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There are only two possible outcomes:
if the result confirms the hypothesis,
then you’'ve made a measurement.

If the result is contrary to the hypothesis,
then you've made a discovery.

Ci sono soltanto due possibili conclusioni:
se il risultato conferma l'ipotesi,
allora hai appena fatto una misura.

Se il risultato e contrario alle ipotesi,
allora hai fatto una scoperta.

E. Fermi
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Abstract

The increasing interest in the THz region (0.1-10 THz) for applications like imag-
ing, spectroscopy and wireless communications is leading to a strong development
of devices for the generation and detection of THz waves. Uni-travelling carrier
photodiodes (UTC-PDs) are one of the main sources due to their broadband be-
havior (0-3 THz), room temperature operation, driving wavelength of 1.55 pum and
compactness. Their main drawback comes from the low output RF powers at high
frequencies (order of W at 1 THz). A technique to increase their RF powers con-
sists in using higher optical driving powers. However, this solution may lead to
their failure because of heating, especially in case of unwanted absorption. In the
first part of the thesis an electrical contact based on sub-wavelength apertures has
been developed to reduce this issue. This solution has been shown valuable under
multiple aspects. It provides good electrical, optical and thermal properties, while
leading to an easier process in terms of fabrication and characterization with respect
to previous works. A second drawback of UTC-PDs is due to their non-linear be-
havior which leads to a noise at low frequency because of the broad spectrum of the
driving optical signals. This issue is critical for measurements at high frequencies
with incoherent detectors due to the low RF powers to be detected. In the second
part of the thesis a high-transparency broadband high-pass mesh filter has been de-
veloped on a novel low-loss dielectric material to filter-out this noise. The developed
process can be exploited in other free-space devices like metamaterials due to the
remarkable properties of this dielectric at THz frequencies.
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Résumé

Le grand intérét des fréquences THz (0.1-10 THz) pour I'imagerie, la spectroscopie
et les communications sans fils a conduit a un important développement de disposi-
tifs pour la génération et la détection d’ondes THz. Les photodiodes a transport
unipolaire font partie des principales sources grace a leur comportement large bande
(0-3 THz), leur fonctionnement a température ambiante, leur longueur d’opération
a 1.55 um et leur taille compacte. Le plus grand inconvénient est la leur faible puis-
sance RF générée a haute fréquence (ordre du pW & 1 THz). Une technique pour
I’augmenter consiste a utiliser des puissances optiques en entrée plus élevées. Par
contre, cette solution peut conduire a leur destruction due a I’échauffement, surtout
en cas d’absorption non voulue. Dans la premiere partie de la these un contact
électrique basé sur un réseau sub-longueur d’onde a été développé pour réduire ce
probleme. Cette solution donne des bonnes propriétés électriques, optiques et ther-
miques avec un procédé plus simple en termes de fabrication et caractérisation par
rapport aux travaux précédents. Un deuxieme inconvénient est relié a leur caractere
non-linéaire qui conduit a un bruit a basse fréquence a cause du large spectre des
sources optiques. Ce probleme est critique dans le cas de mesures a haute fréquence
avec des détecteurs incohérentes car les puissances RF sont tres faibles. Dans la
deuxieme partie de la these un filtre passe-haut avec une haute transparence et
large bande a été développé sur un diélectrique avec faible pertes aux fréquences
THz. Le procédé développé peut étre utilisé pour des dispositifs en espace libre
grace aux propriétés optique du diélectrique.

XI

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Fabio Pavanello, Lille 1, 2013

XII

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Fabio Pavanello, Lille 1, 2013

Sommario

L’interesse crescente alle frequenze THz (0.1-10 THz) per applicazioni come 'imaging,
la spettroscopia e le comunicazioni senza fili sta conducendo a un forte sviluppo di
dispositivi per la generazione e la rivelazione di onde a queste frequenze. 1 fotodiodi
a trasporto unipolare sono una delle principali sorgenti grazie alla loro accordabilita
su una larga banda (0-3 THz), il loro funzionamento a temperatura ambiente, la
lunghezza d’onda di operazione a 1.55 um e la loro compattezza. Il principale svan-
taggio é legato alle potenze RF generate (ordine del yW a 1 THz). Una tecnica per
aumentarle consiste nell’adoperare potenze ottiche in ingresso piu elevate. Tuttavia,
questa soluzione pud portare alla loro distruzione a causa del riscaldamento, spe-
cialmente nel caso in cui vi sia dell’assorbimento della potenza ottica in altre regioni
al di fuori della zona attiva. In una prima parte della tesi, un contatto elettrico
basato su una matrice di aperture con dimensione inferiore alla lunghezza d’onda é
stato sviluppato per ridurre ’assorbimento non voluto. Questa soluzione conduce a
delle buone proprieta elettriche, ottiche e termiche utilizzando un processo di fab-
bricazione e caratterizzazione piu semplice rispetto a lavori precedenti. Un secondo
inconveniente é associato alla non-linearita del fotodiodo che pué portare ad un ru-
more a bassa frequenza a causa del largo spettro delle sorgenti ottiche utilizzate.
Questa situazione é critica nel caso di misure ad alta frequenza con dei rivelatori
incoerenti a causa delle basse potenze RF da misurare. In una seconda parte della
tesi un filtro passa-alto con una trasparenza elevata e una larga banda passante é
stato sviluppato su un dielettrico con basse perdite a frequenze THz. Il processo
sviluppato pué essere utilizzato per dei dispositivi free-space grazie alle proprieta
ottiche del dielettrico.
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Introduction

Different approaches exist to generate electromagnetic radiation in the range 0.1 - 10
THz commonly defined as the THz region. Several applications have shown a strong
interest at these frequencies like imaging, spectroscopy and wireless communications.
However, there is still no compact, tunable, easy to modulate and powerful source
operating at room temperature (RT) able to cover this region.

