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Abstract

In a world that is constantly demanding more and more energy, finding ways to produce
it from renewable sources is a must. In this context, the present work aims to study a
new type of solar cells. Conventional solar cells are based on diodes in which a built-in
potential sends the charges in the circuit. Here, we will study solar cell metamaterials,
made of colloidal quantum dot films coupled with metallic nanostructured patterns. In
this system, the light-matter interaction is governed by local thermodynamic equilibrium,
making it possible to control the temperature and the chemical potential of radiation. In
this way a temperature gradient can be exploited and a current generated with the hot
carrier Seebeck effect. In this work are presented the first experimental demonstrations of
the feasibility of these devices, their characterization techniques and the results obtained
with different working conditions.
This work is not only concerned with the conception of a new type of device, but it
is also related to a hot topic in the photovoltaic research. In fact, solar cell efficiency
is limited by the Shockley–Queisser limit, because when photo-carriers are generated at
higher temperatures than that of the host medium, this extra energy is usually lost in
thermalization processes. Finding a way to use this energy, is a fundamental step in the
attempt to further improve solar cell efficiency.
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Introduction

The present work is organized in five chapters. In the first one we will provide a description
of the theoretical concepts needed to design and understand the presented device. In the
second chapter we will discuss the design of the device, its fabrication steps and the
experimental setup needed for all the characterizations. In the third and fourth chapters
we will present the obtained results with two different ligands used to treat our quantum
dot films, in order to study which has the best performances. Finally, we will discuss the
future perspectives, both for new device implementations and for the device modeling.

This work has been done in the laboratory Matériaux et Phénomènes Quantiques (MPQ)
in the DON group (Dispositifs Optiques Non linéaires), where the main research activities
concerns non-linear optics phenomena, optomechanics and optoelectronics. The last topic
in particular is the field of study of my supervisor, Aloyse Degiron, whose main researches
concern the manipulation of colloidal quantum dots for applications in the near infrared.
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Chapter 1

Theoretical framework

In the first part of this work, we will provide the theoretical concepts that lead to the
conception, and consequent realization, of this new type of solar cell. In particular, we
will understand how we can control the carrier temperature to exploit the hot carrier
Seebeck effect.

1.1 From thermal to non-thermal radiation

From the first studies about thermal radiation carried by Kirchhoff in 1860 [1] and Plank
in 1901 [2], it was demonstrated that the thermal emission energy density for energy
interval of a black body, with walls at a temperature T, is given by:

e(ℏω, T ) =
(ℏω)3

π2ℏ3c3

[
exp

(
ℏω
kBT

)
− 1

]−1

(1.1)

where ω is photons angular frequency and c is the speed of light in vacuum. The conse-
quent black body radiation can be evaluated as:

IBB(ℏω, T ) =
1

4
ce(ℏω, T ) (1.2)

With Kirchhoff law of thermal radiation it is possible to extend this relation also to the
thermal radiation of gray bodies, so the cases where the absorption α(ℏω) < 1:

Ithermal(ℏω, T ) = α(ℏω)IBB(ℏω, T ) (1.3)

This description was the first basis to understand the properties of non-thermal emission,
even if it turns out clearly, when moving to the study of semiconductors, that the tem-
perature used was just an effective temperature and not really related to the real one. It
was not before Würfel work [3] in 1982 that it was possible to finally write an expression
for the Kirchhoff law with a temperature corresponding to a real temperature even for
the non-thermal radiation. This has been done by inserting in the model an additional
parameter, the chemical potential of radiation µγ, whose value is zero for thermal radia-
tion and non zero for non-thermal one. In particular, µγ = µC − µV is governed by the
excitation pumping, where µC is the chemical potential of the electrons in the conduction
band, while µV is for the holes in the valence band. In this way the formula for the
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emission intensity will be:

Ie(ℏω, T ) = α(ℏω)
(ℏω)3

4π2ℏ3c2

[
exp

(
ℏω − µγ

kBT

)
− 1

]−1

(1.4)

where the thermal emission corresponds to the limit µγ → 0.

This model is relying on two conditions: the first one is that the electrons in the con-
duction band must be in equilibrium (thus µC is constant); the second one is that the
electrons must be in thermal equilibrium with the crystal. The carriers respecting this two
conditions are said thermalized. The same holds for the holes, such that two independent
equilibriums exist for the two carriers, thus different µC and µV values and consequently
non zero µγ (hence, non-thermal radiation case).

In the following, we will pose ourselves in low pumping power conditions, where the
exponential in equation 1.4 will be exp

(
ℏω−µγ

kBT

)
≫ 1 , such that:

Ie(ℏω, T ) ≈ exp

(
µγ

kBT

)
α(ℏω)

(ℏω)3

4π2ℏ3c2

[
exp

(
ℏω
kBT

)]−1

(1.5)

In this way the term containing the µγ will simply be a proportionality factor, and thus
we will from now on refer to the expression of the emission intensity dropping this term.
However, before forgetting this factor for the rest of the study, we note that it is the key to
understand why LEDs are so much more efficient compared to incandescent bulbs: their
luminescence is typically boosted by a factor exp( µγ

kBT
) ≈ exp(40) compared to thermal

radiation at room temperature. Rewriting equation 1.5 for unit wavelength, we obtain
the result as reported in [4]:

Ie(λ, T ) ∝ α(λ)2hc2λ−5exp

(
− hc

λkBT

)
(1.6)

Ie(λ, T ) ∝ α(λ)W (λ, T ) (1.7)

where W(λ,T) is the Wien approximation.

