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Executive Summary
Several plasmonic devices were proposed withirfrimaework of the project to be connected to

each other in order to demonstrate a chip-to-chhgsmonic interconnection. Some of such
devices have been successfully demonstrated whethass remain a challenge and are still
under development. This report contains the availatharacterization information of all

plasmonic devices.
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1. Introduction

It is the aim of WP6 to carry out the integrati@haracterization and testing of the plasmonic
devices intended to form the plasmonic interconoactThe devices comprise a nanolaser, a a
modulator, an amplifier and a detector, from whiod last three are based on plasmonic effects.

This report contains the latest characterizatidarmation of all individual plasmonic devices.
When no characterization results in terms of depedormance are available, characterization
in terms of up-to-date fabrication results is pdad. The next section provides a summary of the
characterization of all devices. Section two repdhe efforts to demonstrate the electrically
pumped integrated nanolaser. Then, section thrserides the full characterization of the
plasmonic modulator, both as a phase modulatorreadviach-Zehnder configuration. Then, the
characterization results of the plasmonic ampliied photodetector are reported in sections
four and five, respectively.

2. Summary

The core technology required to fabricate the res®l device has been developed. Different
lithography schemes were proposed and successletthonstrated for the accurate definition of

the nano-cavity, and sub-micron waveguide and mggatoupler structures. Silver-based ohmic
contacts were fabricated and characterized for mamebphotonic circuits which showed a

contact resistance as low as A8 Qcn?. This fabrication technology is used in the latest
fabrication run that aims to demonstrate operdasgr devices.

High speed plasmonic-organic hybrid (POH) Mach-£Z&hn modulators are demonstrated
operating at the data rates of up to 40 Gbit/s.rgpert on on-off keying (OOK) signaling with
POH Mach-Zehnder modulators (MZM) at data ratesupfto 40 Gbit/s with low energy
consumptions of 75 ... 225f1J/bit. In particulasing the 29 um device we show OOK
signaling at data rates of 30 Gbit/s, 35 Gbit/s 4ddsbit/s with the BERs well below the hard-
decision FEC threshold. The measured BERs repréiseribwest values, and therefore clearly
demonstrating the applicability of plasmonic desigarticularly in short-reach optical links.
addition, we demonstrated a latching optical swittét combines the memristor concept with
plasmonics. The switch exploits the formation atichieation of a conductive path in the
insulating layer of a metal — insulator — metalelaystack. The conductive path leads to an
attenuation of the optical mode in the OFF statkiamuptured when switching to the ON state.
The plasmonic switch is integrated with a silicdronic waveguide. Optical extinction ratios
of 12 dB at 1550 nm wavelength are shown fopriOong devices. The operation power is
consumed only when the state of the switch is cbdrand is below 200 nW with operating
voltages in the range of 2V and currents below B0 Tests with 50 write cycles and
sinusoidal modulation in the megahertz regime destiate excellent repeatability of the
switching mechanism.

Two concepts of hybrid-plasmonic amplifiers incaiggong QDs (using polymer and SiN
waveguides) have been fabricated and charactebyesing CdSe QDs emitting at visible and
HgTe QDs emitting at NIR wavelengths. Metal wavelgsi (planar and ridges) have been
fabricated and used to investigate the observaease of the SPP propagation length by optical
pumping of QDs, even if net gain cannot be achidwethe available material.

Confidential document — page 3



FP7-1CT-2011-7 Deliverable Report
Project-N0.288869 Last update 15/10/2014
NAVOLCHI - D6.1 Version 1

In the case of photodetectors based on quantumichpsrtant advances have been reached
during the last year: i) reproducible and optimizeshductive films of PbS QDs prepared by
Dr.blading were achieved along several series wicds, ii) the best value for the responsivity in
Schottky-heterostructure photodetector was arouhd 8/W at the exciton peak absortion (
1620 nm), iii) the best value of dark current wasA with an ideality factor around 3, using Ag
electrodes, iv) at 1550 nm, where~R0.1 A/W, pumping light above 6 nW can be detected.
Plasmonic photoconductors by considering a plasmo@ino-gap waveguide concept were
fabricated (in collaboration with TUe-group) aneé ander characterization.

