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Executive Summary

In the present deliverable most results achieved regarding QD-based photodetectors are
summarized. Firstly, the optimized synthesis of PbS QDs for near infrared detection is described,
other than more recent activities regarding lead-free QD material, Ag,Se. Secondly, we give an
overview of the preparation of conductive QD-solids from QD colloidal solution by using a very
promising large area deposition technique, DrBlading, other than structural and electronic
properties of these layers, as obtained from TEM and XPS measurements, in the latter case
regarding the effect of ligand exchange and stability of the QD-solid exposed to ambient
conditions. Thirdly, we summarize our activities regarding plasmonic structures for integrated
photonics, including the design of a plasmonic nanogap photodetector. Finally, we present the
fabrication of Schottky-heterostructure photodetectors together with the best electro-optical
results obtained on them: peak responsivities of 0.48 and 0.18 A/W at around 1300 and 1500 nm,
other than giving the most recent results on the fabrication and characterization of microgap and
nanogap photoconductors. In these photodevices the QD-solid is created by dropping and ligand
exchange, as the best working method, even if giving rise to layers with a higher granularity and
less stable in ambient conditions than in the case of Schottky photodetectors. In spite of these
negative features good responsivities are measured under sufficiently high bias voltages.
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1.- Introduction and objectives

A signal generated at the plasmonic transmitter chip (laser plus modulator) has to be measured
by a plasmonic receiver in order to be processed electronically. For this purpose, the receiver
needs to accomplish the following conditions. Firstly, low-level signals coupled to a plasmonic
waveguide (photons are transformed into propagating Surface Plasmon Polaritons -SPPs-) will
be amplified before the input of the detector in order to enhance the sensitivity of the receiver.
Secondly, the incoming signal in the detector will convert the amplified SPPs into an electrical
signal. With the intention to improve the chip-to-chip interconnection integration, amplifier and
detector will be designed into the same silicon substrate®, as it is illustrated in Fig. 1.1
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Figure 1: Plasmonic receiver with SPP amplifier and a photodetector. From Ref. 1

The photodetector (on the right of Fig. 1.1) will consist of a conductive layer or integrated
Schottky photodiode based on PbS quantum dots (QDs) able to generate an electrical current as a
response of the incoming photons®. Reported photoconductive responsivities in recent literature
are in the range of 0.1-3.9 A/W for a PbS QD monolayer in a nanogap-electrode structure?,
larger than 100 A/W in the case of microgap-electrode structures with PbS layers thicker than
200 nm* and more than 10° A/W in a MOS microgap-structure based on a PbS layer (60-80 nm
thick) on graphene®. The QD-solid (conductive layer of QDs) approximation is considered one of
the latest advanced concepts for photodetection, given the high absorption of quantum dots, the
low cost of the solution processing technique used to deposit the material as well as its
integration in Si technology. Furthermore, this concept can be easily combined with plasmonic
layers based on metal nanoparticles, because an enhancement of the responsivity is expected due
to light trapping effect at the band edge of the QD-solid*.

To achieve the goals proposed in Navolchi, we need to address:
» Synthesis and characterization of infrared colloidal QDs (PbS and AgSe; have been

developed along the project).
» Preparation and characterization of QD-solids based on PbS and AgSe, nanocrystals.
» Plasmonic effects for light capture and electric field enhancement.
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» Device fabrication and electrical characterization
2.- Synthesis and characterization of infrared colloidal QDs

a. PbS QDs

The synthesis of QDs for IR is based on the hot injection of metal-organic precursors into
coordinating/non-coordinating solvents at elevated temperatures. This strategy is established to
be the mainstream strategy in the synthesis of high quality semiconductor nanocrystals. The
synthesis of PbS (and PbSe) QDs was developed by the spin-off company of the UVEG group.
Typically, lead oleate and bis(trimethylsilyl) sulfide (TMS) are used as precursors and fixing a
Pb to S precursor ratio to 2:1, which is within the typical range employed in cadmium
chalcogenide and lead chalcogenide nanocrystal synthesis®. A slow cooling following sulfur
precursor injection is employed to obtain narrow size distribution and well-defined excitonic
features in absorption and emission spectra, as observed in Fig. 2a.
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Figure 2: (a) Absorption and PL spectra of as-synthesized PbS colloidal QDs in toluene and (b) TEM image of these PbS QDs.