Actually, when considering optoelectronic devices, Würfel’s theory requirements for a
global thermodynamic equilibrium are not met due to the strong heterogeneities of this
systems. It is only with the recent addition made by Greffet et al. [5] in 2018, that it was
shown that equation 1.7 can still be used in more complex structures (like the quantum
dot film considered in this work), except that these reservoirs are not in equilbrium with
the crystal lattice anymore. In other words, we are dealing here with a quasi-equilibrium
and the thermodynamic parameters (T,µ) are local quantities and allowed to change in
space and time. In the following, the notion of thermalized carriers means that they have
reached such a quasi-equilbrium, but not that they are at the same (room) temperature
as the sample itself.
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1.2 Carrier temperature extraction

What presented in previous part allowed us to reach in the end expression 1.7. This is a
fundamental result because now we can define a procedure to extract the temperature of
the thermalized carriers in our quantum dot film. In fact, we can measure the absorption
spectrum (α(λ)) and the photoluminescence spectrum (Ie(λ)) pumping with a laser source.
Then to extract the carrier temperature, we just need to fit the α(λ) spectrum using
Ie(λ)

W (λ,T )
, obtained from equation 1.7 inversion and using T as the fitting parameter. This is

exactly what is reported in Figure 1.1.a from [4], where the black curve is a measurement
of the absorption spectrum while the blue one comes from the ratio Ie(λ)

W (λ,T )
. For low

wavelengths the blue curve is particularly noisy due to the low photoluminescence signal.

To generalize the picture, we can show that depending on the different ligands employed
(see section 2.3 for further details), the carrier thermalization temperature is changing
with the laser pumping power. In particular, we can see in Figure 1.1.b from [4] how,
for quantum dots on a glass substrate, the carrier temperature is changing a lot, ranging
from tens of kelvins more than room temperature to more than 150 K. Anyway, what it is
important to remark is that this temperature is associated to the carriers and not to the
lattice, thus the quantum dot film is still at room temperature (or at least, few degrees
more due to the laser pumping heating).

Figure 1.1: a. In black the measured absorbance of a quantum dot film treated with Na2S on
glass; in blue the calculated absorbance as the ratio between photoluminescence and the Wien
function. b. Carrier temperature extracted from the fitting of the absorbance with the Wien
function for different ligands varying the optical pumping power.
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1.3 Seebeck effect

The second theoretical concept we will need is the Seebeck effect. It is defined as the
electromotive force that develops across two points of an electrically conducting material
when there is a temperature difference between them; a simple schematic is reported in
Figure 1.2. It was first discovered by the Italian scientist Alessandro Volta in 1794 [6] and
independently rediscovered by the Baltic German physicist Thomas Johann Seebeck [7].

In particular, when considering a conducting material, we can write the current density
as:

J = σ (−∇V + Eemf ) (1.8)

where ∇V is the voltage gradient, σ is the electrical conductivity and Eemf is the elec-
tromotive field due to the application of a temperature gradient, described as

Eemf = −S∇T (1.9)

where S is the Seebeck coefficient (usually expressed in µV
K

) and ∇T is the temperature
gradient. The Seebeck coefficient is a parameter that depends on the material and whose
values can range from −100 µV

K
to 1000 µV

K
. It can be evaluated performing an open

circuit measurement, thus substituting a zero current density in equation 1.8; assuming
furthermore that the temperature gradient is small, we can replace the gradient with a
simple difference over the length L (∇V → ∆V

L
, ∇T → ∆T

L
) obtaining:

0 = −σ
∆V

L
− σS

∆T

L
(1.10)

S = −∆V

∆T
= −Vleft − Vright

Tleft − Tright

(1.11)

In general, the Seebeck coefficient sign gives us an information on the carriers that generate
the current, negative for electrons (like in n-type semiconductors) and positive for holes
(p-type semiconductors). For a general conductive material the actual sign comes from
a competition between the two different carriers. The magnitude of the coefficient is a
consequence of the competition between the diffusion of the hot carriers and the drift of
the cold-ones.

V

e

e

e+
+
+

-
-
-

Figure 1.2: Simple schematic of Seebeck effect working principle; the image refers to a negative
Seebeck coefficient because the high temperature side is also the high potential one.
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1.4 Hot carrier Seebeck effect

Given the concepts of sections 1.2 and 1.3, we are now ready to move to the idea at
the basis of this work. In fact, from preliminary measurements done in the team, it has
been shown that the carrier thermalization temperature is higher in the case of quantum
dots coupled to antenna arrays, with a temperature difference between the coupled and
uncoupled films around 100 K for EDT treatments (see section 2.3). Exploiting this
possibility of controlling the local temperatures, we can create a current according to the
Seebeck effect. A simple schematic is reported in Figure 1.3. In particular, this is not
the case of a classical Seebeck effect, where a real temperature gradient of the material is
present, but instead is more correctly addressed as the hot carrier Seebeck effect. This is
because when extracting the temperature, according to the procedure reported in section
1.2, we are not defining a temperature for the whole material, but just for the carriers.
Thus, only the thermalized carriers are involved in the temperature gradient.

