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imec	
  in	
  NAVOLCHI	
  

	
   WP3	
  –	
  transmiGer	
  
§ 	
  Provide	
  bonding	
  to	
  TU/e	
  
§ 	
  Provide	
  passive	
  silicon	
  circuits	
  through	
  hGp://epixfab.eu/	
  plaSorm	
  

	
   WP4	
  –	
  amplifier	
  for	
  receiver	
  
§ 	
  Design	
  and	
  fabricate	
  amplifier	
  on	
  silicon	
  plaSorm	
  using	
  UGent	
  QDOTS	
  
§ 	
  Inves9gate	
  possibili9es	
  for	
  electrical	
  injec9on	
  

	
   WP5	
  –	
  interfaces	
  
§ 	
  WP-­‐leader	
  
§ 	
  Design	
  and	
  fabricate	
  passive	
  filter	
  for	
  amplifier	
  noise	
  suppression	
  
§ 	
  Design	
  and	
  fabricate	
  op9cal	
  beam-­‐steerer	
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WP4	
  -­‐	
  work	
  

	
   Objec9ve:	
  design	
  and	
  fabrica9on	
  of	
  QDOT	
  amplifier	
  
§ 	
  Integrated	
  with	
  silicon	
  waveguides	
  
§ 	
  Electrical	
  injec9on	
  

	
   Timeline:	
  
§ 	
  Month	
  12	
  (M4.1)	
  :	
  decision	
  on	
  design	
  
§ 	
  Month	
  15	
  (M4.3)	
  :	
  conduc9ve	
  QD	
  layers	
  
§ 	
  Month	
  18	
  (M4.6)	
  :	
  electroluminescence	
  from	
  QD-­‐stack	
  
§ 	
  Month	
  21	
  (M4.8)	
  :	
  op9cally	
  pumped	
  amplifier	
  (10dB	
  gain)	
  
§ 	
  Month	
  30	
  (M4.9):	
  	
  electrical	
  pumped	
  amplifier	
  10dB/cm	
  gain	
  

	
   Main	
  input	
  required:	
  UGent	
  QDOTS	
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WP4	
  -­‐	
  work	
  

	
   General	
  approach	
  (cross-­‐sec9on):	
  

BoGom	
  Electrode	
  

H	
  

p-­‐Si	
  

Top-­‐electrode	
  	
  
(forming	
  plasmon	
  waveguide)	
  

Gain	
  stack	
  with	
  
QDot	
  

Current	
  flow	
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Integrated	
  light	
  source	
  for	
  silicon	
  photonics	
  

N-type Si 

P-type Si 

p-Si        n-Si 

Silica 

-V 

Electron	
  

p-NiO / Qdot / n-ZnO 

Hole	
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Metal	
  oxides	
  for	
  charge	
  transport	
  

	
  

“	
  ITO	
  /	
  NiO	
  /	
  PbS(nc)	
  /	
  ZnO	
  /	
  Al	
  “	
  

-­‐	
  V	
  

Turn	
  –	
  on	
  @	
  4V	
  ?	
  	
  

SpuGer	
  	
  	
  	
  	
  	
  Spincoat	
  	
  	
  	
  	
  ALD	
  	
  	
  	
  	
  	
  E-­‐beam	
  
NiO	
  

ZnO	
  

ITO	
  

Al	
  

[NIR]	
  
[Visible]	
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Metal	
  oxides	
  for	
  charge	
  transport	
  

Considerable	
  effort	
  in	
  op9mizing	
  injec9on	
  layers	
  
ZnO	
  (electrode	
  transport	
  layer)	
  
NiOx/CuOx	
  (hole	
  transport	
  layer)	
  

Characterisa9on	
  material	
  proper9es	
  in	
  terms	
  of	
  depositon	
  
paramters	
  

Conduc9vity,	
  op9cal	
  losses,	
  grain	
  size	
  …	
  

BUT:	
  Could	
  not	
  reproduce	
  ini9al	
  electro-­‐luminescence	
  success	
  

(Possible	
  side	
  project:	
  AZO	
  as	
  replacement	
  for	
  ITO	
  in	
  modulator?)	
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AlternaJve	
  for	
  current	
  injecJon:	
  AC-­‐stack	
  

Chapter 3. Composition of the quantum dot LED

it is an idealized version, it already gives us some insights regarding the applied voltage and

corresponding voltage drops across the quantum dot layer.

(a) Experimental AC stack. (b) Idealized circuit in the used setup.

Figure 3.9: Experimental stack and used circuit for the AC quantum dot LED.

The resistor is added to avoid short-circuiting when the device would break down. We can

describe this circuit analytically for an applied sine voltage V sin(2πft) (where f denotes the

frequency), a resistor (with resistance R) and three capacitors (with capacitances Cox,bottom,

CQD and Cox,top respectively).