Figure 2a shows the absorbance spectrum of standard acid oleic-capped PbS colloidal QDs in
toluene. As can be observed PbS QDs showed a well-defined absorption excitonic peak centered
at around 970 nm. The average size of these QDs is around 3.2 nm (also consistent with TEM
images, Fig. 3b), approximately, as calculated from the equation proposed by Moreels et al.”:

E®=0.41 + (0.0252d? + 0.283d)™

where E, is the effective bandgap (1.30 eV in the case of QDs in Fig. 3) and d is the PbS QD
diameter in nm. These PbS QDs were mainly used for developing QD-solid films by the layer-
by-layer method in order to compare with most of results published in literature (Refs. 2-5, as
some of the most representative). After this initial optimization period, all synthesized PbS QDs,
used for creating QD-solids and the fabrication of photodetectors, exhibited excitonic absorption
and photoluminescence at infrared telecom wavelengths, as the typical case shown in Fig. 3a.
The synthesis developed for these infrared QDs use lead chloride (PbCl,) and elemental sulfur
(S) in oleylamine, which simultaneously acts as ligand and solvent. This elemental-sulfur-based
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synthesis reported by Cademartiri et al.® has been optimized to produce large PbS nanocrystals
of around 6 — 7 nm in diameter (Fig. 3b). Following this synthetic route we are able to
reproducibly obtain monodisperse PbS QDs suspensions emitting at infrared wavelengths, highly
air-stable and with high PL quantum yield (QY)°. The Pb to S molar ratio was chosen 3:1 to
provide QDs with a Pb-rich surface.
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Photoluminescence (a. u.)
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Figure 3: (a) Absorbance (blue line) and photoluminescence (red line) spectra of as-synthesized PbS QDs in octane and (b)
TEM image of these PbS QDs.

High-resolution transmission electron microscopy (HRTEM) images (Fig. 4a) suggest that the
nanocrystals are highly crystalline and free from stacking faults and lattice defects; from this
image a lattice spacing of 0.59 nm is measured along the [001] direction, which is consistent
with the rock salt structure of bulk PbS. In PbS QD films the average crystallinity is well
observed from X-ray diffraction measurements (Fig. 4b), whose pattern correspond to the rock
salt crystal structure of PbS with a lattice constant of 0.5937 nm. The diffraction peaks at 20 =
26°, 30.1°, 43.1°, 50.9°, 53.4°, and 62.9° perfectly match with (111), (200), (220), (311), (222),
and (400) crystalline planes of cubic phase (galena) of bulk PbS (JCPDS Card File No. 5-592).
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Figure 4: a) HRTEM image of a PbS QD showing crystallinity and absence of lattice defects, (b) X-ray diffraction pattern
measured in a compact film of PbS QDs 100 nm thick.

The use of Oleylamine as capping agent to passivate the PbS QDs is necessary to facilitate a
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more efficient ligand exchange during the device fabrication. The oleylamine coordinates the
surface Pb atoms through the nitrogen lone pair of the amine, which results in a weaker bond
than that, for instance, produced by the carboxylic group of the oleic acid. This allows for a
faster and more efficient solid-state ligand exchange during device fabrication.

b. AgSez QDs

AgSe; QDs is a lead free alternative to PbS QDs for near infrared optoelectronics. The synthesis
and preparation of QD-solids was achieved. Figure 5 shows standard (Fig. 5a) and high
resolution (Fig. 5b) TEM images. They exhibit crystalinity, but we observe a large spread in the
QD sizes around the average diameter, around 7 nm, thus far from a monodisperse distribution as
was observed for PbS (see Fig. 3). Consequently, the PL emission is weak and broad (Fig. 6a),
possibly determined by the bigger QDs of the distribution, and absorbance spectra in visible and
NIR regions (Figs. 6b-c) do not exhibit any clear excitonic resonance, only an increasing
absorbance from infrared to visible wavelengths.
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Figure 6: PL (a) and visible (b) / NIR (c) absorbance spectra in a colloidal solution of AgSe, QDs.
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3.- Preparation and characterization of QD-solids based on PbS
and AgSe: nanocrystals

a. PbS QDs

The production of QD-solids is based on a solution-processing method called Layer-by-
Layer (LbL) by using spin-coating, which is illustrated in Fig. 7. These QD-solids has been
successfully applied in the fabrication of infrared photodetectors and solar cells (see Refs. 2-5 as
a good example).
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Figure 7: Scheme of the LBL approach.