Figure 1.3: On the left, a simple representation of our system, where the quantum dot film is
in part coupled with antennas and in part deposited directly on glass. Under illumination, this
will create a temperature gradient (right panel) and thus a current.
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Chapter 2

Device layout, fabrication and
measurement setup

In this chapter we will provide a general description and explanation of the different
geometries employed, on the fabrication steps required and on the setup needed to perform
the measurements reported in next chapters.

2.1 Device layout

In order to exploit the hot carrier Seebeck effect mentioned earlier, a specific geometry
will be adopted. In particular, an asymmetry in the antenna arrays inside the channel is
needed to exploit a temperature gradient. A simplified top view of this idea is reported in
Figure 2.1.a. Actually, when moving to the real design, to improve the photo-generated
current, interdigitated contacts have been used to have a higher active area and thus a

Filling 
Factor

Channel
width

E
le

ct
ro

de

E
lectrode

a. b.

Figure 2.1: a. Simplified top view of one channel. We will refer to the channel as the distance
between two electrodes and define the filling factor as the percentage of channel filled with
antennas. b. Top view schematic of the actual electrodes geometry. In particular, we have: a
common pad (top left); 12 different pads, one for each interdigitated electrode. We will refer in
the following to a sample when addressing all the geometry here reported, while with junction
or device when referring to a single interdigitated electrode.
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Figure 2.2: Schematic top view of the different antenna layouts employed inside the interdigi-
tated electrodes. The arrows refer to the temperature gradient direction.

higher generated signal. Furthermore, different interdigitated contacts have been made
for each substrate, making our sample look like Figure 2.1.b.
In order to demonstrate that the current was really a consequence of the thermal gradient
(and thus of the antennas asymmetry) we have employed two additional configurations:
one with symmetrical antenna patterns and the other without antennas. A schematic
view of the three different geometries is reported in Figure 2.2; refer to the arrows for the
thermal gradient direction under illumination condition.

2.2 Device fabrication

Device fabrication can be summarized in three fundamental steps that are:

• Electrode deposition

• Antenna deposition

• Quantum dot spin coating and ligand exchange

A visual summary is reported in Figure 2.3. All the devices are realized on a square glass
substrate with 1 cm size.

For the first step we need to perform a photolithography; in particular I used the AZ5214E
(Merck) resist, exploiting the image reversal procedure, good for lift-off processes. The
masks I used allowed me to realize 12 junctions per glass substrate and interdigitated
channels of 5 µm or 10 µm; all the devices discussed in the following have a 5 µm channel.
A Süss Microtec MJB4 mask aligner was used for the alignment procedure. The resist has
been developed in MIBK/IPA (1:3) for 15 seconds, and then rinsed in water for 30 seconds.
Sometimes, few more seconds were needed to fully develop our device. To establish the
complete development, I observed the sample under the microscope; if there were bubbles
on the edges of the device features, I repeated the development for few more seconds,
until I clearly see no more bubbles. After this, I proceeded with the deposition of 2 nm of
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Electrodes added 
with photolithography

Antennas 
added with EBL

QDs spin coated and 
ligand exchange

Figure 2.3: Schematic of the different fabrication steps.

titanium followed by 70 nm of gold with the Plassys MEB 550S electron beam evaporator.
For the lift-off, I left the sample in acetone for 15 minutes and proceeded then with an
ultrasonic bath for around one minute, until I was sure that all the long features of gold
inside the interdigitated channels were removed.

At this point, we were ready to proceed with the realization of the antenna arrays inside
the channels. The first step was to spin coat on our sample the CSAR 62 (Allresist)
positive resist and a conductive layer of Electra 92 (Allresist) for the dissipation of e-beam
charges, being our device built on glass, thus on an insulating material. We proceeded
then with electron beam lithography (EBL) with the Raith Pioneer II. The process needed
a series of alignment steps made with alignment marks realized on the electrodes during
the photolithography. I did not perform this complex EBL procedure myself but let it
to the PhD student of the team (Augustin Caillas) who has developed the process. The
EBL was quite long, in fact letting the machine work overall the weekend, we were not
able to fill with antennas all the junctions available on each substrate. Different antenna
patterns have been made, but in general, the discussion will be on the square antenna
arrays, 400 nm in size, separated one from the other of 200 nm. These antennas were
originally designed to enhance the photoluminescence signal in the near infrared [8], but
in this work we are working with visible light and thus we are using the antennas to have
an out-of-resonance enhancement. When other geometries are used, it will be clearly
specified.

After the EBL, we removed the Electra 92 layer with water and we did a subsequent
development with AR600-546 (Allresist). For the deposition we used again the Plassys
MEB 550S, this time depositing 2 nm of titanium and 25 nm of gold. The fabrication
was then concluded with a lift-off in butanone.

For devices with 2 µm wide channels, it was not possible to realize the contacts with
photolithography and thus both the electrodes and the antennas were realized using the
EBL. The EBL step for defining the 2 µm channels was also done by Augustin Caillas.
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2.3 Quantum dot manipulation

After the realization of the electrodes and the antennas, described in section 2.2, we pro-
ceeded with the quantum dot deposition. We started in particular from PbS colloidal
quantum dots in solution with toluene, synthetized by Dr. Emmanuel Lhuillier, a collab-
orator of my supervisor who leads a group on quantum dot optoelectronics at Sorbonne
University. These quantum dots have an average diameter of 5-6 nm and their surface is
covered with oleic acid ligands. The advantage of working with colloidal quantum dots is
that for their deposition we just proceeded with a spin coating, using in our case 25 µL
of solution per layer. The film obtained in this way was very thin (around 15 nm) but
could be made thicker with the accumulation of several layers. The results presented in
chapters 3 and 4 refer to two layers, condition for which we have good results both in the
maximum current and voltage generation.