In the optical approach, the main limitation is associated with the difficulty to
have a stable, tunable, low energy transition. The main reason comes from the fact
that is extremely difficult to freely tune optical sources due to the discrete character
of the optical transitions in simple quantum structures (atoms, molecules...). An-
other reason is associated to the thermal disorder of the system which makes very
difficult to achieve lasing operation. At RT the thermal energy is represented by
a value of around 25 meV, quite high compared to the energies associated to the
region of interest (1 THz corresponds to 4.1 meV). Some techniques can be em-
ployed to partially get rid of these problems like operating at lower temperatures
or using engineered transitions. On the other side, in the electronic approach, the
main problems arise from carrier transit times inside semiconductor devices and
from capacitive effects, intrinsic in the operation of devices. The shrinkage of the
dimensions in semiconductor technology has brought to the possibility of reducing
these effects using ballistic transport phenomena and lowering the capacitances.

In order to overcome some of these problems a mixing of the two approaches
has been exploited. In fact, the coupling of the optical properties of semiconductors
within electronic devices has led to a new approach belonging to the so-called world
of optoelectronics. In particular, uni-travelling carrier photodiodes (UTC-PDs), a
modified version of the more common p-i-n PDs, have shown a strong potential
due to their broadband character (0-3 THz), RT operation, driving wavelength at
1.55 pum and compactness. The broadband character is fundamental in applica-
tions like spectroscopy to achieve high spectral purity or wireless communications
to have a large modulation bandwidth (higher bit data rates). Operation at RT is
very important in practical industrial applications rather than in laboratory envi-
ronments where cryogenic bulky systems can be afford. Moreover, the availability of
well-developed fibered devices at 1.55 pum for telecommunications like laser sources,
amplifiers and modulators makes their integration with UTC-PDs easier.

However, a first drawback of these devices is their low RF generated powers,
especially above 1 THz (order of pW). Far from the saturation, a simple solution
consists in increasing the optical driving power achieving higher photocurrents and
consequent higher RF output powers. Nonetheless, a crucial issue that has to be
taken into account is the thermal heating, in particular for back-side illumination
and small device areas due to unwanted optical absorption in metal contacts. This
effect may lead to the failure of the device, even far from the saturation, as already
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observed in previous Ph.D work on UTC-PDs. To improve this aspect an electri-
cal contact based on sub-wavelength apertures has been developed. This approach
has been proven valuable from the electrical, optical and thermal point of view,
while simplifying the fabrication process and enabling their “on-wafer” character-
ization. A second drawback of UTC-PDs is intrinsic in their operating principle
which exploits the non-linearity (with respect to the electric field) of the absorption
in semiconductors. However, at high frequencies (low RF powers) and for incoherent
detectors, a low frequency background noise related to the non-zero linewidth of the
driving sources may be comparable to the RF signal to be detected. To partially get
rid of this noise, a high-pass mesh filter has been conceived with high transparency
over a large band of frequencies above 1.5 THz.

The thesis is structured in four chapters and followed by a conclusions and per-
spectives section. The first chapter will provide an introduction to PDs and UTC-
PDs, an overview of their state-of-the-art and of the other sources working in the
THz region. The second and third chapters will be addressed to the first prob-
lem introduced above. In particular, the second chapter will show that back-side
illumination cannot be efficiently exploited (for high cut-off frequencies) to solve
this problem and that a front-side configuration has to be adopted. A treatment
of sub-wavelength apertures based on the coupled mode theory will be introduced
and quasi-analytical calculations supported by complementary finite element simu-
lations will be used to design the top-contact of UTC-PDs. In the third chapter the
fabrication process, the characterization and the analysis of the measurements will
be illustrated. The fourth chapter is addressed to the second presented drawback
of UTC-PDs. It will report the design, fabrication and characterization of the mesh
filter. In particular, it will be shown that the conceived process may be employed for
a wide wariety of free-space devices like metamaterials or photonic band gap struc-
tures thanks to the possibility of cascading multiple elements in 2.5D structures and
to the remarkable properties of the dielectric material used at THz frequencies.
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Chapter 1

High-speed photodiodes as

valuable THz sources

In what follows, the physics of p-n and p-i-n photodiodes (PDs) will be briefly
recalled. Then, uni-travelling carrier PDs (UTC-PDs) will be introduced by showing
their state of the art within the THz community and the work performed previously
within the EPIPHY /THz photonics group at IEMN as the starting point of this
thesis. Finally, a short survey of other THz sources will be presented mentioning
their main advantages and disadvantages.