For further optimization of the PbS QD-solids we employed a layer-by-layer Doctor Blading
method for spreading the QD solution on different substrates (glass and glass/ITO/PDOT), which
is a novelty in comparison to methods commonly used by other groups. The fabrication protocol
consisted on the deposition of the PbS QDs dispersed in octane followed by a bake at 110 °C for
5 min. This process was repeated seven times to produce a film of 350 nm, for example. The film
was then baked at 100 °C under vacuum for 1 h. Afterwards, the sample was dipped in a solution
of MPA in methanol (10 % by volume) for a short time (that has been optimized as explained
below) allowing the replacement of the original oleylamine molecules for MPA. Then, the
sample was rinsed with methanol to remove the MPA excess, dried under N, flow, and annealed
again at 100 °C under vacuum for 1 h. This ligand exchange is the key to produce (a relatively)
high mobility QD-solid, given that the initial PbS QD-solid passivated by the original oleylamine
ligands used during the synthesis exhibit extremely low mobility as a result of the insulating
nature of the long alkyl chains'®. The replacement by MPA shorter ligands increases the
electronic coupling between neighboring QDs and hence the conductivity of the layer''.
Furthermore, the density and energetic distribution of defects below the conduction band
associated to MPA ligands are reduced in comparison to other organic molecules.

XPS measurements were performed to study the surface state of the PbS QD-solid and the
chemical effects of the surface QD before and after the ligand exchange process. Figures 8a—c
show detailed XPS spectra of the S 2p, Pb 4f and O 1s core levels acquired in samples prepared
under different ligand-exchange time conditions. In general terms, several doublets, in the case
of the p and f core-levels, and singlets, in the case of the s core-levels, can be deconvoluted from
the XPS spectra. The S 2p and Pb 4f XPS spectra of the as-synthesized PbS QDs seem to be
dominated by the presence of a doublet whose S 2p3/2 and Pb 4f7/2 appear at 160.9 + 0.2 and
137.9 £ 0.2 eV, respectively, which are attributed to bulk-like PbS present at the core of the
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QDs'?. This assumption is supported also by the fact that the intensity ratio analysis of these Pb
4f and S 2p components gives a S:Pb ratio of 1.4:1, reasonably close to unity. Besides to signal
coming from bulk-like PbS, additional higher energy components with lower intensity can be
resolved, which stem from species located at the shell of the QDs'*!*. With regard to the S 2p
spectrum (Fig. 8a), a higher energy component can be identified at ~164.0 eV attributable to S-S
bounds, whereas the feature located and ~166.6 eV can be attributed to PbSO;'%!, It worths to
mention that no traces from other oxidized forms of sulphur, such as PbSO413, were detected in
the S 2p spectrum of the QDs studied. In the Pb 4f spectrum (Fig. 8b), only a higher energy
component has been resolved at ~138.6 eV, which stems from oxidized forms of Pb. The O 1s
core level spectrum acquired from PbS QDs with no ligand exchange (Fig. 8c), which is
reproduced by using a single component located at 531.0 = 0.2 eV, may serve us to clarify the
nature of the oxidized Pb specie present in these QDs. On one side, previous XPS studies made
on PbS QDs have assigned the presence of an O 1s core-level component at ~531 eV to
PbSO;"*'*. On the other side, the intensity ratio analysis between the oxidized Pb 4f core-level
component and the Ols peak obtained gives an O:Pb ratio of. 3.4:1. These results indicate that
the high energy component observed in the Pb 4f core level measured in PbS QDs mainly comes
from PbSOs.

Comparing the XPS results obtained in films prepared in as-synthesized PbS QDs with those
obtained after 30 s of ligand exchange process (Figs. 8a—c), it can be seen that chemical
composition of the PbS QDs does not seems to change drastically at initial stages of the ligand
exchange process, apart from an increase of the relative atomic ratio of oxidized Pb with respect
to Pb bound to S (Fig. 8d), that indicates that short ligand exchange process mainly tends to
enhance oxidation of Pb atoms at the shell of the QDs. However, deep chemical changes are
observed when PbS QDs are exposed to ligand exchange times beyond 60 s. First, the presence
of species different from divalent S of PbS appears to be strongly reduced (Fig. 8a). In addition
to this, the photoemission peaks composing the S 2p doublet attributed to PbS seem to be better
resolved due to a decrease in their full-width at half maximum in a factor ~0.6. With regard to
the Pb 4f core-level (Fig. 8b), the relative atomic ratio between oxidized Pb and Pb bound to S
appears to continuously increase with the ligand-exchange process time (Fig. 8d). Consistently
with this fact, the main peak observed at the O 1s core-level strongly increases with the ligand-
exchange process time (Fig. 8c). However, this peak seems to shift by ~0.6 eV to higher binding
energies (it is located at 531.6 when the ligand exchange process time is of 120 s) at the same
time that two weak features appear to be resolved at both sides of the main O 1s peak. These
results indicate that the ligand-exchange process promotes the oxidation of the QD surface and
the development of an oxidized shell that strongly reduces the presence of sulphites at the QD
shell and collaterally improves the overall structural quality of the remaining bulk-like PbS core.
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Figure 8: XPS spectra of S 2p (a), Pb 4f (b) and O 1s (c) core levels acquired in samples prepared under different ligand-
exchange time conditions, and oxidized-Pb to PbS ratio as a function of ligand exchange time (d).

