
silver (Ag) or gold (Au) evaporation pellet (Kurt J. Lesker, 99.999%)
via thermal evaporation for a 60−70 nm layer of silver or gold at a
vacuum of 1 × 10−6 mbar.
4.3. Solar Cell Characterization. The devices were tested under
reference cell (PVM551, 8 mm Si KG5 Window from PV
Measurements)-calibrated AM 1.5 illumination from a solar simulator
(PV measurements) using a Keithley source meter operating at a
reverse scan direction at a rate of 1 V/s. Additionally, an optical mask
was used to limit exposure to the 3 mm2 active device area.
4.4. XPS. Survey spectra were captured with a 100 μm spot, 15 kV
accelerating voltage, and a 224 eV pass energy, whereas the highresolution spectra were captured at a 55 eV pass energy. The chamber
was at ultrahigh vacuum pressure of 6 × 10−8 Pa, and the XPS utilized
a monochromated Al Kα as the excitation source (PHI VersaProbe
III). Peak ﬁtting was done using MultiPak software using the Gauss−
Lorentz ﬁtting with all peaks shifted so that the C 1s peak was located
at 484.80 eV binding energy.
4.5. SEM. Topographical SEM images were captured in secondary
electron mode at an accelerating voltage between 3 and 5 kV, with a
5.0 spot, the Everhart−Thornley Detector, and a horizontal ﬁeld
width between 6 and 12 μm (FEI Quanta 650).
4.6. Electrical Resistivity. A four-point probe with a linear 1.00
mm probe spacing and a 25 μm tip radius was used to verify sheet
resistances of the ITO-coated glass substrates before and after laser
and thermal treatments (Jandel Multiposition Probe).
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In this paper, we propose and experimentally demonstrate a new laser processing method for low-temperature
formation of eﬀective aluminum oxide passivation layers on crystalline silicon. An aluminum ﬁlm with a
thickness of only several nm is evaporated on the silicon surface, after which a long pulse laser is utilized to
convert the metal ﬁlm to oxide. Laser processing parameters, especially laser energy ﬂuence, are systematically
optimized to get the critical condition to realize carrier lifetime similar to that of the bulk wafer, which we
consider good passivation, while causing no damage to its surface. An eﬀective surface recombination velocity
below 25 cm s−1 is obtained right after the proper laser treatment of the Al metal ﬁlm. After further annealing in
forming gas, a 1.02 millisecond eﬀective carrier lifetime as well as an eﬀective surface recombination velocity
below 13 cm s−1 is achieved for 1.4 Ω·cm n-type Si wafer.

1. Introduction
Surface passivation of silicon is essential to achieve higher conversion eﬃciencies in various optoelectronic devices and crystalline silicon
(c-Si) solar cells in particular [1–6]. In past decades, a variety of materials have been utilized for passivation layers, including hydrogenated
amorphous silicon (a-Si:H) [7], silicon oxide (SiOx) [2,3], silicon nitride
(SiNx) [2,3], silicon carbide (SiCx) [2,3], aluminum oxide (Al2O3) [8,9],
titanium oxide (TiO2) [10], organic materials [11], etc. Among them,
aluminum oxide exhibits an extraordinary capability in yielding excellent surface passivation properties through a combination eﬀect of
chemical passivation, low interface defect density, and high negative
charge accumulation located at the Si/Al2O3 interface, and thus has
attracted increasing research interest [12–20].
Currently, high-quality Al2O3 passivation layers are mainly prepared by various chemical vapor deposition techniques, such as thermal
or plasma atomic layer deposition (ALD) [8,9], plasma-enhanced chemical vapor deposition (PECVD) [12], atmospheric-pressure chemical
vapor deposition (APCVD) [13], etc. Landmark solar cell eﬃciencies
have been achieved via the Al2O3 passivation layers produced by these
techniques, especially by the ALD method [14]. Surface passivation of
crystalline silicon, giving very high eﬀective minority carrier lifetimes
(τeﬀ), has been demonstrated by aluminum oxide layers produced via
ALD, even with a very small layer thickness ≤5 nm [15,16]. Correspondingly, very low eﬀective surface recombination velocity

⁎

(Seﬀ) < 1 cm s−1 has been reported [16]. In the past few years, signiﬁcant progress was further realized by a high-speed spatial ALD
technique, which can preserve the excellent passivation eﬀect while
increasing throughput, and thus shows potential as an industrial approach [17,18]. However, in spite of these inspiring developments, a
chemical precursor such as trimethylaluminum (TMA) is required for
these chemical vapor deposition techniques, which is highly pyrophoric. Alternatively, physical vapor deposition techniques, reactive
sputtering deposition in particular, have also been recently developed
for producing aluminum oxide passivation layers, which show the
capability to provide moderate surface passivation for crystalline silicon wafers with layer thicknesses of 20–30 nm [19,20]. These techniques usually require post annealing at around 425–500 °C, and the
obtained lifetimes are not as good as the ALD method.
Laser materials processing has garnered widespread implementation
in the ﬁeld of photovoltaics, with a variety of speciﬁc techniques being
developed for the manufacture of crystalline silicon solar cells, such as
laser isolation, laser scribing, laser ﬁring, laser transfer, laser doping,
laser annealing, laser texturing, etc. [21–25]. Within these techniques,
laser materials processing has exhibited distinct advantages as a highly
ﬂexible, non-contact, maskless and scalable approach. More importantly, the light-matter interaction during laser processing can be
delicately controlled at speciﬁed surface areas and within limited surface depths, which makes it a promising low-temperature technology,
and thus compatible with high-throughput manufacturing of
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photovoltaic devices. However, in spite of these advantages, the potential of a laser processing approach in preparing Al2O3 passivation
layers on silicon wafers remains elusive, and the corresponding techniques have been seldom developed. Here in this paper, we propose and
experimentally demonstrate a new laser processing approach for preparing eﬀective aluminum oxide passivation layers on crystalline silicon. A 1.02 millisecond eﬀective minority carrier lifetime as well as a
low eﬀective surface recombination velocity below 13 cm s−1 has been
achieved by an ultrathin Al2O3 layer of only several nanometers for
1.4 Ω·cm n-type Si wafers.
2. Experimental section
2.1. E-beam evaporation of Al ﬁlm
Aluminum layers were evaporated on double-side polished n-type
ﬂoat-zone Si (100) wafers (1.4 Ω·cm) using electron-beam evaporation
(CHA six crucible E-beam Evaporator). Before evaporation, the native
oxide layer on the wafers was removed by 2% HF for 10 min, after
which all wafers were cleaned by 3% HCl and 2% HF for 10 min to react
with ionic contaminants, 65% HNO3 for 10 min to remove any organic
contaminants, and lastly 2% HF for 10 min to dissolve the formed silicon oxide from the high concentration of HNO3 [10,25]. The ﬁnal
wafer thickness is 280 μm. During evaporation, the chamber pressure
was ~1.7 × 10−7 Pa, and the thickness of the Al layer is ~7 nm. For the
infrared transmittance measurement, the aluminum layers were evaporated on only one side of the silicon wafers. For investigating the
surface passivation quality, the aluminum evaporation as well as the
following laser treatment was implemented on both sides of the silicon
wafers to get symmetrical test structures.
2.2. Laser treatment
The conversion of aluminum metal layers to oxide was conducted
using an IPG YLP-150/1500-QCW-AC long pulse laser system, which
can generate variable duration (0.1–10 ms) pulses at a central wavelength of 1070 nm. An x-y galvo was used to focus and scan the laser
beam on Si wafer surfaces in a pattern of parallel lines, with the diameter of focused spot on the sample surfaces to be around 1.5 mm.
Through systematical optimization, the pulse duration, pulse repetition
rate, laser scanning speed, and scanning line spacing were set to be
0.1 ms, 500 Hz, 50 mm s−1, and 100 μm, respectively. Then, the metal
to oxide conversion process was carefully investigated by adapting the
laser energy ﬂuence in a range of 0.68–1.36 J/cm2 and controlling the
time durations of laser scanning treatment from 0 min to 90 min on
each sample surface with an area of 20 × 16 mm2. In order to further
enhance the metal‑oxygen reaction, the laser processing was done in an
ozone chamber.
2.3. Characterization and measurements
The surface morphologies of Si wafer surfaces after diﬀerent laser
treatments were observed by a Zeiss Axio Imager.A2 optical microscope. A Zygo NewView 7300 white light interferometer was utilized
for imaging and measuring the 3D topography and roughness of the
sample surfaces. The thicknesses and optical constants of the E-beam
evaporated Al ﬁlms and those treated by laser were examined via a J. A.
Woollam M2000 spectroscopic ellipsometer in the wavelength range of
200–900 nm. For data acquisition and analysis, the CompleteEASE
software from Woollam was used. X-ray photoelectron spectroscopy
(XPS, PHI5000VersaProbe III) was used to check the composition and
chemical bonding of the ﬁlm. Raman spectra were taken by a Renishaw
inVia Raman Microscope under an excitation source with a wavelength
of 514 nm. Sheet resistance of the ﬁlm was measured by a Jandel fourpoint-probe system. The wavelength dependence of transmittance for Si
wafers in the infrared spectrum (1000–2500 nm) was characterized

with a Cary 5E UV–Vis-NIR spectrophotometer.
The injection-level-dependent minority carrier lifetimes were measured by a Sinton WCT-120 wafer lifetime tester via a Quasi-SteadyState Photoconductance (QSSPC) method, which is preferred for small
samples. The measurement was carried out using a non-conductive
aperture of ﬁxed size (10 × 10 mm2) to mask oﬀ the edges of the
samples and lessen inversion eﬀects at the edge [26,27], while diﬀerent
aperture sizes showed limited variation. This method is described by
Sinton Instruments in their Application Notes for the WCT-120 tester.
However, some edge inversion may still aﬀect the injection-dependent
lifetime due to the sample size [26], which suggests large-area samples
utilizing our passivation method will have further improved lifetime
than our extracted values for small samples. The passivation quality of
the laser generated Al2O3 layers was quantiﬁed in terms of both the
eﬀective lifetime (τeﬀ) and eﬀective surface recombination velocity
(Seﬀ), which is calculated from τeﬀ by the expression [10,18]:

2Seff
1
1
=
+
τeff
τbulk
W

(1)

with τbulk being the intrinsic bulk lifetime of Si, which is calculated to
be around 12.3 ms for n-type crystalline silicon with a doping concentration of 3.5 × 1015 cm−3 using the procedure outlined by Richter
et al. [28] and Veith-Wolf et al. [29], and W being the wafer thickness
which is 280 μm. However, the measured bulk lifetime of our samples
was 2.2 ms using an iodine-methanol solution coated on both sides, far
lower than the 12.3 ms calculated value, suggesting that the true Seﬀ of
our passivation method is even lower.
3. Results and discussions
As schematically illustrated in Fig. 1a, the entire strategy starts from
E-beam evaporation of an Al metal layer onto bare silicon wafer surface. Through this procedure, smooth and high-quality aluminum layers
with desired thicknesses can be prepared on silicon substrates. Subsequently, the silicon wafers with aluminum surface layers are put into an
ozone chamber, where laser treatment is conducted for converting the
metal ﬁlms to oxide. During this procedure, the amount of heat input
onto silicon surfaces via laser irradiation can be ﬂexibly controlled by
tuning the laser energy ﬂuences as well as the laser irradiation time,
and thus the aluminum metal layers can signiﬁcantly oxidize to form
passivating ﬁlms, while avoiding any damage to the bottom silicon
substrate.
As shown in Fig. 1b, the Si surfaces remain smooth and preserve a
mirror look after both the Al ﬁlm evaporation and the subsequent laser
treatment, indicating that no obvious surface damage has been induced
during both procedures. The microscopic observations (Fig. S1) also
conﬁrmed this, except that some tiny spots were found after laser
treatment. These tiny spots were speculated to be certain local roughness induced by the laser treatment. There was already some local
roughness after evaporation of the Al metal layer, as indicated by the
surface morphology measurement shown in Fig. S2. Although the laser
treatment induced more local roughness, i.e., these small spots, the
whole roughness of the sample surface showed only a slight increase.
On this basis, it is demonstrated that the laser treatment has been well
controlled to minimize, if there is any, morphological changes on the
ﬁlm or the silicon sample surface. The intrinsic bare Si surface is dark.
After evaporating the Al ﬁlm, the Si surface becomes bright, resulting
from the highly reﬂective nature of Al metal. Then after laser treatment,
the Si surface darkens, indicating that chemical composition change on
the surface ﬁlm has taken place. Since aluminum and oxygen are the
only species involved during the whole process, it is suggested that the
Al metal ﬁlm has been partially converted to oxide, which can act as a
passivation layer for silicon wafer surfaces.
As can be seen from the injection-level-dependent eﬀective lifetimes
in Fig. 1c, eﬀective surface passivation is realized right after proper
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Fig. 1. (a) Schematic for preparing the Al2O3 passivation layers by laser on Si wafers; (b) optical images of bare Si wafer, Si wafer after evaporating Al ﬁlm, and after
laser oxidation treatment; projection of letters “UVA” was made as a clearer indicator of the change in surface brightness; (c) injection-level-dependent eﬀective
lifetimes of Si wafers after diﬀerent treatment. The calculated eﬀective surface recombination velocities are also shown.

laser treatment of the Al metal ﬁlm, with the eﬀective lifetime being
signiﬁcantly increased to 545 μs, giving a Seﬀ below 25 cm s−1. To
further improve the passivation eﬀect, the laser treated silicon surface
ﬁlms were forming gas annealed at 400 °C for 10 min, which more than
doubled the eﬀective lifetime, reaching a value of 1020 μs. Correspondingly, a surface recombination velocity as lower than 13 cm s−1 is
achieved at a minority carrier density of 1015 cm−3, providing highquality passivation of the silicon surface.
Generally, it is known that post deposition annealing at around
400–450 °C for the activation of surface passivation must be made in
order to obtain any passivation eﬀect for the aluminum oxide layers
prepared by various chemical vapor deposition as well as reactive
sputtering techniques. In contrast, our results demonstrate that eﬀective
surface passivation with industrially-acceptable low surface recombination velocities can be realized right after the proper laser oxidation treatment of the Al metal ﬁlms. In addition, no bulk heating at
high temperatures over 400 °C is needed for either the E-beam evaporation or the laser oxidation procedures. Thus, the degradation of
bulk lifetime of silicon wafers during surface passivation treatment can
be minimized, oﬀering processing superiority for practical applications.
In order to obtain optimized laser processing conditions for
achieving the high-quality aluminum oxide passivation layer, we carried out systematic investigation on the evolution of aluminum ﬁlms
with laser conditions, during which the infrared light transmittance of
silicon wafers was utilized as an indicator, as shown in Fig. 2. The bare
silicon wafers have intrinsic transmittance about 50–55% in the studied
infrared spectrum of 1000–2500 nm (see Fig. S3). When aluminum
ﬁlms are evaporated on silicon surfaces, the transmittance decreases
signiﬁcantly to a level around 30–35% caused by the enhanced reﬂection and absorption within the metal layer. Subsequently, when
laser irradiation is done on the aluminum ﬁlms at diﬀerent laser energy
ﬂuences, diﬀerent evolution trends of transmittance with laser processing time duration are induced.
Speciﬁcally, when a wafer is treated with a low laser energy ﬂuence,
e.g., 1.13 J/cm2, the transmittance of the aluminum coated silicon
wafer increases gradually as the laser continues scanning on the aluminum surface layer (Fig. 2a). However, the rate of transmission increase diminishes, indicating that the ongoing oxidation of the metal
layer is slowed. After 30 min of laser treatment, the transmittance tends
to reach a steady level. Almost no further increase can be induced in the
transmittance even after double laser irradiation time is applied. The

transmittance spectra for aluminum ﬁlms treated by lower laser energy
ﬂuence, e.g., 0.68 J/cm2 and 0.91 J/cm2, keep the same evolution
trend, as presented in Fig. S3. This is a reasonable result, given that the
aluminum‑oxygen reaction in this research is a diﬀusion-dependent
process. As aluminum is oxidized, the diﬀusion of oxygen atoms to the
underlying unoxidized aluminum layer needs to pass through the already formed oxide, which becomes exceedingly diﬃcult as the oxidation continues.
When a high laser energy ﬂuence is applied, e.g., 1.36 J/cm2, the
transmittance of silicon wafer increases continuously with laser irradiation time, with no obvious change in the increasing rate (Fig. 2c).
When irradiation time is doubled, there is an approximate doubling in
the transmission. This evolution trend keeps constant for even longer
time durations, as shown in Fig. S4. Therefore, it is suggested that a
diﬀerent laser process mechanism rather than laser oxidation dominates at high laser ﬂuence conditions. In consideration of the nearly
linear increase of transmittance with laser irradiation time, it is
speculated to be laser ablation combined with oxidation, which normally happens at laser power intensities higher than those needed for
the oxidation reaction.
The above diﬀerences in the laser induced transmittance evolution
trends of silicon wafers can be more clearly understood through the
comparison at a speciﬁc wavelength, as shown in Fig. 3. The increase of
transmittance is faster at the beginning stage at low laser energy ﬂuence, and then levels oﬀ. In contrast to that, a nearly constant and
linear increase of transmittance is displayed under the high laser ﬂuence condition. Based on these analysis, a moderate laser ﬂuence is
desired, which is expected to provide stronger driving force for oxygen
diﬀusion and thus for the oxidation reaction, while causing negligible
ablation of the surface material.
For testing this, a laser ﬂuence of 1.25 J/cm2 is used. From Fig. 2b, it
can be observed that the increase of transmittance with time is more
pronounced compared to the condition of 1.13 J/cm2 laser ﬂuence,
suggesting that the metal‑oxygen reaction is enhanced and accelerated.
Despite that a decline in the increasing transmittance rate still exists,
the growth does not level oﬀ after laser irradiation for 30 min, and a
further transmittance increase can be expected. After laser irradiation
for 60 min, the transmittance increases to a higher level and ﬁnally
stabilizes. Such an evolution is also veriﬁed in Fig. 3, with a steeper rate
of increase being displayed during initial laser irradiation under a laser
ﬂuence of 1.25 J/cm2. Due to the enhanced and prolonged oxidation
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Fig. 2. Laser-induced evolution of transmittance spectra of Si wafers with aluminum surface layers at diﬀerent laser energy ﬂuences and for diﬀerent time durations:
(a) at laser ﬂuence of 1.13 J/cm2; (b) at laser ﬂuence of 1.25 J/cm2; (c) at laser ﬂuence of 1.36 J/cm2. Bottom black lines (referred as 0 min) are the curves for silicon
wafers with as-evaporated aluminum ﬁlms. The curve labels are consistent in all three ﬁgures. Fluctuations in the spectra are caused by switching light sources and
detectors within the spectrophotometer for measurement in diﬀerent wavelength regions.