3. Metallo-dielectric nanolaser

3.1. Lithography and etching processes

The definition of the nanostructure is carried bytelectron-beam lithography (EBL) due to the
high resolution required. This is done in three E®&ps as depicted in Fig. 1. During the first
lithography, the nanopillar is defined. Later, averday exposure is needed to define the
waveguide and, finally, the grating coupler is defl with another overlay exposure. Three
different lithographic masking schemes are usednduthese EBL steps, which have been
discussed in D1.5.

Pillar Waveguide Grating

EBL HSQ
RIE (0,) HPR504 ZEP
RIE (CHF5) sio, |[ Hsa |[ siN,
ICP-RIE (CHy4:H,) l [11-V semiconductors

Bonding layer

Si-substrate

Fig. 1. Processing schemes to fabricate the different nanostructures of the laser device.

Using the semiconductor technology developed at attesummarized in Fig. 1, TUe has been
able to fabricate the full semiconductor structtmenprising the waveguide-coupled pillar cavity
proposed in D3.1. The target laser structure isvshim Fig. 2b, whereas a scanning-electron
microscope (SEM) picture of the latest outstandaigication results is presented in Fig. 2a for
comparison.
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p-contact <— n-contact M InP (3.17)

pillar laser M InGaAs (3.55)
B InGaAsP (3.36)
11 Si(3.47)
Si0,/SiN, (1.45/1.95)
BCB (1.45)
Ag (0.14 + 11.4i)
Au (0.53 + 10.8i)

waveguide

Fig. 2. SEM image of the current devices under fabrication. Right: Schematic of the target waveguide-coupled nanolaser.

Results depicted in Fig. 2 correspond to a fakbboatun under progress in which only the
electrical contacts are missing to complete theidabon. The same metals deposited to
fabricate the n-contact will also form the metadlavity. This run is expected to be completed in
November and fully characterized before the enithefyear.

3.2. Ohmic contacts

The NAVOLCHI project targets to demonstrate subomcsize devices. Such small devices
allow, in principle, for ultra-low capacitance atfterefore ultra-high speed devices as it has
already been demonstrated in the plasmonic modutefmrted in M14. Nevertheless, as the
device size gets smaller, the contact resistanaeases drastically, which puts a limitation on
the voltage operation point. Therefore progressl@ctrical contacts is also required to develop
fast nanophotonic devices compatible with standairdng electronics.

Due to the importance of the ohmic contacts invactilevices, TUe has put efforts into

developing suitable ohmic contacts that are coilgatvith plasmonic devices and provide low

electrical and optical loss at the same time. R, we studied and demonstrated low contact
resistance Ge/Ag contacts. Fig. 3(left) providexlaematic of the proposed electrical contacts.
Since silver itself does not adhere to InP or In§aa thin layer of Germanium is required,

which can be as thin as 2 nm according to our éxgerits. As Germanium has a high refractive
index (n=4.27 at 1.5 pm), the use of a thin lagerequired to minimize the modal loss due to
the strong confinement.

After Ge deposition, silver is deposited by e-besaraporation and annealed. The annealing step
is done to (1) promote silver grain growth to reglwptical loss, and (2) diffuse Ge into the
semiconductor layer providing additional dopingdecrease the contact resistance. Special care
must be taken during this annealing to avoid a dak#psion which can cause a short circuit in
p-i-n structures. Finally, a layer of gold can lptsered to prevent silver oxidation. The full
process can be done using either two lift-off psses, or one lift-off and a metal wet etching.
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Fig. 3. Left: Schematic of Ge/Ag/Au contacts. Right: Characterization of ohmic contacts by the Transmission Line Model on n-InGaAs
with doping level of 1x1019.

Experiments with the proposed silver-based contaet® done on n-doped InGaAs, which is

the top semiconductor layer of the nano-cavity. Geelayer was kept as thin as possible (2nm
and 15nm), whereas the Rapid Thermal Annealing (R¥#@s carried out at 350 °C and 400 °C,

with 30 and 15 seconds, respectively. These amgeatinditions were previously found to result

in silver grain growth in IlI-V membranes bondedstticon.

As it can be seen in Fig. 3(right), the lowest eshtesistance is obtained when using 2 nm Ge
and annealing at 350 °C for 30 seconds. In viethefhigh performance in terms of the contact
resistance and the well-known low optical loss ibfes, such contacts have been chosen to be
implemented in the nanolaser device.