Our XPS results also can bring some light into the question of the structural composition of the
oxidized shell produced after the ligand exchange process. As we have mentioned above, long
ligand-exchange process times seem to promote the development of other oxidized species
different from PbSO;. The deconvolution of the O 1s peak measured in samples prepared with
60 and 120 s of ligand-exchange process reveals that the PbSO; component detected in PbS QDs
before ligand exchange becomes extremely reduced, simultaneously to the appearance new O 1s
component emerging at 531.6 + 0.2 eV and two weaker signals located at 529.4 + 0.4 and 533.5
+ 0.2 eV, as observed in Fig. 8c. The first weak peak at 529.4 can be attributed to PbO""'*
whereas the last weak peak at 533.5 eV seems to come from carboxyl groups of the ligands'.
The main peak, at 531.6 eV, can be attributed mainly to Pb(OH),'?. The assignation of this O 1s
peak to Pb(OH), suggests that also the high energy Pb 4f component located at ~138.6 eV
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mainly comes from Pb(OH), after ligand exchange, which is consistent with previous
observations'?. In fact, after aging the samples under ambient conditions in air (Fig. 9), XPS
measurements revealed a continuous increasing, with the exposition time in air, of the relative
weight of the Pb(OH),-related components to the whole Pb 4f and O 1s core levels, due to water
adsorption. In spite of these evidences, we cannot completely discard that other oxidized species,
such as carboxyl groups may also contribute to the main O 1s peak'”. In fact, the analysis of the
XPS intensity ratio between the main O 1s component and the oxidized Pb 4f component yields
and effective atomic O-oxidized:Pb-oxidized ratio of the order of 4. However, when the 3
months aged sample is measured by XPS after Ar’ sputtering in ultrahigh-vacuum (Figs. 10a-c),
the effective atomic O-oxidized:Pb-oxidized becomes of the order of ~2, as expected for
Pb(OH)s,.

() emmpwveimmns e

w_"j N 12 weeks |

»:7 \ 4 weeks
jjﬁ \ 1 week

||||| IFERERERY FNRRERTE FRRRNET] o b b b Pl IFETITE ARTANI ANATIN AT S
160 164 168 172 136 140 144 148 528 530 532 534 536

G
S

4 weeks

Intensity (arb. units)

Intensity (arb. units)
5 3 IS
s
= @
$ |3
Intensity (arb. units)

1 week

As received

Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 9: XPS spectra of S 2p (a), Pb 4f (b) and O 1s (c) core levels acquired as a function of aging time.

By XPS, we have detected the presence of Cl in all samples prepared in this work. Figure 8(d)
shows a typical CI 2p core level spectrum measured in one sample prepared after 60 s of ligand
exchange and kept in air for 3 months. The observation of this element raises the question about
its residual role and the nature of its bonding, if occurs, to the PbS QDs. However, in spite of the
observation of a clear Cl 2p core-level peak, no Pb-Cl related component have been clearly
resolved in the measured Pb 4f spectra, at energies expected around 139 eV'®. At first sight, this
fact may imply that Cl is a residual product of the PbS preparation. However, the behavior of the
Cl 2p peak after Ar" sputtering (Fig. 10d) suggests that CI-Pb bonding would take place, given
that Ar’ sputtering should enhance the signal from the PbS QD core and even break the existing
Pb-S and Pb-O bonds, but, what is relevant here, is the observation that all core-levels related to
PbS QDs shift by 0.4 eV to higher binding energies, which can be originated by a QD size
reduction inherent to the sputtering process (of course, the C 1s binding energy from residual C
remains at 285 eV (not shown))'’. As all the PbS-related core levels do, the Cl 2p core level
appears also to shift to higher binding energies, which indicates that these Cl are linked to PbS
QDs, probably as PbCI2. It should be remarked here that, although this working frame suggests
that ligand exchange process improves the structural quality of the remaining PbS QD core, also
increases the overall size of the oxidized shell of the PbS QD. These facts should be taken into
account in view of optoelectronic applications of PbS QDs. The stability of QDs is relevant in
view of their optoelectronic applications too. This issue has been approached here through the
study by XPS of samples kept in air for even three months (Fig. 9). Besides the water absorption
process mentioned above, we can notice that the Pb 4f and S 2p core level components attributed
to PbS did not evidence any change in width, which indicates that QDs shell effectively
passivates the surface and protects the bulklike PbS core.