The particular choice of the PbS quantum dots comes from the fact that they are a
model system and their optical resonance is located in the near infrared, as the antennas
geometry employed in this work.

Notice that, proceeding with the measurements using the just spun quantum dot layer,
will not lead to good results, because the quantum dots are too far apart from each
other due to the dimension of the oleic acid ligands (Figure 2.4.a) and thus the electrical
conduction properties will be too low. For this reason, a ligand exchange step is needed
to proceed with the measurements; in particular two possible ligands can be employed:

• EDT (Ethane-1,2-dithiol): with this material, the electrical performances are en-
hanced, because the distance between the quantum dots is importantly reduced
(from 18 carbon atoms with the oleic acid to 2 with EDT, Figure 2.4.b). In order
to perform this ligand exchange procedure, I simply dipped the sample in a solution
of EDT in ethanol (1% in mass) for 60 seconds and then I rinsed it in ethanol for
30 seconds.

• Na2S: with this material the oleic acid ligands have been replaced by S2– ions, making
the inter-quantum dot distance even shorter than with EDT (Figure 2.4.c), allowing
in this way a better mobility of the carriers due to the lower confinement. In order
to perform this ligand exchange I have dipped the sample in a solution of Na2S in
ethanol (1% in mass) for 10 seconds and then rinsed for 30 seconds in ethanol.

To protect the quantum dots from the oxidation, all the ligand exchange procedures have
been performed in a glovebox workstation (Mbraun LABstar ECO), with a controlled
atmosphere, with water an oxygen concentrations lower than 0.5 ppm. The samples were
subsequently characterized outside the glovebox, under ambient conditions.

For both the ligands employed, we have observed while performing the measurements the
effects of the oxidation, that are particularly evident in the case of electrical measurements
with respect to optical ones (like photoluminescent spectrum). In particular, we noticed
that after several hours outside the glovebox, the devices were not working anymore, or
at least they were performing in a really bad way with respect to fresh quantum dots;
see section 3.3 for further details. The oxidation effects could be avoided if we had
encapsulated the devices with a coating layer; anyway this step is avoided in order to
simplify the device realization procedure and to have easier access to the device cleaning.
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Figure 2.4: Simplified representation of the different ligands used with PbS quantum dots: a.
Oleic acid; b. EDT; c. Na2S.

In fact, after the measurements, and the consequent oxidation of the quantum dot film,
I usually proceeded with a cleaning step in acids. In particular, I dipped the sample for
2 minutes in a solution made of 1 part of HCl 37% and 3 parts of H3PO4 85%, and then
rinsed with water for 30 seconds. Sometimes, after the cleaning, it was possible to observe
at the microscope that some aggregates were still on the device; in these cases I repeated
the cleaning. In any case, after several quantum dot depositions and successive cleanings,
the device performances started to be affected, because more and more aggregates that
could not be removed started to appear in our samples.

2.4 Measurement setup

The experimental setup employed can be separated in two different parts: one for the
observation and the second one for the electrical measurements.

For the observation we have worked with the Olympus BX51WI upright microscope in
reflection mode, equipped with a 10X objective. This was used both for the observation
of the device and for its contacting made with two tungsten probes; notice that the
observation was not made directly with the reflected light, but instead observing the IR
photoluminescent emission of the device collected with a NIRvana 640ST camera.

For the electrical setup we employed a Keithley 2636b sourcemeter, connected with the
two probes. It was employed to perform several measurements: short circuit, open circuit
and IV characterizations. To move from one configuration to the other we have used the
KickStart 2 software in order to automatize the process. In details:

• For short circuit measurements we set the output impedance on Zero, in order to
use our sourcemeter as an amperometer.

• For open circuit measurements we set the output impedance on HighZ, in order to
use our sourcemeter as a voltmeter.

• For the IV curves we set the output impedance on Normal and used a set of point
ranging from 0V to 5V to -5V and back to 0V with a step of 0.1V.
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For every measurement we have set the measurement range manually, avoiding the Auto
setup that was sometimes leading to non proper scale ranges.

The procedure for every measurement can be summarized as follows: first we contacted
the junctions, with one probe on the common pad and the other one on the specific
junction’s pad. Then, we centered the microscope light spot on the junction of interest and
switched the light off. We performed the needed electrical measurements (short circuit,
open circuit and IV curves) and when the light was needed, we used the microscope light
at the maximum power. We repeated the procedure for all the junctions, moving the
probes and the light spot.

12



Chapter 3

Devices treated with EDT

In this chapter we will report and comment the measurement results from the devices with
quantum dots treated with EDT. In particular, we will organize the discussion in four
sections, facing the study of the devices with a divide et impera approach, thus studying
one parameter at a time in order to observe the performance dependence.

3.1 Device validation measurements

In this first section we will present a series of measurements done on different junctions
treated with EDT, whose purpose is to show that the current generation is really coming
from the asymmetry in the antenna arrays. For this reason we will perform these mea-
surements on three different geometries as previously reported in Figure 2.2. The results
obtained from the short circuit and open circuit measurements are shown in Figure 3.1,
in a current and voltage time evolution plot. It is evident how the device made with an
asymmetric geometry of the antennas shows a clear and relevant current and voltage gen-

Figure 3.1: Current and voltage measurements for different junction layouts. The colored area
indicated the time interval in which the illumination was on.
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eration under illumination, while for the devices with symmetric antennas and without
antennas we do not see any important change, except for some minor fluctuations. These
results validate our design, and prove that effectively an asymmetric layout is needed to
have power generation.