4. Plasmonic modulator

4.1. Plasmonic absorption modulator Conclusions

The plasmonic absorption modulator as describedeliverable 3.4 was characterized in two
steps. First, we studied the quasi-static behawée. measured the current and the optical
transmission while slowly sweeping the applied agét. In a second step, a MHz modulation
was applied to the device. In summary, the deviwvs optical extinction ratios of 12 dB at
1550 nm wavelength for 10 um long devices. The atpmr power is below 200 nW with
operating voltages in the range of +2 V and cugdigiow 100 nA. Tests with 50 write cycles
and sinusoidal modulation in the MHz regime demmtst excellent repeatability of the
switching mechanism.

4.1.1. Static behavior

We measured the current and the optical transmisssoa function of the applied voltage. The
voltage was applied between top and bottom eleetrAdcompliance current of 100 nA was set
to protect the device from permanent breakdown ti@oous wave laser light at a wavelength of
1550 nm was coupled to the chip through gratingpt®s. The transmitted optical signal was
measured with a power meter.
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The electrical behavior of a 5 um long device wtie laser being turned off is displayed in
Fig. 4. The applied voltage was swept from -3 V3t¥ and back in steps of 60 mV with a
duration of 2 s per step. We observed a suddeeaserof the current at a threshold of ~2.9 V.

Here, the current reached its compliance limit. Wheanning back, the current decreased while
showing a hysteresis.

100

t [nA]

& 50

Curre

25

o

Set Voltage [V]

Fig. 4. Electrical current-voltage characteristic of the plasmonic absorption modulator. The response indicates a hysteresis. An abrupt
increase of the current is found with a threshold around 2.9 V. Note that the set voltage differs from the actual (measured) voltage in the
compliance limit.

Fig. 5(a) shows the normalized optical transmisdimn50 consecutive measurement cycles
below threshold (£2 V, 20 mV per step, 2 s per stefal duration of 13.3 min per cycle). We

started at -2V in the ON state. While graduallgr@asing the voltage, the optical signal
decreased. When decreasing the voltage, the optasamission increased again, while being
lower than for the forward sweep direction. Thisteyesis indicates a memory effect of the
switch. The device returned to its initial stateatompletion of each measurement cycle. This
shows excellent repeatability of the switching efffeThe difference between the ON and the
OFF state (extinction ratio) was 6 dB. The latchexginction ratio between the latched states
was 3.5 dB. Since the device was operated belossliotd, no significant current was measured

and no hysteresis was observed in the I-V curveer@fbre, peak operating power during
switching is below 200 nW.

(@) 0 N : 'Ltched O'N (b) 0 - . '
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=2 c -4
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Fig. 5. Quasi-static performance of the plasmonic absorption modulator. (a) Latching optical switch behavior fora 5 pm long device: 50
measurement cycles of the normalized optical transmission as a function of the set voltage showing a hysteresis and an extinction ratio
of 6 dB. (b) Latching optical switch behavior of a 10 pm long device showing an extinction ratio of 12 dB. During these measurements
below threshold, no hysteresis was observed in the I-V curve.
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The dependence of the extinction ratio on the del@ngth was investigated as well. From
Fig. 5(b) one can see that increasing the lengitim 5 pum to 10 um increases the extinction ratio
from 6 dB to 12 dB. Thus, the extinction ratio &ses with increasing device length. While two
devices with different lengths do not yet providdfisient statistics the result at least indicates
trend.

Propagation losses in the hybrid waveguide seafandB/pum and coupling losses between the
silicon photonic and the hybrid waveguide of 6.5u interface were determined through cut-
back measurements.

4.1.2. Dynamic behavior

To further assess the device, we studied the dymbaehavior of the switch. Here, a sinusoidal
modulation in the MHz regime was applied to theidewand detected with a photodiode and a
lock-in amplifier. This revealed a relatively fldtequency response between 40 kHz and
10 MHz. The 3 dB bandwidth at an operation with ¥ @ith respect the amplitude at 40 kHz is

30 MHz (see Fig. 6, blue triangles).

';‘ A 2 A A A A4
s .
3 "ttem C,
21 [
= ¢
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Fig. 6. MHz frequency response of the plasmonic absorption modulator. A sinusoidal signal was applied to a 5 um long device using an
arbitrary waveform generator. The optical signal was detected with a photodiode and a lock-in amplifier.