Confidential document — page 10



FP7-1CT-2011-7 Deliverable Report

Project-No. 288869 Last update 01/31/2012
NAVOLCHI - D4.5 Version 4
(?\) ||||l|||||||l|||l||l||||Illll (E) ||||||||||||||||||I|I|||||l|l|l
£ S2 2 PbS Pb 4f
E| PbS Pl £ | CPbom),
= i PbSqyus S LAY Ar
g iss AF g i\ sputtered
et i J\_ sputtered = ik
3 P [ A
= : c 4
2 2 ;
€ b7 2\ = :
lllllllllllll NN NN Lorlrrrrrierrnnnrirrerrrilngg
160 164 168 172 136 140 144 148
Binding energy (eV) Binding energy (eV)
(C) T I TTT [ TTT | whA | TTT | T (d) TTT l | I8 O | I TTT ] TTT TTT
2 2 cig
S ] Ar 5 A\ Ar sputtered
g s _sputtered a H
LI U o R N I ~
= a > :
A [ A
£ =
1 I 111 [ 1AL L I {1 I (8 1 ] 1 - 111 l | 8 | I M | ] 111 I 111
528 530 532 534 536 194 196 198 200 202 204
Binding energy (eV) Binding energy (eV)

Figure 10: XPS spectra of S 2p (a), Pb 4f (b), O 1s (c) and Cl 2p (d) core levels acquired before and after Ar sputtering.

Regarding optical properties of these PbS QD-solids, the PL band and absorption band-edge
spectra are very similar to those obtained in the colloid (Fig. 3a). Finally, the electrical properties
of the PbS QD-solids films with completed ligand exchange are characterized by a high
resistivity around 10° Qcm, a hole concentration larger than 10> cm™ and mobilities smaller
than 0.065 cm?/Vs, as estimated from Hall measurements (very difficult to carry out due to the
extremely high resistivity).

b. AgSez QDs

AgSe, QD-solids have been also prepared by the same LBL method after DrBlading deposition
of the colloidal solution. The resistivity is much lower (three orders of magnitude,
approximately) than that obtained in PbS QD-solids, which is translated in a larger dark current
in micro-photoconductors. This is possibly due to a more important background doping of these
QD-MPA hybrid solid, because one would expect less important electronic coupling between
QDs of very different sizes (from 5 to 10 nm, as was noted in Fig. 5a). In fact, this should be the
reason why the measured photocurrents are very low as compared to PbS photoconductors (not
shown here), given the increasing importance of trapping and recombination of carriers in the
biggest QDs. In spite of the low measured photocurrents our results are better than those
available in literature. Therefore, much effort will be paid in next future to improve the synthesis
methods to reduce the size dispersion of AgSe, QDs.
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4.- Plasmonic effects for light capture and electric field
enhancement

Conducting polymers (CPs) offer a unique combination of electric, electronic and optical
properties inherent to semiconductors and metals, with the added value of processability. New
multifunctional polymeric materials, which can combine electrical conductivity and
photoconductivity with other important properties, such as UV lithographic capabilities, was
presented in Deliverable 4.2. More important was the development of metallic
nano/microstructures by a chemical regrowth of metal nanoparticles (NPs) used as seeds, which
was the base of a patent presented at the end of 20128, The process consisted of three simple
steps: (1) fabrication of macro-/micro-/nano-patterns by means of lithography (UV, ebeam) or
any other direct printing technologies (inkjet, microplotter, ...), (2) in-situ synthesis of metal NPs
during a post-bake step and (3) wet chemistry (non-electrochemical) metallization of
nanocomposite patterns. Metal NPs are embedded into the polymer pattern and act as seeds for
the reduction of Ag(l) when immersed into a solution of the corresponding precursor metal salt
(AgNOs) and an appropriate reducing agent. As a result, metal NPs grow significantly into the
nanocomposite structure until the desired final size or until the pattern is completely metallized
(see Deliverable 4.2 for more details of the method), as shown in Fig. 11 for nanorods patterned
on a glass substrate by using a PVA resist containing the precursor of Ag NPs (step 1) and
subjected to different regrowth times (step 3) after step 2. These nanostructures can be used for
solid-state plasmonic sensors or the fabrication of metallic waveguides, among other
applications.