1.1 Semiconductor junctions as photodetectors

The basic concepts of p-n and p-i-n PDs will be given here. Some useful notations
will be introduced and the main aspects that have to be taken into consideration
for the design of PDs will be given. The provided knowledge will be useful in the
next section to better understand the behavior of UTC-PDs. At the end, in a
straightforward way the main reasons that brought to the invention of UTC-PDs
will be explained.

1.1.1 Basic principles of p-n and p-i-n photodiodes

The p-n junction, discovered as an alternating current rectifier by Ohl at Bell labs
in 1939, has been promptly indicated by the same Ohl as a light-sensitive electric
device and considered as the first solar cell prototype [1, 2]. It is essentially composed
by a p-type and an n-type semiconductors in physical contact. Here, for simplicity
a homojunction is considered (same semiconductor materials) in GaAs. However,

1
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1 — High-speed photodiodes as valuable THz sources

similar conclusions would be obtained in the case of a heterojunction with some
differences that will be discussed further on. The choice of using GaAs in this
introductory part is dictated by its properties and by its relative simplicity and
similarity with the active material used in UTC-PDs. The band diagrams and
electric fields reported in this thesis are computed by Nextnano++, a simulation
software that calculates quantum-mechanically the band structure of the materials and
then applies drift-diffusion and Poisson equations to the system to obtain the electric
potential and other useful parameters that will be introduced later on [3].

Once a p-type and an n-type semiconductors are in physical contact, a flux of carriers
is established at their interface due to a different chemical potential (i.e. different carrier
concentrations in sign and/or value) to bring the system at the thermodynamical equilib-
rium. The equilibrium is reached when the quasi-Fermi levels K, and EF, of the p-type
and n-type regions respectively are aligned as schematically represented in Fig.1.1 where
the band diagram and the electric field normal to the junction interface are depicted. The
vacuum level Ej before the contact is at the same level in both the semiconductors due
to the sharing of the same environment, while after the contact Ey follows the profile of
the conduction band (CB) and valence band (VB) in order to keep constant the electronic
affinity qx proper of each semiconductor. This equilibrium is achieved thanks to a redistri-
bution of the charges within the structure, in particular at the interface a depleted region
(width of 10-100 nm) is created, meaning that a net charge consisting of ion impurities is
present, whereas far from the interface the p-type and n-type regions are neutral. The net
charge flow has the effect of establishing a built-in electric field (order of tens of kV/cm)
and a potential barrier V;; to achieve a dynamic equilibrium at the interface. This electric
field can be used to separate charges of different signs and to accelerate them towards the
respective p-type and n-type regions depending on their nature. Electron-hole pairs can
be created by EM radiation absorption at the condition that the energy of the radiation
is larger than the energy gap F, of the semiconductor. This is the only theoretical limi-
tation to obtain a photocurrent at the ohmic contacts of the PD. However, technological
constraints associated to the choice of the materials and to their fabrication processes can

limit the efficiency and they have to be taken into consideration.

1.1.1.1 Efficient absorption in photodiodes

In order to have an efficient absorption process at energies just above Ey, it is imperative
to have a semiconductor with a direct band gap. This means that the top of VB and the

bottom of CB coincide in the k-vector space. This requirement is fundamental because in

2

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Fabio Pavanello, Lille 1, 2013

1.1 — Semiconductor junctions as photodetectors

~
o

~
(=}
(=)}

5L 4
51 4
—E, x
4L =
4L Eey | _En
~ —F <
z 3 9x . % 3r E,-
15} i 2 r
g of R S S A — —,
. [ o
1k J
0
L Eg
0 E 1+ 4
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400
(b) Position (nm) Position (nm)
60 T T T T T T T T T 20 T T T T T T T
40 - 4
5 20+ 15
Z z
=
z 0 2
2 2
3 201 {3
m m -
40 F 4
_60 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400
Position (nm) Position (nm)
p-GaAs n-GaAs p-GaAs n-GaAs

Fig. 1.1: (a) Band diagram and (b) electric field before and after contact of a
p-GaAs and n-GaAs layers with doping concentration of 10" cm™3.

an absorption process, schematically represented in Fig.1.2, the photon carries a momen-
tum k = 27 /A, with A the photon wavelength, that is negligible compared to the lattice
phonon momentum (in the order of £7/a with a the lattice constant)[4]. The probability
of absorption is much higher for a direct band gap material than for an indirect band
gap one at energies just above their respective F, due to the fact that the momentum
conservation is preserved in the first case without the need of an intermediate particle in
the process like a phonon [4]. Secondly, the crystalline quality of the semiconductors is a
key issue because defects reduce the efficiency of the PD and shorten the average lifetime
before recombination (carrier lifetime) decreasing the collection efficiency at the metallic

contacts [5]. This second consideration is always valid in DC or low-frequency operation

3

© 2014 Tous droits réservés.

doc.univ-lille1.fr



Thése de Fabio Pavanello, Lille 1, 2013

1 — High-speed photodiodes as valuable THz sources

mode, while at high frequencies (compared to the device frequency response neglecting

carrier lifetime) it can be more useful to avoid long recombination times by locally intro-

ducing defects to reduce the response delay of the device and increase its frequency range

of operation as it will be seen below. The condition of thermodynamical equilibrium can
(a) (b)