4.2. Plasmonic Mach-Zehnder modulators

The plasmonic Mach-Zehnder modulator consists af high speed plasmonic phase shifters
(see Fig. 8(a), Deliverable 3.2 and Deliverable) Jikhced in the arms of a Mach-Zehnder
interferometer realized on a silicon-on-insulat8O() wafer. The interferometer is designed
with un-balanced arms and the operation point ef tiodulator is defined by the operating
wavelength, see Fig. 8(b). Standard photonic mokieninterference (MMI) couplers have been
used as 3dB optical splitters/combiners. High spdese modulation is performed by plasmonic
phase shifters based on the Pockels effect ineantretoptic (EO) organic material, see Fig. 8(a).
Applying a voltage between the metal electrodes d@nge the refractive index of the EO-
material due to the Pockels effect, and therefoeephase velocity of the plasmonic mode. The
photonic-to-plasmonic mode conversion within thesiof the Mach-Zehnder interferometer is
accomplished by the metal taper couplers. Scanelegtiron microscope image of the active
plasmonic phase shifter section is give in Fig) & Fig. 9(a)-(c). To keep the insertion loss of
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the modulators in the practical range we use Iasg kilicon MMI with an insertion loss of less
than 0.5dB.

(@ (b)

SPP phase shifters ©

EO material IE| Light input
PARERE ARl | MM spitter £

Optical path |
difference

Fig. 8. Silicon-plasmonic Mach-Zehnder modulator (MZM) designed and fabricated on a silicon-on-insulator (SOI) platform. (a) Gap
surface plasmon polariton (SPP) mode profile in a metal slot filled with an electro-optic (EO) material. The SPP mode is strongly
confined to the slot. In addition, a lumped-element equivalent circuit of the modulator is given. Because of the high conductivity of the
gold electrodes, the device can be represented by a capacitor (Cbevice ~ 1.5...3 fF, L dependent). (b) Optical microscope image of the
fabricated Mach-Zehnder (MZ) modulator. The MZ interferometer is defined on a passive silicon platform, where light
splitting / combing is done by low loss photonic multimode interference (MMI) couplers. The photonic to plasmonic mode conversion
is accomplished by metal taper couplers. An optical path difference is implemented in the MZ interferometer design to avoid applying
high bias voltages. An optical phase difference between the two arms is modulated by the plasmonic phase shifters. (c) Scanning
electron microscope (SEM) picture of the silicon-plasmonic MZM. The modes of the silicon waveguide are coupled to the plasmonic
phase shifters, where the phases of the SPPs are modulated. In the end of the phase shifters the SPPs are back converted to photonic
modes and then combined within the photonic MMI coupler

The Mach-Zehnder modulators are fabricated onieosHon-insulator (SOI) platform with a
buried oxide with a thickness of 2mm, and a silicavice layer with a thickness of 220 nm.
First, the passive silicon photonic circuit is figated at IMEC, in the frame work of ePIXfab, by
using standard processes such as 193 nm DUV lapbgrand Si dry etching. The plasmonic
high-speed phase shifters with a common signatrelde are defined on gold (Au). The metallic
slots with the widths of ~150 nm slot and the léngt 19 um, 29 um and 39 um are defined
with e-beam lithography and lift-off process. THetgs filled with an electrooptic material
SEO100 (Soluxra, LLC). The electro-optic effecthe EO material is activated through a poling
procedure. To avoid electrical breakthroughs, wéopa the poling with electrical fields which
are lower than the optimum poling field of 100 V/poorresponding to the maximum
rs3=110pm/V.

4.2.1. Characterization results of the photonic-to-
plasmonic mode converters

We first characterize the photonic-to-plasmonic mambnverters using the fabricated test
samples consisting of single metallic slot wavegsithterfacing to silicon nanowires through
two metallic taper mode converts, see Fig. 9(a)—Ry varying the lengthysw of the metallic
slot waveguide between the pairs of taper couphMascan extract the conversion efficiency
similar to the standard cut-back measurement. Thi®gces with metallic slot waveguide
lengths ofLysw of 1 mm, 29 mm, and 44 mm, see Fig. 9(a) — (cg Jlbt width is about 140 nm
for all three cases.
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LMSW=29 um

Fig. 9. Fabricated metallic tapered mode converters with three different MSW lengths LMSW of (a) 1 mm, (b) 29 mm, and (c) 44 mm.
The slot size h is about 140 nm for all three devices.