Fig. 3. Evolution of transmittance of silicon wafers at the wavelength of
2000 nm with time durations of laser oxidation treatment at diﬀerent laser
ﬂuences. The dashed and doted lines indicate the increasing slopes of transmittance with respect to time at laser ﬂuences of 1.36 J/cm2 and 1.25 J/cm2,
respectively.

reaction, a larger portion part of the evaporated aluminum metal layers
can be converted to oxide, also evidenced by the good passivation eﬀect
shown above.
Through XPS characterization, the chemical change on the ﬁlm can
be further examined, as shown in Fig. 4. For the Al 2p spectra, the peaks
at around 73 and 75 eV belong to metallic aluminum and aluminum
oxide, respectively [30,31]. The peak for metallic Al is the major peak
in the Al 2p spectrum before laser treatment, as shown in Fig. 4a. The
peak for Al2O3 is also detected before laser treatment, which could
result from the natural oxidation of metallic Al in air during storage.
After laser treatment, the peak for metallic Al almost disappeared and
the peak for Al2O3 dominates the Al 2p spectrum (Fig. 4d), conﬁrming
that partial conversion of the ﬁlm from Al metal to oxide has occurred.
It can be noticed that an obvious peak for silicon appeared after
laser treatment in the Si 2p spectrum (Fig. 4f), which did not show up
before laser treatment (Fig. 4c). A possible reason is that it is easier for
the photoelectrons of Si to escape from the oxide ﬁlm and then be
detected. The obvious increase in the Si 2p signal results in the decrease

in relative intensity of the Al 2p peaks. Meanwhile, the relative intensity of O 1s increases slightly (Fig. 4b, e), suggesting that signiﬁcantly more oxide has been formed. This evolution can also be seen
from the atomic ratios of Al, O, and Si in the ﬁlm, as shown in Table 1.
More detailed analysis is conducted via angle resolved XPS (AR-XPS,
Fig. 5), with the corresponding atomic ratio results of Al, O, and Si
being shown in Fig. 6a. The AR-XPS spectra can give the sample composition information at diﬀerent depths. As larger incident angles are
used, namely, the XPS measurement penetrates deeper into the ﬁlm and
the content of oxygen in the ﬁlm both before and after laser treatment
decreases gradually, which indicates that the metallic Al to oxide
conversion is a diﬀusion-dependent process. At the initial step of the
aluminum‑oxygen reaction, the active oxygen atom, produced in the
ozone chamber and driven.
by laser heating, can diﬀuse through the thin nanoﬁlm to the aluminum‑silicon interface where metallic Al to oxide conversion occurs.
Once some oxide is formed in the ﬁlm, the oxygen diﬀusion slows down
obviously since the diﬀusion coeﬃcient of oxygen in aluminum oxide is
very low [32]. As a result, a gradually changing distribution of oxygen
content along the depth of the ﬁlm is induced, which in turn results in a
gradually changing oxide distribution. More investigation in the aluminum‑oxygen reaction mechanism during our laser processing is being
conducted.
In spite of the gradual decrease of oxygen content in the ﬁlm, it can
be seen that the ﬁlm after laser treatment has a higher oxygen content
at all depth positions, conﬁrming that more oxide has been grown by
our laser treatment throughout the ﬁlm. For the sake of comparison, we
calculated the relative atomic ratio of oxygen to aluminum, as shown in
Fig. 6b. It is illustrated that the O/Al ratio within the ﬁlm before laser
treatment is smaller than 3:2 even under the shallowest incident angle
condition, i.e., 5°, indicating only the existence of limited amount of
naturally formed oxide. As a contrast, the O/Al ratio within the ﬁlm
after laser treatment is larger than 3:2 even in the highest incident
angle condition, i.e., 90°, demonstrating that the metallic Al ﬁlm has
been partially converted to oxide.
The chemical composition change in the ﬁlm can also be conﬁrmed
from the Raman spectra, as shown in Fig. S5. The characteristic peaks in
the Raman spectra of the bare silicon wafer correspond to the diﬀerent
optical and acoustical modes of silicon. When the Al metal ﬁlm is deposited on the silicon wafer surface, most of these peaks disappear
except for the major peak of Si at around 520 cm−1, which is a reasonable result because the metal layer blocks the signal from the silicon
substrate. After laser oxidation treatment, these peaks for the silicon
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Fig. 4. XPS spectra of (a) (d) Al 2p, (b) (e) O 1s, and (c) (f) Si 2p signals derived from the evaporated Al ﬁlm (a)–(c) before and (d)–(f) after laser oxidation and
forming gas annealing treatment.
Table 1
Atomic ratios of Al, O, and Si in the ﬁlm according to the XPS spectra in Fig. 4.
Element

Al 2p

O 1s

Si 2p

Before laser treatment
After laser treatment

45.6
29.8

53.6
61.2

0.8
9

modes show up again, indicating that a chemical change on the metal
ﬁlm has occurred. Additionally, three new peaks at around 632, 645,
and 656 cm−1 are also detected, which are assigned to aluminum oxide.
Thus, the partial transition of Al metal ﬁlm to oxide is veriﬁed after the
laser treatment.
We also tested the change in thickness as well as optical constants of
the Al ﬁlms after laser treatment by spectroscopic ellipsometry measurement. The thickness of the as-evaporated aluminum metal ﬁlm was
measured to be around 6.9–7.8 nm, as given by Fig. 7a. After laser
treatment, the ﬁlm thickness was increased to be around 7.8–8.4 nm as
shown in Fig. 7b, which is consistent with the surface morphology
measurement shown in Fig. S2 and resulted from the mass growth
during the oxidation reaction. Although it is diﬃcult to get an accurate
measurement for the absolute thickness of such thin ﬁlms by ellipsometry, we can see that the variance in the ﬁlm thickness was below
1 nm both before and after laser treatment. This indicates that the asevaporated ﬁlm was uniform and stayed uniform after laser treatment.
The ellipsometry measurement also detects the change in optical
constants of the ﬁlm, as plotted in Fig. 7c, d. For ultrathin ﬁlms
(< 10 nm thickness), the optical constants diﬀer greatly from the bulk
material, which is evidenced when we compare our results to bulk ﬁlm
optical properties [33,34]. However, when we compare our optical
constants to that of a 5 nm thick Al ﬁlm deposited by molecular beam
epitaxy, our results for both refractive index and extinction coeﬃcient
are complemented by the literature [35]. It was also reported that the
refractive index at a wavelength of 635 nm rapidly increased above 2.0
for sub-10-nm Al2O3 ﬁlms [36], which shows agreement with our
measured refractive index. On this basis, the optical constant n increases while the optical constant k decreases after laser treatment in

our approach, which suggests a chemical change in the ﬁlm from metal
to dielectric. The dielectric-type property of the ﬁlm after laser treatment can also be evidenced by its electrical characteristics. The sheet
resistance of the ﬁlm increased from below 1 Ω/□ before laser treatment to over 100 Ω/□ after laser treatment. Such an obvious increase
indicates the formation of a dielectric. However, we note that both the
ellipsometry and sheet resistance measurements could be quite rough
and qualitative, because great diﬃculties exist in discerning optical
constant data for ultrathin ﬁlms and the inﬂuence from the substrate as
well as the contact of the ﬁlm with probes could be high on measuring
the resistance.
To further conﬁrm the capability of laser treatment in converting
aluminum metal ﬁlms to oxide, we also conducted E-beam evaporation
and laser treatment procedures on glass substrate, with its transmittance being measured, as shown in Fig. S6. Glass is intrinsically transparent material in the visible wavelength range, possessing a high
transmittance value of about 90%. When an aluminum layer is evaporated onto its surface, its transmittance drops to around 50%, as shown
in Fig. S6a. Correspondingly, the transparent glass darkens, as can be
seen in Fig. S6b. The laser treatment was applied with identical processing conditions to those used for treating silicon wafers but at a ﬁxed
laser energy ﬂuence of 0.68 J/cm2. Displaying a similar evolution trend,
the transmittance of glass with an aluminum layer shows a rapid increase to > 70% at the beginning of laser treatment, after which the
increase subsides. After laser treatment for a certain period, a very
slight increase can be further induced in the transmittance of glass even
with much longer laser irradiation time, indicating that the aluminum
metal layer has been obviously oxidized. In addition, the earlier darkly
tinted glass becomes more transparent. Therefore, the capability of
laser treatment in converting aluminum metal ﬁlms to oxide ﬁlms is
veriﬁed for multiple substrates, indicating its ﬂexibility.
Traditional furnace heating techniques can also grow thin aluminum oxide ﬁlms using Al metal, although they require 500 °C annealing for several hours to obtain an ~5 nm thick layer [37]. Our laser
processing method, however, can lead to a transient high temperature
(~900 °C) at the interface between aluminum oxide ﬁlm and silicon
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Fig. 5. AR-XPS spectra of (a) (d) Al 2p, (b) (e) O 1s, and (c) (f) Si 2p signals derived from (a)–(c) as-evaporated and (d)–(f) laser-oxidized Al metal ﬁlms.

substrate, which is beneﬁcial for generating a signiﬁcant amount of
chemical bonding and greatly decreases the interface state density.
With these advantages, laser generated aluminum oxide ﬁlms can realize an excellent chemical passivation eﬀect for silicon surfaces. Higheﬃciency c-Si solar cells generally require excellent surface passivation

with a Seﬀ below 13 cm s−1 [3,4]. Here, the < 13 cm s−1 Seﬀ in the laser
generated aluminum oxide ﬁlm can successfully satisfy this requirement. In addition, with current availability of high power (> 10 kW)
laser systems and high speed (> 10 m s−1) scanners, the laser processing approach developed in this research could be extended for high-