E(k) Direct E(k) Indirect

Fig. 1.2: Absorption processes for a direct and an indirect band gap materials.

be broken (apart from photogenerating carriers) by the application of a voltage at one of
the PD’s ohmic contacts. In particular, a negative applied voltage at the p-side increases
the potential barrier resulting in a higher electric field, while a positive applied voltage
at the p-side decreases the barrier and results in a lower electric field. This behavior is
macroscopically represented by the static response of a photodiode represented in Fig. 1.3
and described by

I=TIg(e?V/*8T _1) — I, (1.1)

where Ig is the reverse-bias saturation current or dark current, ¢ is the elementary charge
(1.6 - 1071 C), kp is the Boltzmann constant (1.38 - 10723 J/K), T is the temperature in
Kelvin and I, is the generated photocurrent.

One of the main parameters of PDs is the external quantum efficiency that indicates

how efficiently the photons energy is converted in electrical current and it is given by [5]

Iph hv

- 1.2
q Popt ( )

Next =
where P, is the impinging power (also called optical power due to its frequency usually
close to the light frequency range) and hv is the photon energy with h the Planck constant
(6.62- 10731 J-s) and v the photon frequency. I, depends principally on the absorption
constant a(v) of the semiconductor and the width w of the absorption region. It is worth
to notice that, at equivalent a(v), technological characteristics, photo-carriers response

and Py, the efficiency will be higher for a PD working with a smaller E, due to a higher

4
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Fig. 1.3: Static I-V characteristic of a photodiode with no illumination (dark con-
dition) and under illumination. Above the graph is illustrated the notation for the
current and voltage signs.

number of photons impinging at constant P,,;. A quantity which is more used in practical
applications is the responsivity R measured in A/W. This quantity is connected to the

external quantum efficiency by

Ipp, _ q
Popt Text hy

R= (1.3)
Eq. 1.3 takes into account not only how efficiently the process of carriers photogeneration
and collection happens, but also how much energy is involved in the process. In particular,
by considering two devices with same 7.4, the one operating at a larger wavelength will
achieve higher photocurrents. Another parameter which is related to the external quantum
efficiency is the internal quantum efficiency 7;,,; that indicates how efficiently the absorbed
light in the semiconductor is converted into current and it is related to 7z in the following

way

Next
Tt =TT R)(1 — e—alw) (14)

where (1 — R) represents the transmitted optical power with R the reflection coefficient
at the PD surface and (1 — e~®)) the fraction of absorbed power according to the
Lambert-Beer law [6]. In the case of GaAs (direct band gap), the absorption coefficient
a(E = hv = 1.43 eV) is ~ 10* cm~! and thus the ideal depletion region width d would be

5
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Fig. 1.4: The electric field and the decay of the normalized optical power F,,; within
the p™-n abrupt junction. The GaAs homojunction presents a p*-type region doped
at 10'® cm™ (shaded) and an n-type region doped at 10 cm™3. An absorption a
= 10* em ™! has been used to plot P, (x)/ Py (0) = e

of around 2-3 ym. However, in the p-n junction above, d is nearly 200 nm and, under the
depletion approximation (no free carriers in the depletion region and an abrupt fall of the

net charge outside of it), it is given by [5]

= — v Vi —Va) (1.5)

where €5 is the semiconductor permittivity, N, and Ny are the doping concentrations
of the p-type and n-type regions and V, is the applied voltage refered to the p-contact.
From Eq. (1.5) it can be observed that d can be increased using lower doping levels or
by applying a higher reverse voltage. The drawback of decreasing the doping levels is
mainly associated to the specific contact resistance p. (in units of Qm?) at the interface
metal/semiconductor defined as ( %)V:O with J the current density in A/m?2. Low doping
levels increase p. and can lead to a non-ohmic behavior depending on the chosen metal
for the contact [5]. An asymmetry in the doping levels is sufficient to increase d (see Eq.
1.5) and to have a low p. for both the regions. For example, in the case of GaAs, it is
possible to have maximal p-type doping levels (N, ~ 10?° cm~2) higher than n-type ones
(Ng ~ 10'® — 10" cm™2) to achieve a low p. (order of 10~7 Qcm?) [7]. However, the
reduction of the doping level is not sufficient to cover the whole absorption region due
to a minimal doping (10'® - 10'7 ¢cm™3) to have a low p. and thus, photocarriers will be
generated outside the depletion region and minoritary photo-carriers will diffuse into the
depletion region and then accelerate towards the metallic contacts. The carriers diffusion

coeflicient is one of the most important issues for the response speed of homojunction PDs