The measured silicon-to-silicon waveguide transiomsspectra for the three different metallic
slot waveguide lengthkysw are given in Fig. 10(a). The measured transmissjgectra are
normalized to the measured reference spectra $dican strip waveguide without a plasmonic
section. As can be seen, the tapered mode corvexxdiibit large conversion efficiency in a
wide operating wavelength range. A total conversloss of 1dB is estimated for two
transitions. This is in agreement with the thecsdly expected conversion efficiency of
2...3dB. The difference between theoretically calted and experimentally measured
conversion efficiencies is attributed to small eiéinces of the fabricated slot widths and
variations of the sidewall roughness of the metallots.
(@) (b)
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Fig. 10. Fabricated metallic tapered mode converters with three different MSW lengths LMSW of (a) 1 mm, (b) 29 mm, and (c) 44 mm.
The slot size h is about 140 nm for all three devices.

4.2.2. Static behaviour of plasmonic Mach-Zehnder
modulators

Power transmission spectra for all three MZMs areerg in Fig. 11(a). In addition, the
transmission spectrum of a reference Mach-Zehmderferometer is given without a plasmonic
phase shifter. It can be seen that, that silicatigy couplers have a big contribution in the total
insertion loss of our silicon-plasmonic Mach-Zehndedulators. With the state of the art fiber
to silicon-waveguide couplers with 1dB loss theakanhsertion loss of the current silicon-
plasmonic Mach-Zehnder modulators can be reducesh do 13-20 dB depending on the length
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of the plasmonic phase shifters. The extinctiomrand the free spectral range (FSR) vary
among the devices because of the uncertainty imidgfthe width and quality of the metallic
slots. The shift of the wavelength correspondingh® minimum transmission with the applied
voltage is measured in order to estimate the velthgequired for having a phase shift of p. An
example of the transmission spectra for voltageaatf on states are given in Fig. 11(b) for the
MZM with the 39 um long phase shifters. Measurihg tvavelength shift Qlfor the applied
voltage ofUo, we calculatingJ, = DlgsrXx Ug / (2Dlp) = 30 V for MZM with 39 um long phase
shifters and that thg, = 37 V for the MZM with the 29 um long phase shift In particularly,
we achieve on-chip electro-optic coefficiends in the range of 70 pm/V. This value is
significantly lower than the maximum value of 110/ specified for bulk. These values can
further be improved by optimizing the poling proaesl of the EO material and improving the
fabrication of the metallic slots.

(a) (b)
— -10 : _. 30
£ Reference MZ| 3
3 -20 3
c -27dB : c -40
S -BOF—— e e S
-8 - -34dB = \ A - (\\ .g
£ -40 v £ 50}
1] 7]
= c
S -50f g
= T -60f
2 0 {3
S " L =19 pm L=29pm L=39um o Us=+5V
o 1 1 1 -70 1 1 1
1540 1545 1550 1555 1560 1552 1554 1556 1558 1560
Wavelength A [nm] Wavelength A [nm]

Fig. 11. Static characterization results for the Mach-Zehnder modulators. (a) Fiber-to-fiber power transmission is given for the MZMs
with the length of 19 um, 29 pm and 39 pm. In addition, we give the transmission spectrum of a reference Mach-Zehnder
interferometer without a plasmonic phase shifters. The plasmonic phase shifters add 13 dB to 20 dB additional optical loss.

(b) Transmission spectrum of the 39 um long device is given for various applied voltages. Analyzing the shift of the wavelength
corresponding to the minimum transmission we estimate the voltage U, required for having a phase shift of p.

4.2.3. Data modulation

Next, data modulation experiments have been peddrwith the plasmonic MZM using a direct
receiver setup as shown in Fig. 12(a). An eledtnca-return-to-zero (NRZ) signal with PRBS
pattern length of -1 and with a peak-to-peak voltage swing of 5 V §meed across a 50 W
resistor) is fed to the modulator via a ground-algground (GSG) RF probe. The operating
point for the MZM is defined by selecting the ogarg wavelength. The MZMs are operated in
the quadrature points, i.e., the modulator outpigrisity changes linearly with the relative phase
difference of the two arms. The OOK signal aftez MZM is detected with a standard pre-
amplified direct receiver comprising a single erbidoped fiber amplifier, an optical band-pass
filter with a bandwidth of 2 nm, a bit-error-rattester (BERT), and a digital communication
analyzer (DCA).