Fig. 6. (a) Atomic ratios of Al, O, and Si in the ﬁlm obtained from AR-XPS spectra. Solid and open symbols refer the results before and after laser treatment,
respectively; (b) Relative ratio of O atoms to Al atoms in the ﬁlm derived from (a).
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Fig. 7. Ellipsometry measurement for thickness and optical constants of the prepared ﬁlms on silicon wafer. (a) and (b) are mapping results of ﬁlm thickness over an
area of 0.5 × 0.5 cm2 before and after laser treatment, respectively. Wavelength dependence of (c) refractive index n and (d) extinction coeﬃcient k of the ﬁlms
before and after laser treatment. The optical constants from three references are also shown for comparison.

throughput production. On this basis, the approach can ﬁnd direct
application in the silicon solar cell industry. Moreover, we believe the
demonstrated laser processing technique can also be instructive for the
preparation of thin ﬁlms of other kinds of metal oxides, which are
broadly utilized in optoelectronic and energy devices [38,39].
4. Conclusions
We propose and experimentally demonstrate a new laser processing
method for low-temperature formation of eﬀective aluminum oxide
passivation layers on crystalline silicon. Aluminum ﬁlms with a thickness of only several nm are evaporated on the silicon surface, after
which a long pulse laser is utilized to convert the metal ﬁlm to oxide.
We ﬁnd that in order to realize good passivation on silicon while
causing no damage to its surface, the laser processing parameters,
especially laser energy ﬂuence, need to be optimized to get the critical
condition. An eﬀective surface recombination velocity below 25 cm s−1
is obtained right after the proper laser treatment of the Al metal ﬁlm.
After further annealing in forming gas, a 1.02 millisecond eﬀective
carrier lifetime as well as an eﬀective surface recombination velocity
below 13 cm s−1 is achieved for a 1.4 Ω·cm n-type Si wafer.
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Abstract — Herein we present a pulsed laser processing method
for crystallization and dopant activation of a highly n-doped
amorphous silicon (a-Si:H) carrier selective layer for high
conductivity, high carrier lifetime, low emitter saturation current
and limited surface layer heating as opposed to high temperature
furnace annealing induced heating of the bulk Si wafer. We
demonstrate increased crystallinity and reduced layer resistivity,
without impacting surface passivation quality. Additionally, we
examine the role of forming gas annealing (FGA) on further
improving the passivation of laser-processed polysilicon layers to
achieve a <2 mΩ·cm film resistivity, 2.1 ms effective carrier
lifetime, 685 mV implied open-circuit voltage (iVOC), and 27
fA/cm2 recombination current density (J0) with the potential for
further passivation improvement via laser process optimization.
Index — laser annealing, laser processing, silicon
crystallization, dopant activation, surface passivation, carrierselective contacts.

I. INTRODUCTION
Carrier recombination in high-efficiency silicon solar cells
can be greatly reduced by using passivating and carrierselective interlayers between silicon and its metal electrodes to
enhance cell efficiency. Highly-doped a-Si:H, well studied as
an interlayer in various Si devices, is receiving increasing
interest as a carrier selective layer for Si solar cells [1–7]. When
coupled with a thin (< 2 nm) passivating layer (such as SiO2),
surface passivation can be achieved without negatively
impacting carrier transport. Additionally, tunnel-oxide
passivating contacts are one of few viable methods to eradicate
diffusion and metal-contact-induced recombination because
they relocate heavily-doped diffused regions and metallized
contacts outside of the absorbing base. The band alignment of
the base, thin passivation layer, and carrier selective layer work
together to create a high barrier for one carrier and low barrier
for the other, providing carrier selectivity for low minority
carrier recombination and efficient majority carrier transport.
The energy diagram of this system is shown in Fig. 1.
Typically, the highly-doped amorphous or nanocrystalline
silicon layer is deposited via PECVD or LPCVD at low
temperatures between 200-600 °C and a subsequent 30-minute
high-temperature anneal between 800-1000 °C is used to
further crystallize the as-deposited layer [1–3,5–7], increase
structural and electrical stability [2–4,6,7], activate dopants
within the layer [1,6,7], reduce short wavelength parasitic
absorption by increasing crystallinity [8], and possibly generate
pinholes in the interfacial oxide for carrier transport [3,4].
Amorphous Si can reduce short-circuit current density values

Fig. 1.

Test structure energy diagram showing carrier transport.

by as much as 9 mA/cm2 for a 100 nm thick layer, which is
reduced to 4 mA/cm2 for poly-Si [8], emphasizing the need for
layer crystallization. Dopant activation will decrease the sheet
resistance of the poly-Si enabling a low series resistance for
subsequent metallization. However, high-temperature anneals
lead to several problems: (1) degradation of the tunnel oxide
and its interfaces [3], (2) dopant diffusion from the poly-Si into
the base which increases Auger recombination, (3) incomplete
dopant activation in the poly-Si, and (4) degradation of the
absorber lifetime due to prolonged high-temperature exposure.
To alleviate these issues and grant further control over the
processing, we investigate the use of ultraviolet pulsed-laser
annealing to replace the secondary furnace-based hightemperature anneal. Laser based solar cell manufacturing has
gained increased interest in recent years, allowing for easy
adoption [9,10]. Pulsed laser annealing allows for selective
control over dopant activation and crystallization of the poly-Si
layer while preventing oxide degradation, absorber
degradation, and excessive diffusion. This is due to the short
laser pulse (25 ns) which can activate dopants and crystallize
the poly-Si in nanoseconds and the shallow absorption depth
(13 nm for Si) enabling the processing to only affect the desired
layer. Coupled with the low thermal diffusivity of amorphous
(0.10 cm2/s) and polycrystalline silicon (0.14 cm2/s) when
compared to crystalline silicon (0.90 cm2/s) [11], it is unlikely
that temperatures required for oxide break-up (900 °C) [12] will
reach the interface oxide or c-Si through the 200 nm poly-Si

hydrogen. The structures are symmetric to better test their
passivation properties. We measured passivation parameters of
the structure shown in figure 1 with the method developed by
Kane and Swanson [14] using a Sinton Instruments WCT-120
QSSPCD at a specified minority carrier density of 1.0×1016
cm-3 in quasi-steady state analysis mode. We divided J0 values
by two to reflect the saturation current of one of the two layers
in the symmetric structure. We measured sheet resistances of
the deposited films with a Jandel Multiposition Probe with a
linear 1.00 mm probe spacing and a 25 µm tip radius.
III. RESULTS AND DISCUSSION

Fig. 2. Schematic drawing of the device test structure showing laser
raster scan pattern and laser processing on n+ poly-Si layers.

layer under nanosecond pulsed laser heating [13]. This gives us
a unique advantage in preventing oxide break-up while
annealing the poly-Si layer. Herein, we investigate the change
in passivation and resistance of laser processed a-Si:H carrierselective passivating contacts and the impact of forming gas
annealing (FGA) to replace the furnace-based high temperature
anneal for a-Si:H carrier-selective layers for high efficiency Si
solar cells.
II. DEVICE FABRICATION AND TESTING
This study used high-lifetime, large-area, 76 Ω-cm
resistivity, 170 µm thick, textured, n-type Cz wafers so that the
J0 variation better reflects the change in surface passivation and
sheet resistance measurements reflect the change in resistivity.
The wafers are planarized and etched using a KOH solution and
then cleaned in an RCA solution. Next, we grow a 1.5 nm thick
tunnel oxide symmetrically on both sides of the wafer using a
HNO3 solution at 100 °C. After this, we deposit a ~200 nm thick
phosphorus-doped a-Si:H layer at ~600 °C on both sides of the
structure using an LPCVD furnace with a mixture of SiH4 and
PH3 gas. This layer is subjected to a furnace anneal at 875 °C
for 30 minutes or pulsed laser annealing to further crystallize
the layer and improve its properties [6]. Using a 355 nm
wavelength, 25 ns pulse width, diode-pumped solid-state laser
with a focal spot size of 20 µm and a computer-controlled
galvanometric scan head, we optimized the laser fluence. The
pulsed laser is raster scanned across the substrate with a
repetition rate of 50 kHz, a scan speed of 100 mm/s, a raster
line spacing of 9 µm, and a 2 µm x-y galvanometric wobble.
Fig. 2. shows a schematic of the device structure and laser raster
pattern. Afterwards, we treated samples to a FGA at 450 °C to
investigate the effect of passivation by the reintroduction of

After deposition of 200 nm of n+ a-Si:H film but before the
subsequent anneal, the sheet resistance, effective carrier
lifetime, iVOC, and J0 of the symmetric structure shown in figure
1 was determined as 649 Ω/sq, 1762 µs, 0.683 V, and 29
fA/cm2, respectively. Next, pulsed laser processing was
conducted using the laser parameters stated in the experimental
section at varied laser fluences on both sides of the symmetric
sample. The sheet resistances and passivation parameters were
remeasured, and the results of this are shown in Table I. At first,
laser fluence appears to have little effect on either sheet
resistance and the passivation parameters, suggesting that there
is incomplete crystallization of the polysilicon.4,7 As laser
fluence increases, the sheet resistance decreases while
passivation parameters are mostly unaffected, which is
TABLE I
SUMMARY OF SHEET RESISTANCE AND PASSIVATION
PARAMETERS AS A FUNCTION OF INCREASING LASER FLUENCE,
REPEATED SCANS AT THE OPTIMAL† LASER FLUENCE, CHAMPION
DEVICE‡, AND 450°C FGA TIME FOR CSPC.