6
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and it is related to their mobility by the Einstein relations [5]

tenkBT

Dep = (1.6)

where D, and p.p are the diffusion and the mobility coefficients of electrons/holes.
Generally, for ITI-V semiconductors, the mobility of electrons is much larger than that
one of holes and so, in terms of efficiency and response speed, it is more favorable to have
higher optical power and consequent photogeneration in regions (Fig. 1.4 shaded) where
the electrons are minoritary as they diffuse faster than minoritary holes in the opposite
region [8]. In the case of GaAs, the mobility of minoritary electrons in a p-doped matrix
at 1017 cm™3 is nearly 2000 cm?V—'s™!, while for minoritary holes in an n-doped matrix
at 10'7 cm™3 is roughly 100 cm?V~!s~! [9]. Such a low value for the diffusion coefficient
(minoritary holes) underline that it is essential to avoid this phenomenon, particularly
holes diffusion, in the device for high-speed operation. A good solution seems to be a
structure with a highly p-doped region and a slightly n-doped one (p™-n) in fact, as it can
be seen in Fig. 1.4, the depletion width can be increased to around 500 nm using different
doping levels, while the asymmetry guarantees a low specific contact resistance for the
p-type and n-type regions and, at the same time, a better diffusion of the photo-carriers
generated in the p*-type region. The structure in Fig. 1.4 is quite large compared to
the depletion width to underline the decay of the optical power and the impossibility of
covering the whole absorption region. In reality, this structure would be reduced to a

width of 600-700 nm to avoid the creation of holes within the n-type region improving
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Fig. 1.5: The electric field and the decay of the normalized optical power F,, within

the p-i-n junction. The GaAs homojunction presents a p*-type region doped at 10'®
cm ™ (shaded), an nid region with n-type concentration of 10 cm™ an n'-type
region doped at 10'™® ¢cm™ (shaded). The red curve is equivalent to the curve for
the p™-n junction of Fig. 1.4.
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the response speed, but decreasing the responsivity. The kink in the electric field at the
junction interface is due to the presence of free carriers (holes) within the depletion region
(for high differences in doping levels the depletion approximation is no more valid).

For what concerns the increase of the depletion width by a reverse applied voltage,
the main problem comes from the junction breakdown due to avalanche and/or tunneling
effects for values higher than the critical electric field depending on the impurities con-
centration and the material. For GaAs doped at 107 cm™2 the critical electric field is
roughly 7-10° V/cm [5].

The p'-n structure presents obvious limitations related to the correlation between
depletion and absorption regions. In fact, it is fundamental to dope the n-type region to
have a low p. but, even using a low doping level (1016 cm=3), it is not possible to make the
depletion region covering the absorption one. A solution proposed by J. Nishizawa et al. in
1950 is to modify the initial p-n structure by adding an intrinsic region sandwiched between
the p-type and n-type regions, here for simplicity of the same material of the doped regions
[10]. Due to the intrinsic or, in reality, very low doping level (10'* —10'® cm™3) called also
non intentionally doped (nid) level, the intrinsic region will be completely depleted. In this
case, N, and Ny can be kept high (10'® — 10! ¢cm™3) to have a low series resistance, a low
pe and a high electric field in the intrinsic region. In Fig. 1.5 the electric field and the decay
of the normalized optical power for a p-i-n structure in GaAs are represented. An intrisic
region can increase d of nearly its width and thus, for identical doping concentrations, it
can be larger than for a p-n junction. It is important to notice that impurities cannot
be freely introduced within the semiconductor matrix and thus, above a certain doping
level threshold, a further increase of d will have as a consequence a decrease of the built-in
electric field. A thicker depleted region can be used not only to increase the absorption
within the device, but also to improve (for proper design parameters) the device response
speed as it will be shown below. Such a structure still presents the absorption of carriers
within the highly doped regions and, even if they have been reduced compared to the

previous structure, they remain a limitation for the device response.

1.1.1.2 The InP/InGaAs system for 1.55 ym wavelength

The previous issue can be solved by having a look to the graph in Fig. 1.6 that shows
how the composition of ternary materials affects £, and the lattice constant a. Devices
like PDs, as already said above, need to have extremely high crystalline quality in order
to reduce defects leading to non-radiative recombinations. Such a quality is related to
several parameters, but the most important one is certainly the lattice constant of a

material. Through the theory of elesticity applied to periodic structures as semiconductors
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Fig. 1.6: E, vs lattice constant for the principal III-V semiconductors and related
alloys, from Ref. [11].

are, it is possible to define a parameter called the critical thickness t..;+ that represents
the maximal thickness to which a certain material can be grown on top of another in
a strained situation. Above this value the grown material relaxes introducing defects
like dislocations within the structure and reducing the overall crystalline quality. In case
the grown material has the same a of the underneath material, then t..;; theoretically
tends to infinity, while if the latter is different then a trade-off has to be found by taking
into account the lattice mismatch. As it can be observed in Fig. 1.6 there exist some
combinations of semiconductors that are suitable to be grown lattice-matched (LM). For
ex. InP /Ing 53Gag 47As is one of the most used heterostructures due to the fact that it can
be grown using InP as substrate (which is one of the most conventional substrate material
for photonic devices at 1.55 ym thanks to its high crystalline quality) and to the fact that it
satisfies the LM condition [12]. Moreover, Ing 53Gag 47As (or equivalently LM-InGaAs) has
an E; = 0.75 eV and a direct band gap (see Fig. 1.6) and this is technologically relevant
because it absorbs at 1.55 pum (0.8 eV) that corresponds to the wavelength associated to
the third window of optical fibers. This window is the most transparent one for fiber-
guided signal propagation (attenuation less than 0.3 dB/km) and it is also refered as the
telecom window due to its wide-spread use in telecommunications. Due to these properties
of the InGaAs/InP system, a huge variety of components have been developed like lasers,