We measured the BERSs for all three MZMs at a Ibé od 30 Gbit/s in order to find the optimum
length for the phase modulators. During the expeniimthe EDFA of the receiver is operated in
constant output power mode. The input optical powwehe modulator is varied from +10 dBm
to +23 dBm. This varies the input power to the nemg i.e., the optical signal-to-noise power
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ratio (OSNR) at the photodiodes. The optimum lengfttihe PS is defined by a compromise
between insertion loss and modulation index — mgkime device too short results in small
optical modulation amplitude, while a too long phasodulator section decreases the receiver’s
input power. We find that in our cast&p, =5V, SPP propagation losses of ~0.4 dB/um,
rs3= 70 pm/V) the optimum performance can be achievgd 29 pum long phase modulators,
see Fig. 12(b). A better BER can be achieved bheeincreasing the optimum PM lendthy
improving the slot quality (decreasing optical ks or by reducing the effective PM length by
increasing the electro-optical coefficient and i@dg the slot (increasing the optical modulation
amplitude). The eye diagrams measured after the Mdtd 29 um long PM sections for bit
rates of 30 Gbit/s (BER =2 x ¥}) 35 Gbit/s (BER = 3 x 1) and 40 Gbit/s (BER =6 x 1

are given in Fig. 12(c). These BER are well belbe threshold of 4.5 x T0for hard-decision
FEC codes with 7% overhead. The driving voltaged #re optical insertion losses can be
further reduced by, first, optimizing the polingopedure and thereby achieving higher electro-
optic coefficients, second, reducing the slot sarel third, by using silver instead of gold.

(a) (b) 30 Gbit/s
0.01 r T T
PPG )
: Rx oooc] .
Pk 2nm BEEEE
- ‘ ~_ 000 @ ;
. %&e a8 k
ECL T ouT BERT
10 1‘2 1‘4 1‘6 1‘8 20 2‘2 2‘4
(c) L =29um Input power P, [dBm]

i "1 at
BER =2x10° 30Gbit's  BER=3x10"° 35Gbit/s | BER = 6x10* 40Gbit/s

Fig. 12. Modulation experiments with plasmonic silicon-organic MZMs with PM lengths of 19 um, 29 um and 39 um. (a) Direct receiver
setup used for detecting on-off keyed signal after the plasmonic MZMs. (b) Bit error ratios measured for the MZMs with plasmonic
phase modulator sections having lengths of 19 um, 29 um and 39 um. To find the optimum phase shifter length, we vary the input

power to the modulators and measure the BER. A comprise between the optical loss and the modulation index can be achieved by using
a MZM with a PM length of 29 pm. () Eye diagrams measured at bit rates of 30 Gbit/s ( BER = 2x10+5), 35 Gbit/s (BER =3x105) and

40 Gbit/s ( BER = 6x10-) for a MZM with 29 um long PM sections at an input optical power of 20 dBm and at an operating wavelength

of 1556.8 nm. The difference in the DC levels for data rates of 35 Gbit/s and 40 Gbit/s is attributed to the thermal drift of the operating

pointas a consequence of the large optical input power.

5. Plasmonic amplifier

5.1. Polymer based version

We have studied plasmonic structures for a direzdsuare of the propagation length)(bf the

surface plasmon polariton (SPP) modes and thetedfeQDs-layers on }, as measured by the
method illustrated in Fig. 13. Figure 14 correspotaldifferent combinations of gold films and
stripes (4 - 2Qum wide) 30 nm thick deposited on a %i8 substrate and cladded by a QD-
PMMA (or bilayers QD-PMMA/PMMA) dielectric active aveguide. These waveguides allow
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the study of the SPP, but not all are able to pyafmthe pump beam by end-fire coupling, the
most optimized optical pumping of QDs inside thdypeer, as previously demonstrated in our
studies. This is the case of the first design (E#n), the most simple to illustrate our method to
determine L from the signal decay of the TM mode (associatedthe LR-SPP), when
increasing the distance between a probe fiber wphefe a laser at 533 nm excites the
photoluminescence at 600 nm of the CdSe QDs whglsedouples to TM and TE modes of the
waveguide) and the sample edge (Fig. 15a). Theevadwluced for .= 12.5+2.0 um is very
close to the theoretical one at 600 nip~L11 pm. The TE mode exhibits smaller propagation
losses (associated to absorption and scatterisgdds the nanocomposite) with a characteristic
decay around 60m.