As-Deposited
0.96 J/cm2 Fluence
1.09 J/cm2 Fluence†
1.15 J/cm2 Fluence
1.22 J/cm2 Fluence

RS
(Ω/sq)
649
639
495
352
257

Tau fit
(µs)
1762
1739
1680
1209
742

1.09 J/cm2 Scan 2
1.09 J/cm2 Scan 3
1.09 J/cm2 Scan 4
1.09 J/cm2 Scan 5
1.09 J/cm2 Scan 6
1.09 J/cm2 Scan 7
1.09 J/cm2 Scan 8
1.09 J/cm2 Scan 9

409
347
292
260
230
206
145
112

1672
1616
1598
1534
1425
1269
1260
1187

684
684
684
684
683
682
682
681

27
27
27
26
27
27
27
27

Laser Annealed Champion‡
Champion w/ 5 min FGA
Champion w/ 10 min FGA
Champion w/ 15 min FGA

98
100
102
98

1628
1813
2095
2125

680
677
683
685

33
40
27
27

Sample Condition

iVoc
J0
(mV) (fA/cm2)
683
29
683
28
683
29
680
29
674
28

attributed to increased dopant activation and layer
crystallization [3,6]. Above laser fluences of 1.22 J/cm2,
passivation parameters begin to rapidly degrade suggesting
damage to the underlying tunnel oxide, loss of dopant, or
possible laser ablation of a-Si [6]. Therefore, a laser fluence of
1.09 J/cm2 is capable of decreasing the sheet resistance without
appreciably impacting the effective lifetime, the iVOC, or the J0,
and is therefore selected as the optimal fluence for repeated
scans. Since low sheet resistances in the poly-Si are required
for ohmic contact for later metallization, repeated scans are
necessary to further lower the sheet resistance without
impacting passivation parameters. The second section of Table
I shows the dependence of device sheet resistance and
passivation parameters on the number of repeated scans,
demonstrating that repeated laser scans at the optimal fluence
can bring the device sheet resistance below 100 Ω/sq for ohmic
metal contact. Our champion test structure was achieved using
repeated scans at 1.09 J/cm2 laser fluence, and its sheet
resistance and passivation parameters are shown in the third
section of Table I. Thus, we have demonstrated a laser fluence
condition which improves the electrical and structural
properties of the polysilicon layer for subsequent metallization,
with minimal impact to that layer’s passivation. The slow
decline in passivation parameters with repeated scans is
attributed to a loss in hydrogen from the a-Si:H, which
increases the defect density and subsequently impacts the
passivation quality. After laser processing, the champion test
structure was subjected to an FGA at 450 °C in 5 minute
increments, to examine if reintroducing hydrogen to the
annealed layer would improve its passivation parameters.
Improvements in the passivation parameters increased only
marginally after 15 minutes. These results are shown in the
fourth section of Table I. After 15 minutes of FGA, the effective
carrier lifetime of the champion test structure increased above
its initial state to 2125 µs, had an improved iVOC of 0.685 V,
and a low 27 fA/cm2 J0 while the sheet resistance remained
under 100 Ω/sq, demonstrating the viability of FGA in
conjunction with laser processing.
IV. CONCLUSIONS
We have demonstrated a novel laser processing concept to
replace the high-temperature furnace anneal for carrierselective a-Si:H passivating layers for silicon solar cells. By
utilizing laser processing, the polysilicon layer increases in
crystallinity, increases in electrical conductivity due to dopant
activation, and maintains passivation qualities due to the
shallow absorption depth of the laser wavelength and the nanotimescale from the laser pulse width, with minimal thermal
impact on the interfacial oxide. Combined with FGA, we
demonstrate a passivating poly-Si/tunnel oxide/Si structure
with a low 98 Ω/sq sheet resistivity, over 2.1 ms effective
carrier lifetime, 27 fA/cm2 J0, and 685 mV iVOC demonstrating
the viability of our approach. By adapting the laser processing

to a solar cell device, high-efficiency and well-passivated
carrier selective silicon solar cells could be fabricated at a
reduced thermal budget and without the detrimental effects of
furnace annealing.
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Abstract—Herein, we present a pulsed-laser processing method
for crystallization and dopant activation of a highly n-doped amorphous silicon (a-Si:H) carrier-selective layer in a tunnel oxide passivated contact (TOPCon) Si solar cell structure. The laser method
provides enhanced conductivity and implied open circuit voltage
while reducing emitter saturation current density and surface
heating, as opposed to conventional high-temperature furnace annealing of the bulk Si wafer with a TOPCon structure. We identify
an appropriate laser wavelength, fluence, and layer thickness using
modeling and simulations. Raman and Hall effect measurements
demonstrate increased crystallinity and dopant activation, whereas
photoconductive decay shows enhanced surface and interface passivation quality. Additionally, we examine the role of subsequent
SiNx deposition on further improving the passivation of laserprocessed TOPCon layers to achieve a 5.9 kΩ/sq film sheet resistance, 2 ms effective carrier lifetime, 718 mV implied open-circuit
voltage (iVOC ), and 8.6 fA/cm2 one-side recombination current
density (J0 ) with the potential for further passivation improvement
via laser process and a-Si layer thickness optimization.
Index Terms—Carrier-selective contact, dopant activation,
laser annealing, laser processing, silicon crystallization, surface
passivation, tunnel oxide passivated contact (TOPCon).

I. INTRODUCTION

C

ARRIER recombination in silicon solar cells can be
greatly reduced by using passivating and carrier-selective
interlayers between silicon and its metal electrodes to enhance
cell efficiency. Highly doped amorphous silicon (a-Si:H), well
studied as an interlayer in various Si devices, is receiving increasing interest as a carrier-selective layer for high-efficiency
Si solar cells [1]–[7]. When coupled with a thin (<2 nm) passivating layer (such as SiO2 ), surface passivation can be achieved
without negatively impacting carrier transport. Additionally,
tunnel-oxide passivating contacts are one of the few viable
methods for eradicating diffusion and metal-contact-induced

Manuscript received April 8, 2020; revised May 28, 2020; accepted June
22, 2020. Date of publication July 9, 2020; date of current version August 20,
2020. This work was supported by the NASA Langley Professor Program and
the National Science Foundation (NSF) under Grant ECCS-2005098 and Grant
I/UCRC-1338917. (Corresponding author: Mool C. Gupta.)
George C. Wilkes and Mool C. Gupta are with the University of
Virginia, Charlottesville, VA 22904 USA (e-mail: gcw5qu@virginia.edu;
mgupta@virginia.edu).
Ajay D. Upadhyaya and Ajeet Rohatgi are with the Georgia Institute of
Techology, Atlanta, GA 30332 USA (e-mail: ajay.upadhyaya@ece.gatech.edu;
ajeet.rohatgi@ece.gatech.edu).
Color versions of one or more of the figures in this article are available online
at https://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/JPHOTOV.2020.3006273

Fig. 1.

Energy diagram showing carrier transport.

recombination because they relocate heavily doped diffused
regions and metallized contacts outside of the absorbing base.
The band alignment of the base, thin passivation layer, and
carrier selective layer work together to create a high barrier
for one carrier and low barrier for the other, providing carrier
selectivity for low minority carrier recombination and efficient
majority carrier transport [8], [9]. The energy diagram of this
system is shown in Fig. 1.
Typically, the highly doped a-Si or nanocrystalline silicon
layer is deposited via plasma-enhanced chemical vapor deposition (PECVD) or low-pressure chemical vapor deposition
(LPCVD) at low temperatures (between 200° and 600 °C) and a
subsequent 30-min high-temperature anneal between 800° and
1000 °C is used to further crystallize the as-deposited layer [1]–
[3], [5]–[7], increase structural and electrical stability [2]–[4],
[6], [7], activate dopants within the layer [1], [6], [7], reduce
short wavelength parasitic absorption by increasing crystallinity
[10], and possibly generate pinholes in the interfacial oxide for
carrier transport [3], [4]. Amorphous Si can reduce short-circuit
current density values by as much as 9 mA/cm2 for a 100 nm
thick layer, which is reduced to 4 mA/cm2 for poly-Si [10],
emphasizing the need for layer crystallization. Dopant activation
will decrease the sheet resistance of the poly-Si, enabling a
low series resistance for subsequent metallization. However,
high-temperature furnace anneals lead to several problems: first,
degradation of the tunnel oxide and its interfaces [3]; second,
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dopant diffusion from the poly-Si into the base which increases
Auger recombination; third, incomplete dopant activation in the
poly-Si; and finally, degradation of the absorber lifetime due to
prolonged high-temperature exposure.
To alleviate these issues and grant further control over
the processing, we investigated the use of ultraviolet pulsedlaser annealing to replace the secondary furnace-based hightemperature anneal. Laser-based solar cell manufacturing has
gained increased interest in recent years, allowing for easy
adoption [11], [12]. Pulsed-laser annealing allows for selective
control over dopant activation and crystallization of the poly-Si
layer while preventing oxide degradation, absorber degradation,
and excessive diffusion. This is due to the short laser pulse (25
ns), which can activate dopants and crystallize the poly-Si in
nanoseconds, and the shallow absorption depth (10 nm for Si)
enabling the processing to only affect the desired layer. Coupled
with the low thermal diffusivity of amorphous (0.10 cm2 /s)
and polycrystalline silicon (0.14 cm2 /s) when compared to
crystalline silicon (0.90 cm2 /s) [13], it is possible to reach the
high temperatures required for activation and crystallization
while preventing tunnel oxide break-up at 900 °C [14] under
nanosecond pulsed-laser heating [15]. This gives us a unique
advantage in preventing oxide break-up while annealing the
poly-Si layer.
Herein, we investigate the change in passivation, crystallization, and dopant concentration of laser-processed a-Si:H, carrierselective passivating contacts, and the impact of subsequent
SiNx deposition to replace the furnace-based high temperature
anneal for tunnel oxide passivated contact (TOPCon) for high efficiency Si solar cells. This work enhances our earlier conference
proceeding [16] by providing modeling and simulation results,
Raman and Hall effect studies, and improved passivation of a
718 mV implied open circuit voltage. The investigations were
carried out with a 355 nm laser wavelength. We also report the
results of the effect of passivating layer thickness (12 and 200
nm), as the 355 nm wavelength will have a different impact on
these layers given the fixed absorption depth. Due to the short
absorption depth (∼10 nm) of the ultraviolet laser wavelength,
the temperature of c-Si/SiO2 /a-Si interface may not be high
enough to improve the passivation. Thicker films can be used
if a longer wavelength laser is utilized.
II. OPTICAL MODELING AND LASER SIMULATION
In order to understand the impact of the laser wavelength
and fluence on the absorption and resultant temperature increase in the TOPCon structure, the spectral optical properties
of amorphous and crystalline silicon were modeled and the
laser-material interaction was simulated to provide a conceptual
background for the study.
A. Choice of Laser Wavelength From Optical Modeling
The optical properties of amorphous and crystalline silicon
were modeled to assess an appropriate wavelength for laser
annealing using Essential Macleod optical modeling software.
While laser wavelengths can vary greatly, high-power lasers
based on Nd:YAG are typically restricted to 1064, 532, 355, and
266 nm wavelengths based on the first, second, third, and fourth