3.2 Device characterization procedure

From the first measurements, it was clear that one of the most relevant steps after the
device validation, was to have a proper procedure to activate and characterize our de-
vices. In fact, it turned out that for the first measurements done immediately after the
contacting, the device performances were quite unstable and changing in the measured
generation intensities. We find out that a good procedure, that allows to activate the
junctions and work in the same conditions for all the devices, was to perform an IV plot
from 0V to 5V to -5V to 0V, and repeat it until the shape was stable (usually we made
4 cycles). We have done for each junction activation curves both in dark and light condi-
tions. The effects of this step are evident and are reported in Figure 3.2.a and 3.2.b. We
can clearly observe how performing open circuit and short circuit measurements on the
device just after the ligand exchange procedure, the device is not working properly (like
we can see in the light blue plot) and the intensity of the generation is really low. After
the IV plot, the junctions are activated and we can observe clearly the expected behaviour
of the junction. Even more, we see that the sign of the current and voltage is reversed,
meaning that some properties in the quantum dot film have changed, probably due to
ligand reorganization that leads to a change and enhancement of the carrier density. Once
the junctions were activated, their behaviour remained consistently the same and never
returned to their pre-activated characteristics.

To further complete the description, we can observe the IV plots shape used for the acti-
vation of the quantum dots, as reported in Figure 3.2.c. We can see how the device shows
a non perfectly linear behaviour, but a more "s-shaped" plot for the IV plot in the dark,
while it shows an higher conductivity and a better linear behaviour when illuminated.
This is coherent with what reported in [9], because we know that the interface between
the PbS quantum dots and the gold electrodes is a Schottky contact, explaining in this

Illumination ON Illumination ONa. b. c.

Figure 3.2: a., b. Current and voltage measurements vs time, reporting the behaviour before
and after the IV activation for a 90% filled junction. c. IV activation curve done on the same
junction of figure a,b, both with light on and off. Only the last cycle has been plotted for both
the illumination conditions.
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way the non perfectly linear behaviour of the IV curve. Then, when light is shined on the
device, the characteristic becomes more linear and the conductivity is increased because
we have more carriers available upon pumping and thus what we see mainly is the pho-
tocurrent. Given the measurements done so far, we can also perform some really simple
calculations to show the consistency of our measurements. First of all, we can use formula
1.11 to evaluate the Seebeck coefficient. Notice that this formula is strictly true for low
temperature gradients, while in our case the gradient is estimated to be around 100 K.
In any case, here we are just interested in having some rough estimate of the parameters
and their consistency, thus we will proceed obtaining:

S = −∆V

∆T
= −−650µV

−100K
= −6.5

µV

K
(3.1)

where ∆V has been obtained from the open circuit voltage reported in Figure 3.2.b,
considering the value in the flat region. The obtained sign is negative, meaning that the
Seebeck current is sustained by electrons. This is also coherent with field effect transistor
(FET) measurements reported in [4], where it is shown that the quantum dots treated
with EDT are n-doped. Anyway, further FET measurements on this have to be performed,
in order to access more information on the trap state density [10] and really understand
which carrier is contributing to the current generation.

Now, we can evaluate the resistance of our junction in light conditions with a linear fit of
the orange curve shown in Figure 3.2.c, obtaining that R ≈ 2.2MΩ. Then, if we consider
formula 1.8, in short circuit conditions (∇V = 0), we will have that:

J = −σS∇T (3.2)

Multiplying both sides for the device’s area (A), and rewriting the gradient as a 1D
temperature difference (thus ∇T = ∆T

L
, where L is the length upon which we have a

temperature difference), we will obtain that:

JA = −σAS
∆T

L
(3.3)

Rewriting JA = I, where I is the electrical current, and σA
L

= 1
R
, where R is the electrical

resistance, we obtain that:

I = −S

R
∆T = −

−6.5 µV
K

2.2MΩ
100K ≈ 295.45 pA (3.4)

which is coherent with the short circuit current reported in Figure 3.2.a, where the con-
stant current value is around 320 pA.

3.3 The oxidation effects

As mentioned in section 2.3, after we have deposited our quantum dot films, and per-
formed the ligand exchange, the device started to undergo a process of oxidation. This
is detrimental for the performances of our devices, as it is reported in Figure 3.3.a and
3.3.b; here we can see how, with respect to a fresh sample, the generated current and
voltage are lower for the same device which has been exposed to air for about one hour.
In particular, we always observed a more important drop in the voltage rather than in
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Figure 3.3: All the figures refer to a 90% filled junction. a., b. Current and voltage behaviour
in time. One measurement have been done on the fresh film and the other after one hour. c. IV
plot made with fresh sample. d. IV plot made after one hour.

the current. As a consequence, two conclusions can be made: first, that the device must
be measured as fresh as we can, in order to have a fair comparison between the different
junctions on the sample; second, being the drop in the voltage more important than the
one in current it means that the conductivity when oxidized is higher. This was clearly
pointed out by performing some IV curves on the oxidized junction (Figure 3.3.d). Here
we see that when the oxidized device is illuminated, its IV curve reaches higher current
values with respect to the IV plot made with fresh quantum dots (Figure 3.3.c), meaning
that the junction has an higher conductivity, but this does not correspond to a better
behaviour. This increase in the conductivity is probably due to the fact the oxidation
process is passivating the surface trap states.
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3.4 The filling factor dependence

During the realization of our devices, we have filled our channels with different amounts
of antennas (the filling factor parameter shown in Figure 2.1.a), ranging from 0% (thus
a device without antennas) to 100% (thus a channel full of antennas). This was to
investigate how the generation of current and voltage of the junction was influenced by
the different configurations, knowing however that the temperature gradient was always
the same, because the thermalization of the carriers is just influenced by the presence of
the antennas, and not from their amount.

