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Abstract

We present a proof-of-concept photodetector which is sensitive in the visible spectrum. Silicon
nanocrystals (Si-NCs) obtained by laser ablation are used as the active absorption region.
Si-NC films are formed from a polymeric dispersion. The films are sandwiched between thin
insulating films to reduce the electrical leakage current. Furthermore, Ag nanoparticles are
integrated with the photodetector to enhance the visible response using plasmonic effects. The
measured photocurrent is resonantly enhanced, which is explained in terms of enhanced local
fields caused by localized plasmons. The UV—-vis spectrum of Ag nanoparticles is also

measured to verify the resonance.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Silicon, despite its poor photodetection and generation
properties, remains an unrivaled material in the current
integrated circuit industry because of its indirect bandgap.
Ultra-small forms of silicon, however, exhibit exciting
photonic characteristics. Ultra-small Si nanocrystals (Si-NCs)
show strong luminescence in the visible wavelengths [1-3].
The cadmium-free nature of Si-NCs makes them prime
candidates for solid-state and backlighting industries [4].
Photodetectors have been fabricated based on Si-NCs and
bandgap engineered with adjustments in NC size [5—8]. Kim
et al made a significant step towards the development of new
silicon image sensors by showing that it is possible to develop
wavelength-sensitive photodetectors by adjusting the Si-NC
size [9]. In addition to the possibility of bandgap control with
size, Si-NCs provide very fast optical transition and multiple
carrier generation that paves the way to new and highly

2040-8978/12/125001+05$33.00

efficient optoelectronic device fabrication [10, 11]. Cho et al
investigated the size-dependent carrier injection dynamics in
Si-NCs in a systematic approach and they observed strong
size-dependent characteristics of the carriers, due to quantum
confinement effects [12]. There is also a tremendous amount
of effort to bring solar cell costs down to the levels of fossil
fuels. Si-NCs are also promising candidates for bandgap
engineered tandem solar cells owing to the size controlled
bandgap and natural abundance of silicon. The recent work
of Kim et al showed that the presence of Si-NCs provided
a 14-fold increase in solar cell performance in the blue and
green regions compared to bulk silicon, emphasizing the
importance of Si-NCs for tandem solar cell applications [13].

In the above-cited works, Si-NCs are synthesized by
chemical vapor deposition (CVD) techniques that yield a
narrow size distribution of nanoparticles. However, CVD
processes require a vacuum environment and therefore the
throughput is limited. For large area photonics applications, a
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low cost and high throughput method is desirable. One of the
possible and efficient ways of synthesizing ultra-small Si-NCs
with high concentration is the laser ablation method. This
method is widely used and it is promising for the synthesis
of ultra-small Si-NCs in solution form [14—17]. During the
laser ablation process, the interaction of intense laser light
and matter makes NC synthesis possible, leading towards the
formation of photoluminescent, ultra-small NCs with high
concentration [18-36]. Barcikowski et al showed that it is
possible to synthesize nanoparticles on a scale of several
grams through the laser ablation method [37]. This work is a
good indication of the feasibility of the laser ablation method
for large-scale applications. The laser ablation technique
typically results in a wider particle size distribution that could
be used as a design advantage to achieve wideband absorption
in photovoltaic devices. Photoluminescence properties of the
synthesized Si-NCs are also reported in the literature and
Alkis et al showed that it is further possible to reduce laser
ablated Si-NCs sizes and blue-shift their optical emissions
through an acid-free sonification and filtration post-treatment
procedure [4, 22-24].