Fig. 2. Log plot of the ultraviolet absorption depth of silicon of various degrees
of crystallinity from amorphous to single crystal [17]. The arrow direction
indicates the trend of increasing crystallinity. The dashed line indicates the
selected laser wavelength, which will have identical absorption regardless of
the silicon’s degree of crystallinity.

harmonic generation. We looked at the absorption properties of
silicon with varying degrees of crystallinity from amorphous to
single crystal using data from Sopra SA [17]. Throughout the
visible spectrum, the absorption coefficient can shift by an order
of magnitude across the aforementioned allotropes, but is relatively constant belowmentioned 360 nm and abovementioned
940 nm. A constant absorption depth across allotropes ensures
consistent laser energy absorption regardless of the crystallinity
of the Si, and is therefore desired to ensure film homogeneity.
However, abovementioned 940 nm the absorption depth reaches
100 µm, indicating the majority of the laser energy will be
absorbed in the bulk wafer and not in the film. Therefore, a laser
wavelength of 355 nm was chosen to ensure sufficient energy
absorption in the a-Si film without large amounts of c-Si substrate absorption. Fig. 2 shows a log plot of the absorption depth
of silicon with various states of crystallinity from amorphous to
single crystal for ultraviolet wavelengths.
B. Simulation of Laser-Si Interaction
LCPSim, a finite differences code programmed in MATLAB
and developed by Andreas Fell at Fraunhofer ISE, can simulate
laser optical effects such as reflection and absorption as well as
thermodynamic effects such as heat transport and phase change
within various materials [18], [19]. This simulation was used
to assess the effect of laser fluence on the temperature versus
depth within silicon to support our experimental results. Only
the laser interaction with crystalline silicon could be reliably
modeled, because the varying film density of a-Si means it does
not have consistent thermal diffusivity or optical properties. An
enthalpy-based heat transfer model was used along with the laser
wavelength set to 355 nm, pulse width to 25 ns, and pulse shape
to Gaussian. Fig. 3 shows the simulated temperature versus depth
in crystalline silicon for single laser pulses of increasing fluence.
Additionally, the substrate temperature after times of 20, 10, and
7 µs, which correspond to the time between pulses for repetition
rates of 50, 100, and 150 kHz, respectively, were investigated.
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Fig. 3. Modeled results of temperature versus crystalline silicon depth for
increasing laser fluences of a single laser pulse. The simulated laser had a
355 nm wavelength and 25 ns pulse width and was modeled using LCPSim
from Fraunhofer ISE with permission from Andreas Fell [18].

We found that despite the high repetition rates (50–150 kHz)
used in laser raster processing, substrate temperature returns to
near 25 °C between pulses for the fluences assessed, suggesting
that there is no thermally induced increase in absorption between
pulses and each pulse has its own discrete, isolated effect on the
sample. The thermal diffusivities for crystalline, polycrystalline,
and a-Si are 0.90, 0.10–0.14, and <0.10 cm2 /s, respectively [13].
Therefore, the true temperatures at increasing depths in our a-Si
may be lower.
III. DEVICE FABRICATION AND LASER PROCESSING
This study used high lifetime, 100 mm, 500 Ω-cm resistivity,
298 µm thick, textured, n-type FZ wafers so that the J0 variation better reflects the change in surface passivation, and sheet
resistance measurements reflect the change in film resistivity.
The wafers are planarized and etched using a KOH solution
and then cleaned in an RCA solution. Next, a 1.4–1.5 nm-thick
tunnel oxide is grown symmetrically on both sides of the wafer
using an HNO3 solution at 100 °C, verified by ellipsometry.
After this, we deposit a 12 nm-thick phosphorus-doped a-Si:H
layer on both sides of the structure using a UNAXIS PECVD at
a deposition temperature of 300 °C. Deposition details can be
found in Rohatgi et al. [9]. This layer is subjected to a furnace
anneal at 875 °C for 30 min or pulsed laser annealing to further
crystallize the layer, activate dopants, and improve its interface
with SiO2 [6]. Using a 355 nm wavelength, 25 ns pulse width,
Coherent MATRIX-355, diode-pumped solid-state laser with a
spot size of 160 µm, and a computer-controlled galvanometric
scan head, we optimized the laser fluence and pulse overlap.
The pulsed laser is raster scanned across the entire surface of
the 25 × 25 mm sample with a repetition rate of 50 kHz, a scan
speed between 2–8 m/s, and a raster line spacing of 40–160 µm.
Fig. 4 shows a schematic of the laser setup, device structure, and
laser raster pattern.
Due to the 12 nm film thickness and sample roughness, characterization with Raman and Hall effect measurement becomes
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difficult because the majority of the Raman signal would come
from the bulk Si substrate, and Hall effect measurements on
rough samples with ultrathin films leads to inconsistent results.
Therefore, 200 nm a-Si films were deposited and similarly
furnace or laser annealed to characterize the crystallization and
dopant activation via those methods. Due to the increased film
thickness, the ultraviolet laser wavelength was unable to reach
the c-Si/SiO2 /a-Si interface and influence the passivation, but
Raman and Hall effect characterization was simplified.
To examine how SiNx further improves the passivation properties, 60 nm of SiNx was deposited symmetrically on a prelaser
processed sample with a Trion Orion PECVD system. Films
were deposited at a substrate temperature of 350 °C and pressure
of 600 mTorr using 600 sccm of 2% SiH4 balanced with N2 and
15 sccm of NH3 . The films were annealed at 350 °C for 30 min
after deposition to ensure suitable film adhesion.
IV. LASER PARAMETER OPTIMIZATION
To evaluate the passivation parameters of the symmetric structures shown in Fig. 4(b), we used the method developed by Kane
and Swanson [20] using a Sinton Instruments WCT-120 quasisteady-state photoconductance decay (QSSPCD) measurement
at a specified minority carrier density of 1.0 × 1015 cm−3 in
generalized (1/1) analysis mode. We divided J0 values by two
to reflect the saturation current of one of the two layers in
the symmetric structure which is designated by 1 × J0 . We
measured sheet resistances of the deposited films with a Jandel
multiposition probe with a linear 1.00 mm probe spacing and a
25 µm tip radius.
After deposition of the 12 nm n+ a-Si:H films but before any
subsequent anneal, the as-deposited films had an average sheet
resistance exceeding 10 kΩ/sq, active dopant concentration on
the order of 1016 cm−3 , lifetime fit of 733 µs, implied open
circuit voltage (iVOC ) of 679 mV, and 1 × J0 of 25.6 fA/cm2 .
One sample was conventionally annealed in a furnace at 875 °C
for 30 min in inert nitrogen to activate the dopants, crystallize
the a-Si, and improve the interface it shares with SiO2 . After
annealing, the sheet resistance dropped to 0.6 kΩ/sq and the
active dopant concentration increased to 7.7 × 1019 cm−3 ,
indicating phosphorus moving from interstitial to substitutional
lattice sites and solid-phase crystallization of the n+ a-Si. The
lifetime and iVOC increase to 3586 µs and 719 mV, respectively,
whereas the 1 × J0 decreased to 5.2 fA/cm2 , indicating excellent
surface passivation.
To reduce the thermal budget for this process and the amount
of time at which the structure stays at elevated temperatures,
as-deposited samples were laser-processed across a variety of
laser fluences and pulse overlap percentages on both sides of
the symmetric structure. The process optimization results are
shown in Fig. 5 and do not include subsequent SiNx deposition.
Initially, as the laser fluence increases, the film sheet resistance
decreases and the iVOC increases, suggesting simultaneous
dopant activation and passivation improvement. The iVOC peaks
at 703 mV at a fluence of 0.34 J/cm2 , which corresponds to a
temperature range near 800 °C from the simulation and coincides well with conventional furnace annealing temperatures at
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Fig. 4. (a) Schematic of pulsed-laser processing setup with scanning galvanometer. (b) Symmetric carrier-selective passivating-contact device structure for
QSSPCD evaluation of passivation showing laser raster scan pattern.