I 500 nm
Figure 11: SEM micrographs of patterned nanorods on a glass

More recently, this method have been used to developed new plasmonic couplers based on the
incorporation of metal NPs in polymer waveguides fabricated on a Si/SiO, substrate®®. The
interaction of light with metal NPs was attracted much interest in recent years because they
exhibit unusual optical properties derived from their localized surface plasmon resonance. In
particular, high scattering cross sections of these nanostructures can be exploited in the
redirection of light into integrated photonics, because it will be useful for light coupling or
interaction with active emitters. For this reason, we proposed the incorporation of these
nanostructures into the commercially available resist Novolak, in order to provide a suitable
technology to define patterns by UV-photolithography. Moreover, the technology allows the
control of size of metal NPs in the polymer via the regrowth method explained above, and hence,
it becomes possible to tune the plasmonic resonance or to engineer the effective refractive index
of the nanocomposite by two degrees of freedom: the size of metal NPs and their density in the
pattern b changing the concentration of the metal precursor. We paid special attention to
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optimize the fabrication conditions and to study the optical properties of the nanocomposite with
the intention to design optical couplers integrated in PMMA waveguides. As a result, by
measuring directly light at the output face of the waveguide we demonstrate the coupling in a
broad wavelength range (400-780 nm) by illuminating a waveguide from its normal surface, as
shown in Fig. 12. This simple coupling method allows efficiencies of 1 % (Fig. 12a), which is in
the same order of magnitude as the values obtained by standard techniques established to couple
light in optical waveguides (end fire coupling, gratings or prisms).
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Figure 12: At the left (top) it is shown the scheme of light coupling into a PMMA waveguide through light scattering by metal
NPs; the waveguided light at different wavelengths is measured at the leaving face of the waveguide (bottom images). The
coupling efficiency and the ratio between TE and TM light at the output of the waveguide as a function of the wavelength is
depicted in plots (a) and (b), respectively, at the right side of the figure.

Finally, photodetectors incorporating a plasmonic enhancement (electric field concentration)
may be achieved by the particular design of the electrodes using:

(1) nanogap in a nanoantena-like plasmonic structure or

(ii) nanogap plasmonic waveguide structure
In the first case (Fig. 13a) the advantage is the high electric field concentration (leading to an
plasmonic absorption enhancement), if the nanogap is sufficiently small, but a very small
detection area. In the second case (Fig. 13b) a short nanogap distance can also determine a
relatively high plasmonic absorption enhancement (the shortest nanogap value will be limited by
fabrication), other than having the advantage of a large detection area, as determined by the
desired photodetector footprint. Here the electrodes, which are parallel to the nanogap slit, will
have a length in the range from 2 to 5 pum in order to absorb sufficient light coming from the
plasmonic amplifier.
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Figure 13: Distribution of electric field intensity at 1550 nm in a bowtie nanoantenna wit a gap distance of 50 nm (a) and in a
nano-GPW 1 [Im long and the same gap separation (b).
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5.- Device fabrication and electrical characterization