First, the total impedance can be calculated by adding all reactances:

Z = R+ jXCtot = R+ j
�
XCox,bottom +XCQD +XCox,top

�
(3.1)

= R− j

�
1

2πf

�
1

Cox,bottom
+

1

CQD
+

1

Cox,top

��
(3.2)

By doing admittance measurements on the total stack and on the oxide layers individually, each

of the capacitances can be calculated. The applied peak-to-peak voltage can be increased up to

150 V. The resistor during the experiments has a value of 20 kΩ. The voltage over the quantum

dot layer can then be calculated:

|VQD| = V
XQD

|Z| (3.3)

Dividing this voltage by the number of quantum dot layers, the voltage drop over each quantum

dot can be calculated.

The ideal situation described above can be made more realistic by introducing a number of

resistors in series and parallel. Indeed, the layers cannot be perfectly insulating, since otherwise,

no power would be dissipated, allowing light to be emitted. Further analysis of this extended

model is performed in chapter 6.
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Chapter 3. Composition of the quantum dot LED

(a) At beginning of positive voltage pulse.

(b) After the positive voltage pulse.

Figure 3.8: Band diagram when applying a positive voltage pulse, explaining the principle of field-driven

ionization.

3. During this hopping, it can occur that an electron and a hole are simultaneously present

in the conduction and the valence band. In some quantum dots, these electron-hole pairs

will recombine either radiatively or non-radiatively, while the remaining created electrons

and holes stay in the conduction and valence band respectively.

Due to the transport of electrons and holes in opposite directions in the quantum dot layer, an

internal field emerges, opposed to the original one. This field will be smaller than the original

one, but still have a considerable effect in the energy diagram after the voltage pulse (fig. 3.8(b)):

1. The remaining electrons and holes will now drift in the other direction (because the re-

maining field is opposite to the original one).

2. Again, there is a probability on radiative recombination, which results in an additional

peak in electroluminescence.

Symmetric operations will occur when a negative voltage pulse is applied.

Experimentally, electron beam evaporated or ALD deposited Al2O3 have been used as insulating

material (�r = 7.55 (ALD)), resulting in the stack shown in fig. 3.9(a), where the thickness of

the layer and the type of quantum dots have been varied. Similar to the DC stacks, the contacts

are ITO and aluminium (25 nm). The total circuit of the setup is shown in fig. 3.9(b). Although

22

Originally	
  proposed	
  by	
  V.	
  Wood	
  (ETHZ)	
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Light	
  emission	
  from	
  AC-­‐stack	
  
Chapter 6. Stack results
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Figure 6.22: Light intensity in function of time.

after the first one, leaving the circuit untouched. This indicates slight degradation of the device

during longer operation. The position of the peaks can be interpreted based on the theoretical

approach in section 3.2. After the steep rise of the voltage, the electric field induces moving

electrons and holes in the conduction and valence band respectively, resulting in an increase in

the light emission when they recombine radiatively. During the peak, the internal field builds

up and opposes the external one, resulting in evanescent emission. When the pulse is reversed

to the negative, the same mechanism occurs in the opposite direction. The peak at exactly one

period might be caused by the internal field itself, but no confirmation of this has been found.

Now that the power output of the dots is confirmed to originate from the electroluminescence,

power measurements are performed at different voltages and a fixed frequency of 20 kHz. For

the quantum CdSe/CdS dots, this is depicted in fig. 6.23.
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Figure 6.23: Output power of the AC stacks with CdSe/CdS dots (70 nm QD layer) in function of the

applied voltage.

The power output increases linearly with the applied peak-to-peak voltage. As already men-

tioned in subsection 6.4.1, the intercept of the linear fit crosses the horizontal axis at 72 V. The
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Figure 6.25: Output power of the AC stacks with giant CdSe/ZnS dots in function of the applied

frequency.

values between 0.17 and 3.8 lm/W, obtained for DC LED stacks in literatrure [58,92]. Further-

more, the power output scales linearly with frequency and voltage, while the power input scales

quadratically with both. This results in the dependence:

η ∼ 1

ωV
(6.12)

which should definitely be taken into account when considering steps towards commercialization.

To show the emitted light of the pads visually, pictures of the on and off state of one pad are

shown in fig. 6.26. The used nanoparticles are yellow-orange CdSe/CdS rods.

(a) On state. (b) Off state.

Figure 6.26: On and off state of yellow-orange emitting CdSe/CdS rods.

Two things can be concluded from the picture. On the one hand, only a major part of the surface

emits light, while the rods on the other part are degraded, probably caused by the removal of

the ligands during ALD deposition. On the other hand, white dots can be observed, which show

small breakdown paths through the device caused by the high voltage.