Fig. 5. (a) Fluence of a single laser pulse versus film sheet resistance. (b) Device iVOC . The optimal fluence occurs at 0.34 J/cm2 based on low sheet resistance
and high iVOC . (c) Percentage of pulse overlap at the optimal laser fluence versus film sheet resistance. (d) Device iVOC . While greater overlap resulted in a lower
sheet resistance, the peak device iVOC occurred at a pulse overlap of 50%. (d, inset) A top-down illustration of how pulse overlap of a Gaussian beam influences
the number of pulses per area. All poly-Si films used in this figure were 12 nm thick. Optimization data does not include subsequent SiNx deposition.
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TABLE I
ELECTRICAL PARAMETERS OF TOPCON TEST STRUCTURES

Sheet resistance, active dopant concentration, lifetime fit, implied open-circuit voltage,
and one side recombination current density for the starting as-deposited, furnace annealed,
champion laser annealed, and laser annealed with subsequent SiNx deposition samples.
All poly-Si films used in this table were 12 nm thick.
a
Sheet resistance is unmeasurable above 10 kΩ/sq.
b
Optimal condition is at a laser fluence of 0.34 J/cm2 .

800 °C. For instance, Rohatgi et al. [9] obtained a 702 mV
iVOC when furnace annealing at 800 °C for 1 h, whereas their
iVOC increased to 720 mV at 875 °C. Above this fluence, the
drop in sheet resistance flattens out with a minimum of 5.8
kΩ/sq and begins to increase again at even higher fluences.
This suggests that laser activation of dopants may saturate at
this density for 12 nm n+ poly-Si films and the sheet resistance
increase at fluences abovementioned 0.45 J/cm2 may indicate
dopant loss or a-Si film ablation. Similarly, the drop in iVOC
at higher fluences could indicate damage to the underlying
tunnel oxide interfaces and reduced band bending as a result
of dopant or film loss. The laser fluence has to be very precisely
controlled to achieve the higher 720 mV iVOC demonstrated
at 875 °C annealing, which is difficult with a Gaussian beam
profile due to the nonconstant intensity throughout the beam
area. Therefore, the optimal fluence was chosen as 0.34 J/cm2
for laser annealing and was used to optimize the pulse overlap.
The pulse overlap was adjusted by changing the galvanometer
scanning speed to 2, 4, and 8 m/s and the scan line spacing to
40, 80, and 160 µm, respectively, at a fixed repetition rate of
50 kHz and laser spot size of 160 µm. The pulse and scan line
spacing were kept identical for simplicity. The inset of Fig. 5(d)
shows a top-down illustration of the pulse overlap. The film
sheet resistance continued to decrease with increasing overlap,
reaching a minimum value of 5.5 kΩ/sq at an overlap percentage
of 75%. However, the iVOC peaked at an overlap percentage of
50% and decreased at higher overlap percentages. This indicates
that while a higher overlap percentage could grant increased
dopant activation, it may cause minor damage to the tunnel oxide
interfaces from photomechanical stress. Therefore, 50% (4000
mm/s scan speed and 80 µm scan line spacing) was selected as
the optimal pulse overlap.
Table I summarizes the dopant activation and passivation of
the as-deposited, furnace annealed, optimally laser-processed
sample, and optimally laser-processed sample with 60 nm of
SiNx symmetrically deposited on both sides of the sample.

Fig. 6. Raman spectra of 200 nm thick as-deposited, furnace annealed and a-Si
films that were laser processed under a single pulse at increasing laser fluence.
As the laser fluence increases, the intensity of the 520 cm−1 Si peak increases,
demonstrating increased crystallinity under increasing laser fluence. Thicker
films were used to ensure the Raman signal only comes from the deposited film
and not the wafer.

V. CHARACTERIZATION OF A-SI:H LAYER CRYSTALLIZATION
AND DOPANT ACTIVATION
To assess the degree to which ultraviolet laser annealing of n+
a-Si activates dopants and crystallizes the a-Si, thicker, 200 nm
films were deposited via a Tystar tube furnace LPCVD tool
at 588 °C on top of a 1.4–1.5 nm HNO3 grown tunnel oxide.
Details of this process are published elsewhere by Upadhyaya
et al. [6]. Raman spectra were taken with a Renishaw inVia
confocal Raman microscope with an 1800 lines/mm grating
(2.93 cm−1 resolution) at an excitation wavelength of 405 nm
to reduce the signal coming from the substrate. Fig. 6 shows
the Si Raman peak for as-deposited, furnace annealed, and laser
annealed samples at increasing laser fluence where each laser
annealed spectra is from a single laser pulse on an as-deposited
sample. Amorphous Si has a broad Raman band based on the
wide variety of different bond lengths in its amorphous state,
whereas c-Si has a sharp Raman peak centered at 520.5 cm−1
corresponding to a high count of similar short-length bonds.
With increasing fluence, the peak intensity increases and the
peak width decreases indicating increased crystallinity. Part of
the signal intensity increase with crystallinity will be the result
of an increased interaction volume with an increased absorption
depth of c-Si (100 nm) versus a-Si (11 nm) at 405 nm as shown
in Fig. 2. While the high 0.55 J/cm2 fluence spectra shows
crystallinity on par with that of the furnace annealed poly-Si,
that fluence is too high for thinner 12 nm a-Si samples, as it
causes a large drop in iVOC from oxide interface disruption.
The thickness of the deposited a-Si layer could potentially be
optimized to allow for a higher fluence without impacting the
tunnel oxide interface.
Carrier concentration and sheet resistance were calculated
from the Hall mobility, measured at room temperature with
an Ecopia HMS-3000 hall measurement system using a 0.55 T
permanent magnet and spring probes configured to the van der
Pauw arrangement on square samples and the results are shown
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VI. CONCLUSION

Fig. 7. Hall-effect measurement of doping concentration (left axis, blue bars)
and sheet resistance (right axis, red bars) for 200 nm thick as-deposited, furnace annealed, and laser annealed a-Si films, showing an increase in doping
concentration and decrease in sheet resistance with increasing laser fluence that
is comparable to furnace annealing.

in Fig. 7. As-deposited samples begin with a carrier concentration of 4.0 × 1018 cm−3 and sheet resistance of 470 Ω/sq.
Since most of the phosphorus dopant is in interstitial sites and
few lattice sites exist in the amorphous state, it contributes little
to the electrical properties of the film. As the laser fluence
increases, dopant activation continues to rise, increasing the
measured dopant concentration and decreasing the film sheet
resistance as the amorphous film crystallizes and the phosphorus
dopant enters the crystalline lattice. The highest fluence evaluated, 0.43 J/cm2 , has a measured dopant concentration of 8.7
× 1019 cm−3 and sheet resistance of 87 Ω/sq comparable to
the furnace annealed 200 nm poly-Si sample’s 1.5 × 1020 cm−3
concentration and 52 Ω/sq sheet resistance, indicating successful
activation of dopant and film crystallization with room for future improvement through laser annealing optimization. Dopant
concentration profiles for thermally annealed films can be found
in Upadhyaya et al. [6].
The a-Si:H film thickness must be carefully chosen for improved performance at a given laser wavelength. Thicker a-Si:H
films, in the range of 100–200 nm, will absorb the laser light in
the upper part of the film and the thermal annealing of interface
defects does not occur due to the temperature gradient in the
film. If the a-Si:H film thickness is too low (∼10 nm), then
part of the laser light will be absorbed by the Si substrate,
inducing defects. For a 355 nm wavelength laser, an optimum
a-Si:H film thickness appears to be around 20–40 nm to achieve
higher performance from laser annealing. Poly-Si layers with a
20–40 nm thickness may be suitable for front surface TOPCon,
but is currently not suitable for screen printing applications
on the rear surface, which require 100–200 nm thick poly-Si
layers for firing. However, by using a longer pulse width of
50–100 ns or a longer laser wavelength of 400–450 nm, effective
and uniform annealing of a thicker poly-Si for screen printing
becomes feasible [6]. We have demonstrated the feasibility of
laser crystallization and dopant activation of a-Si:H in TOPCon carrier-selective contacts, and further improvements can
be made by optimizing the layer thickness and corresponding
annealing fluence.