a. Schottky-heterostructure photodiodes

In the case of the most recent generation of devices we have obtained peak responsivities of 0.48
and 0.18 A/W at around 1300 and 1500 nm (blue and green lines in Fig. 13). The time response
of these photodiodes working in photocurrent mode is estimated to be around 100 (s, very
similar to values reported in literature. The photovoltage noise was measured to be of the order
of 85 nV/Hz'” at 1 kHz for the photodiode based in the 500 nm thick PbS QD film, whereas the
photocurrent was perfectly linear over more than three orders of magnitude (constant
responsivity). The experimental detectivity is estimated to be in the range 10'*- 10" Jones.
These photodiodes, even if not made with an optimized architecture to be used as a solar cell,
when illuminated under AM1 solar conditions, open circuit voltages (V) of 200-300 mV were
measured in the best photodiodes of the examined generations and short circuit currents (J4) as
high as 10-20 A/cm?, respectively, which are also in the range of the best expected and reported
values using PbS QDs of smaller size as the base for solar cell structures. It is also worth noting
that photodiodes fabricated without encapsulation are stable in air during several weeks, even if
electrical parameters degrade progressively (after one month in air the responsivity decreased a
factor two), possibly due to the protecting effect of the top metal electrode (Ag). More recently,
ZnO top electrodes based on conductive nanoparticles, as suggested by other authors™, have
been developed with a relative success in the rectifying I(V) characteristics of the Schottky-
heterostructure photodetector, but exhibiting lower photocurrents, possibly due to an increase of
the carrier recombination velocity at the PbS-ZnO interface; on the other hand, a very high
process temperature (500 °C) is needed to obtain a sufficiently high conductive layer, even if
worse than sputtered layers. Therefore, further investigation is needed prior to the use of these
ZnO layers deposited by solution processing technique as electrodes for Schottky-heterostructure
photodetectors.
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Figure 14: (a) PL (red curve) and absorbance (blue curve) of PbS QDs optimized for photodetectors working at telecom
wavelengths; in the inset a TEM image is shown with indication of the QD diameter. (b) Transversal SEM image of a complete
Schottky photodiode. (c) Responsivity measured in the best fabricated photodiodes using the same PbS QDs to deposit 250
(green dashed line) and 500 nm (blue continuous line) thick films.

b. OD-solid based microgap/nanogap photoconductors
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The Schottky concept is a very convenient device to be integrated in SOI technology, because
photocurrent or photovoltage can be directly measured without needing of polarization or used as
input for a transimpedance amplifier. However, microgap and nanogap photoconductive devices
would offer the most ideal geometry to be integrated in a planar geometry of the final plasmonic
chip targeted in NAVOLCHI, other than smaller footprints, faster time response and the
possibility to add plasmonic effects in the case of the nanogap photoconductor. Within this task
we have developed several series of microgap and interdigitated electrodes (Figs. 15a-b,
respectively), whose results are discussed below. In the case of nanogap devices two series have
been developed until now, a first one using a very ITO-layer (to produce a better focusing during
ebeam patterning) on a quartz substrate and a second one using a Si/SiO, substrate with a more
complicated layout of fabrication (Figure 15¢ shows the sample containing 65 nanogap devices);
these devices are under current investigation.

) 1K
() S ' (b) (c)

Figure 15: Photographs of single microgap (10 um gap) (a) and interdigitated (20 wm gap) (a),photoconductors and processed
piece of wafer with 1x1 mm? pads containing waveguide-nanogap (50-150 nm gaps) devices (c).

9

As a starting point we fabricated photoconductive devices (200 um gap) by depositing Ag
electrodes on top of a DrBlading film (500 nm thick) with ligand exchange procedure (similarly
to the case of Schottky photodiodes) on a glass substrate. For these photoconductors we arrive to
photocurrents =~ 30-50 nA (responsivities very close to 0.1 A/W) in the wavelength range 1200-
1500 nm at 200 V bias, despite the big distance between electrodes, over a reasonably low dark
current (49 nA).

In the case of single microgap and interdigitated photoconductors the electrodes are patterned on
the Si/SiO, wafer and created by using lift-off processing. For this reason the QD-solid films
should be created in a subsequent step by dropping the QD solution, previous to the ligand
exchange procedure and curing. This method is not ideal, because the reduced control of the QD-
solid thickness and the formation of important granularity. Another technique that is being
optimized is the controlled dispensation of the QD solution by using a microplotter, because it
should be the optimal method to create a QD-film on nanogap devices.

The results obtained on the best microgap-based photoconductors are summarized in Fig. 16.
Figure 16a shows the photocurrent as a function of the applied bias recorded under solar-AM1
illumination (the incident power is 100 mW/cm?, giving different collected light in the three
devices because of their different active area: 200 and 20 - 10 uW in the interdigitated and 20 -
10 um gap photoconductors, respectively). The poorest results are observed is the interdigitated
photoconductor, possibly due to the inhomogeneity in the QD-film over it largest active area as
compared to the case of single microgap photoconductors; on the contrary the interdigitated
device would offer the possibility to work with smaller applied bias, given the high number of
fingers. For the best device, the 10 um gap photoconductor, for which we measure a
photocurrent around 40 nA at 1300 nm under a bias of 100 V (Fig. 16b), which is translated in a
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responsivity of around 1.6 A/W. It is important to mention that microgap devices degrade faster
with exposure to ambient than Schottky photodiodes, possibly due to the protecting effect in the
latter case due to the top Ag-electrode. For this reason an encapsulation of photoconductor