In this paper, we investigate the use of laser ablated
Si-NCs as active layers in optical detectors. A major obstacle
for efficient Si-NC PD fabrication is the insufficient ability of
Si-NCs to absorb light compared to Si wafer based PDs. In
order to increase the light absorbed in Si-NCs and improve
the efficiency of Si-NC PDs, a possible route that could be
followed is to exploit increased local field intensity due to
localized plasmons in metal nanoparticles [38]. Numerous
optoelectronic devices including silicon solar cells and silicon
PDs with plasmonically enhanced efficiencies have been
realized using metal NCs [39-43]. The recent work of
Kim et al demonstrated a Si-NC PD based on 3 nm size
Si-NCs in solid form that were obtained through plasma
enhanced chemical vapor deposition (PECVD) using SiHy4
and NH3 gases as precursors and they reported significant
enhancements in the photocurrent values by localized modes
in Ag NCs [44]. However, Si-NCs used in that work were
obtained in a solid host matrix inside a plasma chamber, under
vacuum at elevated temperatures which limits the scalability
and throughput for large area optoelectronic applications.

In this paper, we demonstrate a new Si-NC PD based
on Si-NCs that are synthesized through a single step laser
ablation in liquid form and we report the photocurrent
enhancement with the use of Ag nanoparticles. A schematic
representation of the fabricated Si-NC PD is given and the
electrical measurement results are supported by SEM images
and UV-vis spectra.

2. Experimental details

Colloidal 5-100 nm Si-NCs used in this work were generated
using a commercial nanosecond pulsed ND:YLF laser
(Empower Q-Switched Laser, Spectra Physics) operated at
527 nm with pulse duration of 100 ns, average output power
of 16 W at a pulse repetition rate of 1 kHz corresponding to
a pulse energy of 16 mJ. The laser beam was focused on a
p-type Si wafer target placed in a glass vial containing 20 ml

of de-ionized water using a plano-convex lens with a focal
length of 50 mm. The height of the liquid layer over the Si
target was about 5 mm. The laser ablation was carried out for
5 min. Optical properties and size distributions of laser ablated
Si-NCs are given in greater detail in our previously published
manuscript [4].

Si-NC PD fabrication was performed on highly p-type
(0.010-0.018 €2 cm boron doped) Si substrate. The substrate
was cleaned through standard cleaning procedures involving
acetone, isopropanol and water. 10 nm of Ag thin film
was thermally evaporated (VAKSIS-MIDAS) on Si substrate
followed by rapid thermal annealing (ATV RTA-SRO-704)
of the sample in the presence of N> gas at 600°C for
65 s. This was done in order to form ultra-small Ag-NCs
on the Si substrate [44]. This was followed by deposition
of 7 nm Al,O3 on the Ag-NCs/Si structure by atomic layer
deposition (ALD) for isolation. The ALD process was done
with a Cambridge Nanotech Savannah 100 type commercial
ALD instrument using (CH3)3Al and H,O as the precursor
gases at 250°C. In order to form a thin film of Si-NCs
on top of the Al,O3/Ag-NCs/Si structure, 2 g of polyvinyl
alcohol (Mowiol 10-98, Aldrich Chemicals) was added to a
20 ml Si-NCs/water solution that was prepared through laser
ablation. The solution was stirred vigorously at 90°C for
48 h in order to dissolve the added polymer and obtain a
homogeneous solution. The sample surface was then coated
with the prepared Si-NC solution using dip-coating with
a home-built dip-coat instrument at an operating speed of
1.7 mm s~!'. The dip-coat procedure was repeated for ten
cycles in order to form Si-NC films. In this work, there was no
attempt to optimize the film uniformity of the Si-NC film. This
procedure was followed by a second ALD of 7 nm Al,O3 on
top of the Si-NCs/Al,O3/Ag-NCs/Si structure using the same
ALD recipe. A thin (<10 nm) Al layer was evaporated on top
of the sandwich structure for charge collection followed by
active area patterning by photolithography. Finally, 75 nm Al
was evaporated to form the front and back contacts. In order
to observe the Ag-NC effects on the performance of Si-NCs
PDs, two sets of Si-NC PDs were fabricated. Samples without
Ag-NCs are used as reference PDs.

3. Results and discussions

Figure 1 shows the cross-sectional illustration and a scanning
electron microscope (SEM) image of a completed device. The
bottom Al layer and the highly p-type doped Si substrate are
used as the back electrode. The Al,O3 layers are chosen thin
to allow for tunneling of photogenerated carriers. The top
aluminum layer is kept thin to allow for light penetration into
the active area.