In Figure 3.4 we have reported the measurements done for three different samples (repre-
sented with three different colors) and for each of them we have reported the current and
voltage generated from the differently filled junctions (white dots). The results show that
the generated currents and voltages are increasing as the filling factor is increasing. This
can be interpreted in two ways: the first is that the higher the filling factor, the lower the
amount of channel to be traveled from the hot carriers in the region over the antennas to
the electrode, resulting in an higher current. Second, we have also to take into account
that due to the coupling between quantum dots and antennas, we have a more effective
pumping in this region, resulting in an higher population. For this reason probably, we
do not only have a temperature gradient but also a population density gradient that has
to be taken into account, in particular for higher filling factor configurations.

We can also observe that the current and voltage increasing with the filling factor is a
general trend, but there are sometimes measurements that deviate from this dependence.
This is in any case compatible with what discussed, because we can have possible failures
in some junctions due to a non optimal control on the morphological properties of the film
(meaning that during the spin coating we cannot prevent the possibility of having some
defects, or non-optimal contacts with the gold parts) and sometimes, after the cleaning
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Figure 3.4: Current and voltage generated as a function of the filling factor. Different colors
refer to different samples while the dots refer to the the maximum current or voltage measured
for the junction with the corresponding filling factor. When the measured quantities showed
a transient peak in their initial values, we took the current or voltage measurement when the
graph was more flat.
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in acid, the performance of some devices were a bit changed, maybe due to some residues
left. For this reason the comparison here reported refers to devices at their first quantum
dots deposition. In general, from the different measurements performed, we have found
good reproducible current measurements, with particular emphasis on the high filling
factor devices; more difficulties were found when dealing with the voltage measurements,
where from time to time we had devices able to reach the mV range while other stopped
at hundreds of µV. Further measurements and more devices are needed to add statistics
to the results.
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Chapter 4

Devices treated with Na2S

In this chapter, we are presenting the results from the same device used in the previous
section, but this time treated with Na2S. The idea is to use a shorter ligand to have a
lower inter-quantum dot distance, thus a better conductivity and consequently an higher
current generated. Actually, all the measurements were more complex than with EDT and
we observed some really unexpected features like the IV rectifying behaviour presented
in section 4.2.

4.1 Device characterization procedure and anomalous
behaviours

In this first section we will provide an overview on the first results observed. We have
followed the same procedure and used the same junction as the one of section 3.2, but this
time treated with Na2S. As in the previous case, we can see in Figure 4.1 how an IV curve
is really needed for the activation of the device, otherwise it does not work properly; in

Figure 4.1: Current and voltage plots in time made for a 90% filled junction. The blue curves
correspond to the measurements before the IV activation while the red one are after. The colored
area corresponds to the region where light was shone on the device.
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particular, we observed that strange oscillations in the current can sometimes happen. We
were expecting a higher current due to the higher conductivity of Na2S treated quantum
dots and it was actually the case, because we observe an ON current around 700 pA,
higher than the previous result with EDT slightly above 300 pA. The results in current is
consistent with what is expected, but when moving to the generated voltage, the situation
changes. In fact, the generated voltage observed for this device is really low, just few tens
of µV, against hundreds of µV for the device treated with EDT. This first observation
immediately showed that the power generation is not increased with Na2S, because if we
try to calculate it (simply as the current-voltage product), than the device with Na2S has
really lower performances (around 10 fW vs 200 fW for EDT).

In addition to this, some problems arose with the junctions treated with Na2S, because
sometimes it was really complicated to obtain good measurements for the voltage and the
current. In fact, some important offsets were shifting the results of our measurements,
compromising in particular the voltage. For example in Figure 4.2, we can observe some
hundreds of µV even in dark conditions, a jump when the device is illuminated, and then
back again to the original offset value, with a typical capacitative discharging curve. We
have tried to observe if it was a simple charging effect, but actually also trying to discharge
our device, after some time we saw that we were never approaching zero, but seemed that
we reached a saturation level.