amplifiers, polarizers, beam splitters, isolators or circulators working at 1.55 um. The
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band diagram for a p-i-n structure based on this system is reported in Fig. 1.7. The
main differences with respect to the previous GaAs homojunction are the fact that in this
case there is no more absorption at the excitation wavelength (1.55 pum) in the undepleted
regions thanks to heterojunctions and that there are CB and VB discontinuities at the
borders of the depleted region. These discontinuities can be a limiting factor under certain
conditions because they can act as traps for the carriers depending on their kinetical energy
[13].

Energy (eV)
BELIEEINNNTR A

3
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-1.5
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1
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TR

Fig. 1.7: Band diagram of a p-i-n heterojunction with same dimensions and dop-
ing levels as before, but p+ and n+ layers in InP (shaded) and intrinsic layer in
Ing 53Gag47As. The discontinuities of CB/VB at the p+/i (n+/i) interfaces act as
barriers for the electrons (holes).

1.1.2 Response speed of p-n and p-i-n photodiodes

The equivalent circuit of a PD charged over a load without any packaging (no further
capacitance) and bonding wires (no further resistance and inductance) is schematically
represented in Fig. 1.8. The PD can be modeled as a current generator with a resistor and
a capacitor in parallel modeling an intrinsic resistance R; and an intrinsic capacitance C;
proper of the junction (depleted region) and two resistors in series modeling the resistance
Rg of the undepleted regions of the PD plus contact resistances (pe”* /3 with ¥ the PD
area) and a load resistance Ry. R; and C; are voltage-dependent and R; is usually in the
order of 1-100 M2 in the photoconductive mode (negative bias region according to the
convention of Fig. 1.3) and can be neglected, while C; has to be taken into account and, in

the photoconductive mode (no diffusion capacitance) under the depletion approximation,
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Fig. 1.8: Equivalent circuit model of a PD charged over a load R} without packaging.

is given by [5]

C; = % (1.7)
Here, it can be observed that the capacitance can be decreased in the case of a p-i-n
structure by comparison of Fig. 1.4 and 1.5. Even though Eq. 1.7 is only valid under
the depletion approximation, it gives a good approximated value of C; for the structures
discussed before. The response speed of PDs is limited by two main factors: the RC
charge time and the transit time 7, M of the carriers within the depleted region. These
two limiting factors are common to many other devices like transistors, Schottky diodes,
photoconductors etc. [5]. Regarding the first factor, the p-i-n structure is with no doubt
superior to the p™-n one in fact, recalling that for the p™-n structure above d ~ 500 nm
and for the p-i-n one d = 2 pum, it can be adfirmed that C; will be roughly four times
higher for the abrupt junction compared to the p-i-n structure at same . However, this

decrease in Cj is at the expenses of a higher 7 h given by [4]

Te,h, _ ve/h(F)
E d
where v/, (F') are the electron/hole velocities depending on the electric field F' within

(1.8)

the depleted region. Here, devices with a cylindrical symmetry around the normal to
the junction interface are being considered and thus F' coincides with the axial and sole
component of the electric field (F' = ||F||). The velocity of electrons and holes are largely
different in semiconductors for low fields (order of kV/cm), in fact ve/p(F) = pe/n(F)F
with pic/,(F') the mobilities of electrons/holes depending on F' [4]. In the semi-classical
model of the transport pi. /5 (F) is given by [4]

7(F)

He/h(F) = qr

G (1.9)

where 7(F) is the average scattering time between two collision processes and m} /h(F ) is

the effective mass related to the band structure of the semiconductor, both depending on
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F (the * is used to indicate that these parameters have to be calculated considering the
band structure of the semiconductor). In particular, for high electric fields the velocity
does not increase anymore and, depending on the material, it can even decrease showing
a differential negative mobility. This effect can be observed in Fig. 1.9 where the electron
velocity reaches a maximum for GaAs and it decreases saturating for higher fields to a
value of nearly 107 cm/s. The reason for this decrease is related to the band structure
of GaAs, in fact due to the availability of other valleys in CB, the carriers that acquire

sufficient energy can be transferred to other valleys with a different m}. The saturation

108 - 108

Gay 47In; 55As

Electron drift velocity ( cm/s)

102 108 104 105 108
Electric field ( V/em )

Fig. 1.9: Electron drift velocity as a function of the electric field for several semi-
conductors, from Ref. [5].

of the velocity is instead associated to the scattering within the lattice and the impurities
modeled by 7(F'). Even though electrons can attain with relatively low fields (3-3.5 kV /cm
for GaAs) high velocities due to their low effective mass (m} = 0.063 mgo with the electron
mass mg = 9.1 - 1073 kg for GaAs), holes have a much larger effective mass (my =0.51
my for heavy holes in GaAs) and their saturation velocity (107 cm/s) is reached for electric
fields of 50-60 kV/ cm [14]. Thus, it is important to have a high electric field in the depleted
region to reduce 7 by operating in the photoconductive mode or by choosing large doping
level differences. The relative RF output power for a wide-band p-i-n PD illuminated far

from the saturation by a modulated signal at a frequency f can be described as [15]