Figure 2(a) shows a typical SEM image (FEI Nova
Nanosem 430) of the Ag-NCs formed on glass substrate
after RTA treatment. Particle sizes 20—-150 nm are observed
with a distribution as shown in the inset. The absorption
characteristics of the Ag-NC thin film formed with the above
technique were obtained with a Varian Cary 5000 UV/vis/NIR
spectrophotometer. The spectral absorption of the Ag-NC
films, figure 2(b), exhibits a broad absorption peak centered
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Figure 1. (a) Cross-sectional diagram of the fabricated Si-NC PD.
(b) SEM image, top view of the fabricated Si-NC PD.

around 490 nm. Ag-NCs absorb light into localized plasmon
modes as explained earlier [44]. In the completed device,
the Ag-NCs are obtained on Si substrate and are covered by
a AlpO3 layer. The absorption peak is expected to shift to
larger wavelengths due to the higher refractive indices of the
surrounding materials (compared to Ag-NCs on glass).

The electrical characterization of the fabricated devices
was performed with a commercial Keithley 4200-SCS type
semiconductor parameter analyzer. Current—voltage (I-V)
characteristics were obtained under dark conditions as shown
in figure 3. The measured dark current densities of the
devices are low, 30 mA cm 2, owing to the dual Al,O3
insulating layers. The dark current characteristics for samples
with Ag-NCs show a characteristic increase of current after
5 V bias. This is attributed to the higher number of states
available for charge tunneling owing to the presence of
Ag-NC induced states at the Si—-Al,O3 interface. Repeatable
and scalable electrical characteristics obtained from different
devices verify repeatable Si-NC coating.

Spectral photogenerated current (Iphoto) i measured at
2 V applied electrical bias with a mechanically chopped,
monochromated light normally incident on the device surface
and a lock-in amplifier (SRS 830). Incident light power (Pjij)
was measured with a calibrated Si photodetector. We used
a bias voltage of 2 V in our photocurrent measurements.
The measured photocurrent values are low compared to the
literature [44]. This is attributed to the reduced collection
efficiency of the photogenerated electron—hole pairs due to
the presence of the dual Al,O3 layers that electrons and
holes should tunnel through. Figure 4 plots the normalized
photogenerated current versus light wavelength from devices
with and without a Ag-NC layer. The presence of Ag-NCs
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Figure 2. (a) SEM image, Ag islands on quartz glass, inset: size
distribution of Ag islands. (b) UV-vis absorption spectrum of Ag
islands on quartz.
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Figure 3. Dark current (/) versus bias voltage (V) spectrum, top
curve Si-NC PD with Ag (solid line), bottom curve (dashed line)
Si-NC PD without Ag.

introduced an additional peak around 550-570 nm. This is
attributed to the plasmon resonance of Ag-NCs, which is in
perfect agreement with the absorption profile of Ag-NCs as
shown in figure 2(b). The absorption peak associated with
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Figure 4. Normalized photogenerated current versus wavelength
(nm) spectrum: top curve Si-NC PD with Ag; bottom curve Si-NC
PD without Ag.

Ag-NCs is red-shifted as predicted above, due to the larger
dielectric constant of the surrounding Si substrate (compared
to glass) and Al,O3 (compared to air), and a corresponding
shift of the localized plasmon resonance (from around 500 to
550 nm).

4. Conclusion

Visible range photodetectors are experimentally demonstrated
using ultra-small Si-NCs obtained by laser ablation. Si-NCs
films are achieved by the dip-coating technique. The
absorption of the Si-NC layer is enhanced by Ag-NCs using
localized plasmonic modes. Such Si-NCs could be used for
ultra-low cost optoelectronic devices such as flexible and
disposable sensors and low cost solar cells. Photodetectors
that are fabricated based on such Si-NCs could offer new
advantages over other types of photodetectors that are
based on plasma-grown Si-NCs in large area optoelectronics
applications by providing greater throughput and scalability.
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