Fiber tip

Probe

(A=533 nm) SPP signal

ID-PMMA
sio,

Fiber tip

M = =S =

Figure 13. a) Fiber tip. b) SPP excitation with a fiber tip (533 nm at spot excites the QDs and their PL is coupled to the LR-SPP modes.
c) Characterization of the Lp by measuring the intensity decay as a function of the distance between the tip and the edge of the sample.

Air )
e .
a) Air C) [PMMA d, Air
QD-PMMA d  [oD-PMMA 5| [FHMA d;
i L Al t| [QD-PMMA q,
Sio, 2 pm Sio, 2um T T
Silicon Silicon PMMA d,
Sio, 2 um
b) Air Silicon
QD-PMMA d, d) Air f) A
AU i ir
QD-PMMA d
QD-PMMA d; —ET—u ¢ QD-PMMA d
Sio, 2 pm Sio, 2 pm Sio, 2pm
Silicon Silicon Silicon

Figure 14. Vertical cross-section of different plasmonic waveguides considered in this task.

The structure depicted in Fig. 14c would allow dorefficient pumping of QD emitters along the
SPP propagation; it is based on a CdSe-PMMA/PMMAyer cladding the Au layer. Most of
the emitted light is expected to couple to the LIRPSbecause this is the mode with the highest
overlap with the nanocomposite. The TM signal eitbihigher propagation losses than that of
TE and hence the first is associated to the prdmagaf the LR-SPP. The value of Lp is
estimated in the range 10.4+2uin (theoretical value = 1um), whereas increases up to
18.4+1.7 and 25+8 pm under colinear pumping at T#@) and 2000 (green) W/ém
respectively, as deduced from results in Fig. 15b.
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Figure 15. a) Propagation length measured at 600 nm on a Au-film waveguide 30 nm thick cladded by a QD-PMMA nanocomposite (ff=10-3, d=1
um) on a SiOz/Si substrate. b) Propagation length measured at 600 nm on a Au-film waveguide 30 nm thick cladded by a QD-PMMA/PMMA
bilayer (=10, di=250 nm and d>=2.5 um) on a Si02/Si substrate without/with QD pumping at different powers.

The structure depicted in Fig. 14d was our initeedus for this project, and preliminary results
were shown in the last review report (using a gafgpe several micron wide). Our results yield
a value of Lp= 13£3um for the LR-SPP at 600 nm, which is enhanced wwherpump beam is
coupled in the dielectric waveguides up to 162 and 20+5um (for 740 and 2000 W/chof
pumping power densities, respectively). More relgene have fabricated gold waveguides with
some hundreds of nanometers of lateral side thHtbsi used to finish task 4.4 by using
improved HgTe QDs.

Finally, old (non-optimized) HgTe QD material wased to corroborate the enhancement pof L
in plasmonic waveguides at infrared wavelengthenef/in this range we have the limitation of
a worse signal-to-noise ratio (by the use of anaA§&photodiode array instead of a Si CCD).
Plasmonic waveguides were cladded by PMMA and th&e-PMMA nanocomposite by using
the design shown in Figure 14e (with only the bot®MMA film to prevent metal roughness).
Figure 16 shows the fiber-tip characterization saeple withff = 0.08; in tis case the symmetry
of the refractive index above/below the gold lajeroken and the long range SPP is not
supported. The TM signal has a clearly differetensity distribution and a larger attenuation as
compared to that of TE (Fig. 16a). The dependemd¢beoguided TM-light as a function of the
distance tip-edge exhibits a double exponentiahgéblack data in Fig. 16b), characterized by
Lp(1) = 18 um, associated to the short range SPP, and Lp@)j um that we attribute to an
hybrid photonic-plasmonic mode (see D4.4). Afteagong a pump beam to the input edge of
the sample Lp of both modes is enhanced by a 1(Be¥h curve of Fig. 16b), approximately.

a) TE ™

z=0pm

Probe+Pump b)
(404 nm 2000 W/cm®)

z=10 ym
z=20 um

Saiian SR-SPP

Hybrid T™M
z=40 pm ) ) Ioa o

PL intensity [arb. units]