We have demonstrated a novel laser processing concept to
replace the high-temperature furnace anneal for n-type TOPCon
carrier-selective passivating contacts for silicon solar cells. By
utilizing laser processing, the polysilicon layer increases in
crystallinity, electrical conductivity due to dopant activation,
and passivation due to the shallow absorption depth of the laser
wavelength and the nano-timescale from the laser pulsewidth,
with minimal thermal impact on the interfacial oxide. Optical
modeling and LCPSim simulations help shape our knowledge of
the laser-material interaction process and provide a foundation
for experimental work. Combined with a SiNx layer, we demonstrate a well-passivated SiNx /poly-Si/tunnel oxide/Si structure
with a low 5.9 kΩ/sq poly-Si sheet resistivity, over 2001 ms
effective carrier lifetime, 718 mV iVOC , and 8.6 fA/cm2 J0
demonstrating the viability of our approach. Raman and Hall
effect characterization of 200-nm laser-annealed a-Si films show
that a degree of crystallinity and dopant activation comparable
to 875 °C furnace-annealed films can be achieved.
A thicker a-Si film, potentially in the range of 20–40 nm would
allow for a higher fluence to be used, granting increased crystallinity and dopant activation but reducing damage to the tunnel
oxide interfaces due to the temperature decrease at increased
thickness. By adapting the laser processing to a solar cell device,
high-efficiency and well-passivated carrier selective silicon solar
cells could be fabricated at a reduced thermal budget and without
the heating of the entire wafer under furnace annealing. Thicker
a-Si films and use in a full device structure will be the subject
of future study.
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Abstract—Carrier-selective contacts based on dopant-free,
transition metal oxides are attracting increased interest for silicon
heterojunction solar cells. Sub-stoichiometric molybdenum
trioxide (MoOx) has been demonstrated as one of the most
promising candidates to replace a-Si, however it has poor
temperature stability upon furnace annealing in a completed
device. Herein, we demonstrate a pulsed laser annealing method
for substantially improving the passivation of carrier-selective
MoOx layers for silicon solar cells and compare it to a furnace
annealing approach, facilitating future investigations.
Keywords—laser annealing, laser processing,
passivation, carrier-selective contacts, silicon solar cells.

surface

I. INTRODUCTION
Efficient photovoltaics have two essential functions: (1)
converting light into electron-hole pairs, and (2) effectively
separating these pairs and extracting them at the electrodes
before they recombine. Carrier-selective contacts have received
increased interest in recent years because of their ability to
collect one type of carrier (e.g. holes) while blocking the other
(e.g. electrons). Additionally, these layers also provide
passivation of the absorber surfaces making them the most
promising method for reducing recombination at the interfaces
of crystalline-Si (c-Si) photovoltaics while enabling effective
carrier transport.
Current top candidates for high efficiency include solar cells
with heterojunction with intrinsic thin layer (HIT)-based
contacts and tunnel-oxide passivating contacts (TOPCon) and
have achieved power conversion efficiencies of 26.7% [1] and
25.8% [2], respectively, however they require costly deposition
techniques like PECVD or high-temperature (>800 °C) thermal
treatments. To reduce fabrication complexity, temperature, and
cost, transition metal oxides (TMO) carrier-selective contacts
have generated increased interest and demonstrated device
efficiencies of 20.7% [3] with simulated device structures
reaching efficiencies of 25.3%–27.95% [4], [5]. TMO contacts
can be deposited with simple techniques like thermal
evaporation [3], [6] at low temperatures and without dopants
while retaining ideal optical characteristics, carrier-selectivity,
and passivation. Removal of hydrogenated amorphous silicon
(a-Si:H) entirely would reduce the amount of toxic and
flammable process gases used and fabrication complexity. Due
to a-Si low band gap of 1.7 eV, there is also interest in removing
them entirely to reduce parasitic absorption.
We acknowledge the support of the NASA Langley Professor Program,
NSF Grant No. ECCS-2005098 and NSF I/UCRC Center.

Fig. 1. Energy diagram showing carrier transport of MoOx hole-selective
contact, based on induced band bending.

High-work function transition metal oxides, such as substoichiometric molybdenum trioxide (MoOx, x <3), have shown
promise in recent years as hole-selective layers [3], [4], [6], [8],
[9]. Depending on the exact stoichiometry, MoOx has a high
band gap of ~3 eV [10], reducing parasitic absorption, and a high
work function 5.5–6.8 eV [11], enabling effective hole
selectivity. The high work function induces upward bandbending at the Si surface causing inversion, reducing the
electron surface concentration and increasing the hole current
density to the contact [12]. Therefore, carrier selectivity is
obtained, not from induced band-bending, but by the minimal
valence band offset and high conduction band offset with c-Si.
The energy band diagram for MoOx-based carrier-selective
contacts is shown in Fig. 1. This layer can be used with thin
tunnel oxides consisting of SiO2 or Al2O3 for enhanced
passivation.
Commonly, moderate temperature (250–350 °C) annealing
is needed to improve layer interfaces and cure screen printed
contacts. Unfortunately, Neusel et al. noted that MoOx,
irrespective of the presence of an a-Si:H (i) buffer layer, has a
loss in carrier selectivity and fill factor with annealing
temperatures above 150°C [13]. Therefore, there is a need to
accomplish annealing without detrimental impact to the MoOx
layer carrier-selectivity, its passivation ability, and potentially
improve those properties. In this work, we investigate pulsed
laser annealing of MoOx. With laser annealing, the duration of

time the layer of interest is heated is exceedingly low and the
laser wavelength can be selected to anneal only the layer of
interest without bulk heating. This prevents the detrimental
effects experience from conventional furnace annealing.

II. DEVICE FABRICATION AND ANNEALING
A. Device fabrication
Double-side polished, 1–
-lifetime
silicon wafers of both p- and n-type were used for this study.
Starting wafer passivation is measured with native oxide intact.
Afterwards, they are dipped in HF to remove any native oxide
and rinsed with DI water. They were then placed in a thermal
evaporator with a molybdenum boat containing stoichiometric
MoO3 pellets. The chamber is brought down to a pressure of
5×10-6 hPa, and 10 nm of MoOx is evaporated at a rate of 0.1–
0.2 Å/s by monitoring the deposition rate with a quartz crystal
monitor. Afterwards, the wafers are flipped and a symmetric
layer is deposited on the opposite side for characterization with
QSSPCD at a minority carrier density of 1 × 1016 cm-3 in quasisteady stage analysis mode (Sinton, WCT-120). The measured
J0 values are divided by two to reflect the single-side J0 of one
of the layers. Additionally, a 10 nm MoOx film was single-side
coated onto a glass slide to monitor the change in optical
transmission with increasing annealing temperature.
B. Furnance annealing and optical transmission
As a reference, thermal annealing was done in an ambient
air-filled furnace at increasing temperatures in increments of
100 °C for 10 minutes for MoOx films on p-type wafers and a
single side film on glass. Between each 10 minute anneal, the
passivation properties of the MoOx/p-Si/MoOx structure was
measured using QSSPCD. Similarly, the optical transmission of
the single-side film on glass was measured in a wavelength
range from 300–600 nm (Varian Cary, 5E UV-Vis-NIR
Spectrophotometer). The glass was first measured without the
film for comparison.
C. Laser annealing setup
Laser annealing was done using a 355 nm wavelength, 25 ns
pulse width, diode-pumped solid-state laser (Coherent,
MATRIX 355-8-50) by passing the beam through a computercontrolled galvanometer scan head (Sino-Galvo, SG7210) in a
raster scan pattern. The beam was defocused while annealing
MoOx/n-Si/MoOx samples, in order to more evenly distribute the
beam energy across the beam waist and to avoid reaching the
ablation threshold for MoOx near the Gaussian peak of the beam
[14]. The focused beam size is approximately 20 µm in diameter
while the defocused beam size is approximately 280 µm in
diameter, which was measured by optical microscopy of a laser
ablated spot at varying sample focal heights. The scan speed and
raster line spacing was set so that there was a 140 µm spacing
between spots in both the x and y dimensions (50% overlap).
The entire sample area (25 mm x 25 mm) is annealed and the
substrates are flipped over to anneal the opposite side
symmetrically. Laser fluence was varied to examine the effect
on the passivation of this structure. Fig. 2 shows a schematic of
the laser raster annealing process.

Fig. 2. Schematic of laser raster annealing process and device structure.

III. ANNEALING RESULTS
A. Furnace annealing
With furnace annealing of the single side-coated MoOx on
glass samples, the optical transmission of the glass samples
starts at approximately 90% in the range of 350–600 nm. After
deposition of the MoOx, the transmission drops in the violet
range of the spectrum. Upon thermal annealing in air, the
transmission increases in that range until a temperature of 300
°C.
transmission begins to decrease. The increase in transmission
can be explained by an oxidation reaction of the MoOx, while
the decrease by a reduction reaction [15]. Increased transmission
of the MoOx film is desirable to reduce parasitic absorption.
These results are shown in Fig 3.
After an HF dip and deposition of MoOx on p-Si samples,
the symmetric, as-deposited 10 nm MoOx passivates the wafer
modestly. However, upon furnace annealing at any temperature
in ambient air, the passivation performance degrades due to a
shift in work function and complete loss of carrier-selectivity.
Similar thermal annealing impacts have been noted in the
literature [13]. The impact of thermal annealing on the device
effective lifetime ( eff), implied open-circuit voltage (iVOC), and
one-side recombination current density (1 × J0) is shown in
Table I.

Fig. 3. Transmission spectra for thermally annealed MoOx on glass.

TABLE I.
Sample
Condition

FURNACE ANNEALING RESULTS

IV. CONCLUSIONS
-3

QSSPCD at MCD of 1E16 cm
Lifetime (µs)

iVOC (mV)

1 × J0 (fA/cm2)

Starting Wafer

2

550

3438

As-Deposited

232

639

34

a

9

570

653

200 °C

5

554

1204

300 °C

6

558

932

400 °C

5

555

1142

500 °C

5

552

1267

100 °C

a.

We have demonstrated an ultraviolet laser annealing
approach for passivation improvement of hole-selective MoOx
contacts in silicon solar cells. When compared with ineffective
thermal annealing, the laser annealing approach demonstrates
substantial improvement, with the lowest J0, and highest iVOC of
any a-Si interlayer-free MoOx passivation to our knowledge.
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