What was even stranger were the results obtained from the IV plots. In fact, observing
the results reported in Figure 4.3.a, we can see that the IV curve for the same device of
Figure 4.1 (thus a device that was not showing important offsets in current and voltage)
has a rectifying shape, while we were expecting something more similar to an ohmic
contact, or at least a symmetric curve. In particular, two things can be pointed out: first,
we immediately see that the IV plot presents an hysteresis behaviour for the positive
voltages, that suggests some charging effects; second, and more surprisingly, the general
shape of the IV plot is really asymmetrical, even in dark conditions. This last point
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Figure 4.2: Current and voltage plots in time in the case where the current and in particular
the voltage, present offsets. The measurements refer to a 90% filled junction with 80 nm side
antennas separated one from the other of 120 nm. The colored area corresponds to the region
where light was shone on the device.
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Figure 4.3: a. IV plot of related to the same junction of Figure 4.1. b. IV plots comparison
between three different layouts (asymmetrical, symmetrical and without antennas). The current
values are normalized in order to allow a fair comparison (being the measurement coming from
different antennas geometries). c. IV plots comparison for different filling factors. The current
values are normalized.

was really puzzling, because if even in the dark we had a rectifying behaviour, it meant
that probably in our channels something like a pn junction was arising. So, our first
interpretation was that the quantum dots on the antennas had a different doping with
respect to the one directly on glass; this was actually in contrast with some previous FET
measurements done in the team, where it was shown that the doping was the same both
on antennas and on glass.

In addition to this, two more remarks can be made. It has been measured (Figure 4.3.b),
that this asymmetrical behaviour was something really connected to the device layout; in
fact, just the asymmetric devices showed a rectifying behaviour, while the symmetrical
configuration and the one without antennas showed a symmetrical behaviour. This was
in good agreement with the hypothesis that there is a different doping on the antennas,
because then a pn junction can be effectively made just in the case of an asymmetrical
device.

The last set of measurements done (reported in Figure 4.3.c) was instead not completely
supporting this theory, because we observed more asymmetric plots with low filling fac-
tors and less asymmetric for higher filling factors. This was not completely understood,
because if a doping was arising from the quantum dot-gold antenna contact, then it should
not be dependent from the amount of antennas, and thus cannot justify these changes in
shape.

In the next section we will show and comment the different measurements done to under-
stand the behaviours observed so far.

4.2 Analysis of the anomalous behaviours

In order to try to find out what was the reason behind the strange behaviours observed
for the open circuit voltage and the IV curves, we have tried several paths.

First, we noticed that our initial film quality was really bad, with a lot of lumps as we can
see in Figure 4.4.a. To improve the film quality we have filtered our Na2S solution with a
filter, and cleaned with ethanol all the equipment employed during the ligand exchange
procedure; in this way we obtained a good quality film as shown in Figure 4.4.b. With
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500 µm

a. b.

Figure 4.4: Optical microscope image of the film quality obtained with a 5X objective be-
fore (a.) and after (b.) filtering the Na2S solution.

this we solved some capacitative charging and discharging processes but not the problems
observed in the previous section.

The second approach tried was to understand the charging process of our device. For this
reason we proceeded doing some IV curves in the dark up to a specific voltage with low
increasing steps (like 0.002V), and then measured the open circuit voltage. In particular,
we proceeded with an IV curve from 0 to 1V, then from 1V to -1V, from -1V to 2V
and so on. After each IV plot, we measured the open circuit voltage for several seconds.
What came out was quite interesting, because as we can see in Figure 4.5.a, after the
first positive IV curve (from 0V to 1V) we observed a positive biased voltage and after
the negative IV curve (form 1V to -1V) we had a negative voltage. After the next IV
plot (from -1V to 2V) we saw a jump in the voltage value, but we did not obtain a
negative voltage anymore after a negative IV curve (from 2V to -2V), unless if we pushed
the negative IV curve up to -5V. The important point is that the switching between a
positive IV curve and a negative one was not leading to reversible behaviour, thing that
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between the -1V to 2V and the 3V to -5V case for the sake of clarity. b. Positive branch of
two IV plots from negative to positive voltages. We can observe a "breaking" in the blue plot
behaviour and a saturation in the red curve.
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Figure 4.6: a. First IV curve performed on a fresh sample, using voltages from 0V to -5V to 5V
to 0V. b. IV plot measured with the same voltage list as Figure a, after some positive charging
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may be expected for a simple charging process. So, with these measurements we were able
to observe that a charging process was happening in our device, but it was not something
that could be simply modeled as a charging capacitance. A further proof of this came
from Figure 4.5.b where we can see some of the IV curves used to "charge" our device.
The interesting point is that these curves are not continuously increasing, but instead
they break or saturate after a certain voltage. The strange thing is that this voltage is
lower than the usual one used for instance in Figures 4.3, but in that case we did not
observe any breaking at high voltages. What is changing here is that the IV curve has
been measured at a lower speed, thus with a lower voltage step. This means that the
voltage intensity we are applying is not the only important parameter, but also the time
counts; this clarified that probably what we were studying was not simply a charging, but
furthermore we had something changing in our device, with probably some species that
was electromigrating.

A good validation of this hypothesis came with the last measurements done, which allowed
us to tune and switch the IV behaviour of our device. Here, we employed again a faster
IV curve (thus with a step of 0.1V), as the one used in section 4.1, but in this case we
tried to activate a fresh device with an IV curve in reversal order, thus starting from 0V
to -5V to 5V to 0V. The obtained shape of the IV curve, reported in Figure 4.6.a, was
reversed. After this, we tried to apply the usual IV curve and we still observed a reversed
behaviour. Then, applying several positive voltage ramps (from 0V to 7V), and repeating
a reversed IV measurement, we were able to switch the plot shape (4.6.b), obtaining a
higher positive current than the negative one. Repeating the same procedure, but this
time using negative voltage ramps, we were able to recover the initial shape (Figure 4.6.c).