0 20 40 60 80 100 120 140
z [um]
Figure 16. Near field images (a) and detected signal as a function of the fiber tip to edge distance at 1.55 pum without (black) / with (red) optical
pumping of QDs (b) in the sample described in the text (ff= 0.08).

z=50 pm

5.2. Hybrid silicon version

To characterize the gain of our QDs we prepareiNavgaveguide platform allowing us to carry
out a variable stripe based measurement to extragjain. Fig. 17a shows SiN partly covered
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with CdSe QDs (increasing length from top to boftoRig. 5b shows the measurements for one
set of waveguides, under CW pumping. In case af ¢fais curve should show a superlinear
trend, which is not the case here. We are currgméparing a setup to pump these devices under
pulsed conditions with high peak power.
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Figure 17.a) Microscope view of SiN with variable length QD-pattern on top. b) Power emitted at 600 nm as function of length.

6. Plasmonic photodetector

6.1. Schottky-heterostructure photodiodes

In the last months we have optimized the synthetiBbS QDs with absorption/emission at
wavelengths around 1550 nm, as also the depogiidigand exchange) of thin films in the
thickness range 300-500 nm by means of a Dr.Bladeupnique. These layers exhibit a
reasonable uniformity throughout the sample, aseald by exciton absorption and
photoluminescence (PL) spectra very close to timselloidal solution. Layers with completed
ligand exchange have a resistivity around 1@m, a hole concentration larger thart>16nm?
and mobilities smaller than 0.065 @Ms, as estimated from preliminary Hall measurement
These Schotky diodes have been characterized tamdgrillumination at 1550 nm as a function
of power (Fig. 18). The I(V) characteristics exksbcan be fitted by using a real equivalent
circuit for the photodiode that yields a dark catraround 70 nA with an ideality factor around
3 (carrier generation-recombination mechanism) simeht resistance (attributed to hole losses
through the Ag electrode) decreasing with increaglimmination. The lowest detected power
was 6 nW by using our Keithley 2400 source-metencle the noise equivalent power is smaller
than this value (under continuous wave excitatioe photocurrent is practically linear
(exponent = 0.92) with power from 6 nW(¥ 0.8 nA, Voc = 9 mV) to 2 puW (. = 190 nA, Vi
=70 mV) and R= 0.1 A/W In the entire range. The newest generabibphotodiodes (under
characterization) will serve us to measure othgrartant parameters and figures of merit for
Schottky-heterostructure photodiodes and charaet®vn as a function of temperature, prior to
introduce a stopping layer for holes (to increalédaictor, reduce noise current and increase of
Vo) and plasmonic effects (to increase light trap@ing near-field absorption at the QD layer.
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Figure 18. (a) [(V) characteristics of the best ITO/PDOT/PbS-QD-solid/Ag photodiode (at 1550 nm) under illumination with a laser at 1550 nm
at different powers; (b) power dependence of the measured photocurrent.

6.2. QD-solid based microgap/nanogap photoconductors

The Schottky concept is a very convenient devicbeantegrated in SOI technology, because
photocurrent or photovoltage can be directly measwvithout needing of polarization or used
as input for a transimpedance amplifier. Given tmaist of the work on Schottky diodes is
already finished our goal is to concentrate ouoréfbn photoconductive devices. In the case of
nanogap, given the small distance between eledradd high electric field we do not plan to
use ligand exchange on deposited QDs. In the chsmiaogap we have develop a first
generation of interdigitated electrodes, for whagipreciable photocurrent is measured at 1550
nm in preliminary tests, even if we are not saisfwith the ligand exchange protocol on small
area QD-layers. In this sense, in a photoconductexgce (0.2 mm gap) made these days on a
QD-layer prepared as in the Schottky device (cotaplegand exchange) we arrive to
photocurrents: 30-50 nA (responsivities very close to 0.1 A/W)le wavelength range 1200-
1500 nm at 200 V bias, despite the big distancevdst electrodes, over a reasonably low dark
current (49 nA).

Next steps are the improvement of microgap photdector devices by means of developing a
good protocol for ligand exchange in the QD-flmdaconcentrate on plasmonic nanogap-
waveguide photoconductors for which a first faliedaseries is under investigation. Given the
background layer of ITO deposited on a glass satestand the small distance between
electrodes (50-70 nm) bias voltage is limited betved.5 to + 0.5 V.
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