devices has been perfomed after the final ligand exchange and curing processing.
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Figure 16: (a) Photocurrent measured in a 20 um gap interdigitated device (red symbols) as compared to 10 (green symbols) and
20 (blue symbols) um gap photoconductors as a function of applied bias under AMI1-solar illumination. (b) Photocurrent
measured in a single microgap (10 um gap) photoconductor as a function of applied bias under illumination at 1300 nm (25 nW
of estimated incident power).

Finally, it is important to note that microgap photoconductors have a more important
responsivity for lower incident powers, as shown in Fig. 17 for a 20 um gap photoconductor
after encapsulation, decreasing by near two orders of magnitude from 20 nW to 7 uW of incident
power. The measured responsivity at 1500 nm is around 0.14 and 1 A/W under 15 and 30 V bias,
being the dark current around 12 and 18 nA, respectively. For a 2 um gap photoconductor the
observed phenomenology is similar, with a responsivity around 0.7 A/W under 2 nW
illumination, even if the responsivity stabilizes at 0.02 A/W above 100 nW, that is, the
photocurrent does not saturate with power, contrary to the case of the 20 um gap photoconductor
in the examined bias range.
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Figure 17: Responsivity measured in a 20 um gap photoconductor device at several applied bias as a function of the incident
power using a 1500 nm laser source, where the PL of PbS QDs is observed after their synthesis.

Plasmonic effects are expected if the distance between electrodes in a gap-waveguide
photoconductor (metal-insulator-metal) is smaller than 100 nm: coupling of light both under
normal and in-plane incidence and enhancement of the electric field in the nanogap region. The
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fabrication of these photoconductor devices (Fig. 18a) on Si-SiO, is not simple, because
involving several processing steps to define the millimeter size gold pads, micrometer size (from
0.5 to 2 um) aluminum electrodes and the opened nanogap on them by using RIE after an ebeam
patterning on PMMA (Fig. 18b). The preparation and characterization of these devices are under
way.

(@) (b)
Figure 18: (a) Nanogap devices fabricated on a Si-SiO, substrate, (b) detail of fabrication showing the patterned
nanogap in the PMMA resist prior to RIE.

6.-Conclusions and outlook

In the present deliverable most results achieved regarding QD-based photodetectors are
summarized:

- optimized synthesis of PbS QDs for near infrared detection capped with oleyamine to
achieve a successful ligand exchange with MPA,

- lead-free QD material, Ag,Se, is promising for developing near infrared photodetectors,
but its synthesis needs further investigation to reduce the still very broad size dispersion,

- the preparation of high quality conductive QD-solids from QD colloidal solution was
achieved by using a very promising large area deposition technique, DrBlading,

- astudy of structural and electronic properties of QD-solids was accomplished by means
of TEM, X-ray diffraction and XPS measurements (in this case to study the effect of
ligand exchange and stability of the QD-solid exposed to ambient conditions),

- the use of our multifunctional polymers to fabricate plasmonic nanostructures with
applications in sensing and integrated photonics,

- the design of a plasmonic nanogap photodetector

- peak responsivities of 0.48 and 0.18 A/W at around 1300 and 1500 nm were achieved in
Schottky-heterostructure photodetectors,

- successful fabrication of microgap and nanogap photoconductors,

- in the best microgap photoconductors, 2 and 20 um separation, responsivities of around
0.7 and 1 A/W were measured at 1500 nm under a 10 and 30 V bias, at very low incident
powers, respectively.

As an outlook, the results attained in PbS QD-solids and Schottky photodiodes based on
them have been presented in several national and international conferences®* and a paper is
being prepared to submit in brief for publication, similarly to the case of microgap
photoconductors based on Ag,Se QDs were advances over literature data were achieved. We
have been working on the best conditions to obtain reproducible results in microgap
photoconductors that was difficult to be achieved due to granularity and poor stability of the
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QD layer obtained by dropping; last generation of microgap photoconductors were
encapsulated before characterization to solve stability problems. The formation of similar
layers onto nanogap photoconductors and their electro-optical characterization are under
current work.
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