4.3 Interpretation of the switching behaviour of the IV
curves

Now, we will provide a simple idealized understanding of the switching behaviour of the IV
curves just presented. When starting with a fresh sample, the shape of the IV curve will
depend on the first voltage values; this means that we will have a high positive currents
when doing an IV curves that starts from 0V to 5V and high negative currents when doing
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Figure 4.7: Detail of a 20% filled junction
observed with a microscope; we clearly see
some electormigration residues after the mea-
surements (black material between the gold
electrodes).

an IV curves that starts from 0V to -5V. To understand what is happening let us consider
the case of an IV curve ranging from 0V to -5V to 5V to 0V. During the negative ramps
(0V to -5V to 0V) our film starts to electromigrate and consequently to charge. When
we enter the positive region (0V to 5V to 0V) the voltage is actually competing with the
charge previously stored and electromigration starts in the opposite direction; the positive
current in this case will be low, because the total voltage is a balance between the applied
and the internal one (Figure 4.6.a). Then, when we apply positive voltage ramps (or a
positive bias) we force an electromigration in the opposite direction leading to a condition
where the positive current will be high, while the negative one will be lower, again due to
the competition between the internal and the applied voltage (Figure 4.6.b).

After this last observation, the electromigrating hypothesis is the best justification found
to interpret the IV anomalous behaviour. In details here, a recap of the main observations
sustaining the charging-electromigrating process:

• After the measurements performed with high voltage ramps (like the one described
from 0V to 7V) we can observe with a microscope that something inside the channel
has really moved during the process (Figure 4.7). Notice anyway that we are still not
sure about what it is really electromigrating. The first and more probable option,
is that the quantum dot film is electromigrating, because after the ligand exchange
with Na2S, the PbS nanocrystals are surrounded by negatively charged sulfur ions.
The second possibility is instead related to the electromigration of Na ions that
remain as residues inside the film after the ligand exchange.

• As reported in section 4.2, the fact that the IV curve breaking do not depend on
the voltage intensity but on the application time is a clear evidence of the electro-
migration process, because when we observe the breaking, it means that due to the
electromigration we are losing the electrical contact between the quantum dot film
and the gold electrodes.

• Looking at Figures 4.6, we can see that after each switching in the IV behaviour, we
have an important reduction in the current intensity (in our case, we just performed
two switches and the current dropped of one order of magnitude). This is coherent
with our interpretation, because we can see our electromigration as a real motion
of the film and thus a worst electrical contact between the quantum dots and the
gold electrodes.

• Assuming that our film is electromigrating it is possible to justify the IV curve shape
dependence from the filling factor (thus from the amount of the channel filled with
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antennas) as shown in Figure 4.3.c. In fact, during the electromigration process, the
antennas can simply be seen as "friction" and thus the more antennas we have the
more the scattering centres and the less the electromigration. For this reason low
filling factors will show high electromigration and thus high asymmetrical IV plots.
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Chapter 5

Conclusion and future perspectives

In conclusion, in this work we were able to demonstrate that it is possible to realize a
device that can generate power from the illumination with the hot carrier Seebeck effect.
In particular, we have defined a procedure to perform our measurements and to work in
reproducible conditions, establishing a control on the film activation with the IV curves.
This has been validated in particular for EDT devices, while we had not good working
conditions with Na2S due to the electromigration. Anyway, we have found an interesting
switching behaviour in the IV curves shape.

After this work, all the studies will be focused on EDT treated devices, for which some
more measurements still need to be done, to clarify once and for all the filling factor
behaviour and the magnitude of the generated current and voltage. With the next gen-
eration of devices, we will try to move to a really quantitative analysis, putting together
the measurements reported in this work and what was previously done in the team [4],
leading in this way to a complete device characterization. In particular, the established
procedure will be:

1. Activation IV curves, performed both in illumination and dark conditions.

2. Fourier transform photocurrent spectroscopy to evaluate the absorbance spectrum
(both on quantum dots coupled with antennas and on the uncoupled ones).

3. Seebeck generation measurements, measuring in particular the short circuit current
and the open circuit voltage.

4. Photoluminescence spectrum measurements (both on quantum dots coupled with
antennas and on the uncoupled ones).

5. Field effect transistor measurements to access the carrier mobility, the doping and
the surface trap state density.

From steps 2. and 4. we can precisely evaluate the temperature gradient in the junction
as explained in section 1.2; once this is known we can use this temperature gradient and
the results from step 3. to evaluate the Seebeck coefficient (see equation 1.11).

Then, in order to further increase the generated currents, we will move to smaller devices,
with a 2 µm channel. In Figure 5.1 are shown the results from preliminary tests done on a
junction filled at 60% (that for a 2 µm channel correspond to just two rows of the 400 nm
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Figure 5.1: Current and voltage measurements in time for a 2 µm channel device treated with
EDT.

side square antennas) and treated with EDT; clearly an important enhancement in the
produced power is observed, with currents one order of magnitude higher than devices
with 5 µm channels.

Finally, further studies are needed also to understand how the antenna patterns influence
the device performances. In fact, we know that the different antennas show different res-
onant frequencies, thus it will be interesting to analyze how this will affect our behaviour.
A first open problem related with this is found in measurements done on antenna arrays
made of squares of 80 nm side, separated one from the other of 120 nm. The results are
shown in Figure 5.2; we can clearly observe that an opposite trend with respect to the
one obtained in section 3.4, because here as the filling factor increases, both the current
and the voltage decreases. A deeper understanding of the reasons behind this behaviour
will probably be important to properly design the antenna arrays in order to construct
better performing devices.
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