1
P.g(v) = > (1.10)
(I + (zr2)2) A + (g305)%)
where BWgro = W and BWrpp ~ == fh are the charge and transit time related band-

widths [15]. For the p-i-n InP/InGaAs based structure considered before, BWrc = 517
GHz for an active area ¥ = 100 pum?, an overall resistance of 50 2 and a static rela-

tive permittivity of Ings3Gaga7As equal to 13.94 [8]. This high value of BWgre is due
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to the fact that the thickness of the depleted region is d = 2 pum to wholly absorb the
impinging optical power. However, BWrr ~ 3.3 GHz using a hole saturation velocity
for slightly n-doped Ing 53Gag47As at room temperature (RT) estimated at 4.8-10% cm/s
above 54 kV /cm [16] and considering to have an applied voltage sufficient to have such
electric field. These simple calculations bring to the conclusion that d has to be reduced

to optimize the response speed of p-i-n PDs. This choice has the following implications:

e It is not possible to absorb the whole optical power in one trip, but some strategies

can be used to partially overcome this drawback.

e The capacitance increases, but the diode surface could be reduced to compensate
for it being aware that the optical power density will be higher to keep the same

external efficiency.

e The electric field in the intrinsic region is higher, thus permitting to apply lower

bias levels.

However, the design freedom degrees are strongly limited by the fact that d has to
be reduced affecting both BWgo and 7.+ and, even having d = 100 nm and saturation
velocity for holes, BWrgr = 264 GHz, but BWge has been reduced by a factor 20 and the
absorbed P,,; to 10%. Furthermore, high values of the electric field cannot be maintained
within the depletion region due to carriers accumulation and consequent saturation as
it will be explained better in the next subsection. So far, all the reasonings have been
done by considering a vertical (compared to the epitaxial structure direction of growth)
illumination, though p-i-n guided structures can be exploited to remove the restriction
on the responsivity and the thickness of the depletion region. However, other issues
arise related to the area of the structures (which contributes to the capacitance), to the
illumination ease, to the fabrication etc. These structures will be discussed later on in the

state-of-the-art section underlining their principal advantages and disadvantages.

1.1.3 Limitations of the p-i-n structure

P-i-n PDs have been introduced to obtain a faster response that means for ex. to be able
to follow a modulated optical signal at higher frequencies without smoothing of the signal.
Practically, this turns out to be processing larger amounts of data in a telecommunication
system. They show also a better 7e,; due to their larger absorption width w compared to
pt-n and p-n junctions. However, holes response is largely slower than electrons one due to

their different effective masses and, even though holes can reach high saturation velocities,
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they need high electric fields for it. From these considerations it looks quite inefficient to
provide further energy to the system under the application of a bias, because as already
seen electrons do not increase their velocity, but dissipate the acquired energy from the
electric field by scattering and thus heating the device. As seen in the previous subsection,
the depletion region cannot be decreased without an increase of the capacitance, thus
affecting negatively BWgec and 7e.t. Moreover, p-i-n PDs have a relatively low saturation
threshold that arises mainly from space charge effects due to the fact that, once the pairs
are separated in the depletion region, the positive and negative clouds tend to attract
eachother and to create an electric field that screens the starting built-in electric field and
leads to an accumulation of the photo-carriers in the depletion region which brings the PD
in a saturation mode [17, 18]. Such a phenomenon can be observed in Fig. 1.10 where the
simulated electric field and corresponding charge carrier densities are plotted for a p-i-n
InP/InGaAs based PD. The electric field reduces considerably due to the space charge
effect and leads to an accumulation of the carriers at the borders of the intrinsic region.
It is then highly important under drift transport conditions to have carriers with high
mobilities for relatively low electric fields to be able to separate them as fast as possible.

This issue is associated to the intrinsic operation of all PDs, but the coincidence of the
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Fig. 1.10: Electric field and charge carrier densities of a p-i-n PD 2.2-pm-long under
different non-modulated illuminations and photocurrents of 1 (lower electrons and
holes curves) and 20 mA (upper electrons and holes curves) with a bias of -10 V,

from Ref. [17].

absorption and acceleration regions with consequent contribution of the holes to the drift
current leads to a low saturation threshold. In the next section a structure that partially
gets rid of these problems by exploiting two separated regions for the absorption and the

acceleration overcoming the inertia of holes and reaching higher saturation values will be
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presented.

1.2 A different approach: the uni-travelling car-

rier photodiode

In this section an approach to improve the response time of PDs will be illustrated and a
few techniques will be shown to use them not just for the detection, but also for the gener-
ation of radiation from DC to a few THz. Finally, the state-of-the-art regarding the THz
generation by PDs will be presented within the THz community and the EPIPHY /THz
photonics group at IEMN.