73

Demonstrated	
  both	
  in	
  visible	
  and	
  NIR	
  

Chapter 6. Stack results

1.0

0.8

0.6

0.4

0.2

0.0

N
or

m
al

iz
ed

 in
te

ns
ity

 [a
.u

.]

700650600550500
! [nm]

 PL
 EL

Figure 6.20: Electroluminescence spectrum of the stack ITO-Al2O3 (38 nm)-QRCdSe/CdS (1x SC)-Al2O3

(50 nm)-Al contacts.

voltage-time diagram.
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(a) Ideal block pulse. (b) Real block pulse.

Figure 6.21: Applied waveforms to measure electroluminescence.

As we obviously see, the steep rise in voltage has been strongly modified due to the capacitance

of the device load. The speed from low to high voltage is entirely determined by the slew rate

(expressed in V/µs). Unfortunately, the capacitor at the output load has to be charged to the

desired voltage as well. Therefore, if there is a limiting current IL of the amplifier itself, the

load capacitor can only be charged with a maximum speed. Thus, the slew rate is in this case

given by:

SA =
IL

Cload
(6.10)

This value can be significantly lower than the unloaded one, especially in this case where capac-

itances of the order of tens of nanofarad are used [96].

Returning to the electroluminescence measurements, we can plot the intensity of the light in

function of time. This is done by measuring the surface under the spectrum peak at a certain

delay time after the trigger reaches the spectrometer. The result is shown in fig. 6.22. The ideal

block pulse is also shown to make interpretation easier. Two different curves are visible, which

are up to a factor almost equal to each other. The second (blue) curve is measured a few minutes

70
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Power	
  vs.	
  Voltage/Frequency	
  
Chapter 6. Stack results
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Figure 6.25: Output power of the AC stacks with giant CdSe/ZnS dots in function of the applied

frequency.

values between 0.17 and 3.8 lm/W, obtained for DC LED stacks in literatrure [58,92]. Further-

more, the power output scales linearly with frequency and voltage, while the power input scales

quadratically with both. This results in the dependence:

η ∼ 1

ωV
(6.12)

which should definitely be taken into account when considering steps towards commercialization.

To show the emitted light of the pads visually, pictures of the on and off state of one pad are

shown in fig. 6.26. The used nanoparticles are yellow-orange CdSe/CdS rods.

(a) On state. (b) Off state.

Figure 6.26: On and off state of yellow-orange emitting CdSe/CdS rods.

Two things can be concluded from the picture. On the one hand, only a major part of the surface

emits light, while the rods on the other part are degraded, probably caused by the removal of

the ligands during ALD deposition. On the other hand, white dots can be observed, which show

small breakdown paths through the device caused by the high voltage.
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Figure 6.22: Light intensity in function of time.

after the first one, leaving the circuit untouched. This indicates slight degradation of the device

during longer operation. The position of the peaks can be interpreted based on the theoretical

approach in section 3.2. After the steep rise of the voltage, the electric field induces moving

electrons and holes in the conduction and valence band respectively, resulting in an increase in

the light emission when they recombine radiatively. During the peak, the internal field builds

up and opposes the external one, resulting in evanescent emission. When the pulse is reversed

to the negative, the same mechanism occurs in the opposite direction. The peak at exactly one

period might be caused by the internal field itself, but no confirmation of this has been found.

Now that the power output of the dots is confirmed to originate from the electroluminescence,

power measurements are performed at different voltages and a fixed frequency of 20 kHz. For

the quantum CdSe/CdS dots, this is depicted in fig. 6.23.
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Figure 6.23: Output power of the AC stacks with CdSe/CdS dots (70 nm QD layer) in function of the

applied voltage.

The power output increases linearly with the applied peak-to-peak voltage. As already men-

tioned in subsection 6.4.1, the intercept of the linear fit crosses the horizontal axis at 72 V. The
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Quantum	
  Dot	
  Layer	
  

Si-­‐waveguide	
  

ITO	
  

Pt-­‐layers	
  
(for	
  cross-­‐secJon)	
  

First	
  aVempt	
  at	
  integraJng	
  with	
  silicon	
  waveguide	
  

SiOx	
  
(misaligned)	
  SiOx	
  

(misaligned)	
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First	
  aVempt	
  at	
  integraJng	
  with	
  silicon	
  waveguide	
  

Quantum	
  Dot	
  Layer	
  
AlOx	
  
ITO	
  
Pt-­‐layers	
  

AlOx	
  layer	
  too	
  thin	
  à	
  massive	
  absorp9on	
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WP5	
  -­‐	
  work	
  

	
   Passive	
  filter:	
  
§ 	
  1st	
  gen:	
  3nm	
  bandwidth,	
  10dB	
  suppression,	
  30nm	
  FSR	
  
§ 	
  op9ons:	
  ring	
  resonator,	
  AWG,	
  PCG	
  …	
  

	
   Beam	
  steerer:	
  
§ 	
  1st	
  gen:	
  5dB	
  loss,	
  100um	
  distance	
  
§ 	
  2nd	
  gen:	
  3dB	
  loss,	
  1mm	
  distance,	
  10nm	
  bandwidth	
  
§ 	
  “Challenging”	
  

	
   Time	
  line:	
  
§ 	
  1st	
  gen:	
  Design	
  (month	
  12,	
  M5.3)à	
  Fabrica9on	
  (month	
  18,	
  M5.7)	
  à	
  
characterisa9on	
  (month	
  21,	
  D5.3)	
  
§ 	
  2nd	
  gen:	
  Design	
  (month	
  24,	
  M5.9)	
  à	
  Fabrica9on	
  (month	
  30,	
  M5.11)	
  à	
  
Characterisa9on	
  (month	
  33,	
  D5.7)	
  

Sukumar	
  Rudra	
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Passive	
  filter	
  

	
   AWG	
  based	
  version	
  

100um	
  

Device	
  Details:	
  
10x400	
  GHz	
  AWG	
  -­‐	
  size:	
  370x330	
  um2	
  -­‐	
  design	
  FSR	
  =	
  42	
  nm	
  
	
  
Measurement	
  details:	
  
Inser9on	
  Loss:	
  -­‐.90dB	
  non_uniformity:	
  0.8	
  dB	
  
Crosstalk:	
  22	
  dB	
  
1dB	
  Bandwidth:	
  1.01	
  nm	
  -­‐	
  3dB	
  Bandwidth:	
  1.75	
  nm	
  -­‐	
  10dB	
  Bandwidth:	
  3.19	
  nm	
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Passive	
  filters	
  

Alterna9ve	
  (if	
  larger	
  bandwidth	
  is	
  needed)	
  

Use	
  passband	
  flaGened	
  AWG	
  ?	
  
Using	
  MMI	
  
Extensive	
  design	
  effort	
  
1dB	
  los	
  (on	
  top	
  of	
  intrinsic	
  loss)	
  

SimulaJon	
  

Measurement	
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Passive	
  filters	
  

Alterna9ve	
  design:	
  use	
  ring	
  based	
  filters	
  
Large	
  FSR	
  à	
  small	
  radius	
  

Range	
  of	
  parameters:	
  
R	
  =	
  2um,	
  Lc	
  =	
  [0,2,5]um,	
  FSR	
  =	
  [47,	
  36,26.6]	
  nm	
  
R	
  =	
  3um,	
  Lc	
  =	
  [0,2,5]um,	
  FSR	
  =	
  [31.8,26.2,20]	
  nm	
  	
  

!

Design	
  completed	
  
Under	
  fabrica9on	
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Beam	
  steerers	
  

Use	
  movable	
  gra9ngs	
  ?	
  

	
  

	
  

	
  

	
  

	
  

To	
  be	
  combined	
  with	
  focusing	
  gra9ng	
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Beam	
  steering	
  
Proposed	
  structure:	
  gra9ng	
  coupler	
  on	
  movable	
  MEMS	
  plaSorm	
  

3	
  electrodes	
  allow	
  applying	
  force	
  in	
  3	
  direc9ons	
  

Comsol	
  simula9on	
  

Back	
  pad	
  actua*on	
   Side	
  pad	
  actua*on	
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Beam	
  steering	
  

Processing:	
  
Underetching	
  ini9ally	
  not	
  controllable	
  –	
  currently	
  OK	
  

Fiber	
  Characterisa9on:	
  
Change	
  in	
  power	
  +	
  central	
  wavelength	
  measured	
  when	
  applying	
  voltage	
  
Device	
  dependent	
  (some9mes	
  increase,	
  some9mes	
  decrease)	
  
Change	
  not	
  in	
  line	
  with	
  predic9ons	
  
	
  

Back	
  pad	
   Side	
  pad	
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Beam	
  steering	
  
Measurements	
  using	
  Laser	
  Doppler	
  Vibrometry	
  

Gives	
  image	
  of	
  displacement	
  
No	
  difference	
  seen	
  between	
  side	
  and	
  back	
  pad	
  actua9on	
  
Always	
  9lt	
  to	
  front	
  –	
  Discrepancy	
  with	
  fiber	
  based	
  measurements	
  
	
  
	
  

Green	
  =	
  low	
  	
  -­‐-­‐	
  Red	
  =	
  High	
  

Next	
  step	
  
Reprocessing	
  current	
  samples	
  
Designed	
  new	
  version	
  with	
  simpler	
  structure	
  
	
  
	
  

Back	
  pad	
   Side	
  pad	
  