1.2.1 Epitaxial structure and suitable materials

In order to overcome the major problem in the response speed of p-i-n structures i.e. the
response of holes, it is necessary to avoid their drift within the depleted region. This
means that they have to be created in a region where their response is collective like the
one of electrons in a metal. Such a mechanism can be achieved by strongly p-type doping
a region which will correspond to the absorbing one of the previous cases. However, as
it has been seen before, a heavily doped region does not allow a high electric field to be
established in. This means that electrons will reply within a diffusion time in this region
and then they will be accelerated as usual in a collection region. These considerations
are at the basis of the uni-travelling carrier PDs invented at NTT laboratories (Japan) by
Ishibashi and co-workers in 1996 [19]. In Fig. 1.11 the proposed structure based on the
InP/InGaAs system by Ishibashi and co-workers is reported. The photo-generation takes
place in the region called light absorption layer that is heavily p-type doped (around 10'®
cm—3) InGaAs (close to the LM condition to InP). This layer can present a gradient in
doping or composition in order to enable a quasi-electric field in it. As already said, the
holes will respond in a collective way and will diffuse towards the diffusion barrier layer and
then collected at the metallic contact (dashed layer). The diffusion barrier is introduced to
avoid electrons to diffuse towards the p-type contact and is based on p-type doped (10'8-
10" ¢cm™3) Ing 73Gag.27As0.6Po.4 (or other high E, quaternary material combinations) LM
to InP. The carrier collecting layer has the function to accelerate the electrons towards
the n-type contact and is based on nid InP to achieve high electric fields thanks to its
depleted nature once in contact with the light absorption layer. Due to its low doping,
it is necessary to insert a heavily n-type doped (10'8-10'? cm~2) InP layer (right-handed

black layer) next to it to achieve a low contact resistance at the interface with the metallic
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Diffusion Block Layer

Light Absorption Layer

B

Fig. 1.11: Epitaxial structure proposed by Ishibashi and co-workers, from Ref. [19].

contact. Other possible systems have been considered like the AlGaAs/GaAs or Ge/Si
ones with operation wavelengths at 830 nm and 1.55 um, but since now they present lower

performances compared to the InP/InGaAs system [20, 21].

1.2.2 Uni-travelling carrier photodiodes as THz sources

There are basically two different operation modes to employ UTC-PDs as THz sources,
the continuous wave and the pulsed regimes. However, due to their response properties,
particularly their lower RF powers at high frequencies (above 1-2 THz) compared to other
sources like photoconductors, the continuous wave regime is usually the preferred one
for their use. This regime has a strong potential for THz applications like imaging or

telecommunications which do not forcely need to work above 1 THz.

1.2.2.1 Small-signal operation mode

The approach that follows has been developed by Ishibashi and co-workers and is based
on the model reported in Fig. 1.12 [19]. The starting point of the analysis are the current
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(a)
Ohmic Absorption Collection Ohmic
contact/anode  region layer  contact/cathode

Substrate / J— \ Sub-collection
A layer
Input optical
power

Fig. 1.12: (a) Model for the analysis of the UTC-PD frequency response, from Ref.
[19]. (b) Typical UTC-PD device design with back-side illumination.

continuity, drift-diffusion and Poisson equations given by

Je +Jp + 658;186 = const (1.11)
gfz —f—;%‘i":(}—f—i |:Mh(p+p0)Fsc_Dhgi:| (1.13)
e =Ly (1.14)

where Fy. is the induced electric field by the electron and hole currents (space charge
effects), G is the homogeneous carrier generation rate, n and p are the photo-generated
minority electrons and holes, 7 is the electron-hole recombination time and Fy and pg are
the quasi-field and doping hole density within the absorption region. The approximations

of the analysis are the following;:
1. Fj is not considered.
2. Jplx =W,) =0.
3. p is small compared to py (low injection regime).

4. The non-linear terms in nFy. and pFs. are neglected.
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5. The diode is short-circuited - no load resistance.

6. The resistance and the capacitance of the absorption region are negligible.
7. Je(xr=0)=0.

8. The diffusion current is limited by the thermionic-emission process.

In the treatment of Ishibashi the quasi-electric field Fy at point (1) was not considered
due to the complexity of the problem, however it is possible to take it into account in an
approximated way on the final result for the photocurrent. Feiginov has considered it in
his derivation where he removed also the condition on the hole current J, equal to zero at
the interface absorption/collection region (see point (2)) [22]. This last approximation is
valid for frequencies low compared to the inverse of the transit time within the collection
region [22]. The analysis of Ishibashi is simpler than Feiginov’s one and remains useful to
understand the physics behind these devices holding in many practical cases of interest.

The total photocurrent within the diode can be obtained by integration of Eq. 1.11
over the diode length W = W, + W, as

1 (W OF .
Jon = W/o <J6+Jh+ 5 >dx (1.15)

where in a short-circuited condition the integral of the electric field over the diode length

is zero, while in the case of a load resistance Ry and an excitation signal proportional to
et with w the angular frequency and ¢ the time, a factor m, analogously to Eq.
1.10, multiplies the short-circuited solution for the photocurrent in the frequency domain
[22]. This integral can be splitted into two parts: one associated to J. + Jj over the
absorption region and another one associated to .J. over the collection region by using the
approximation at point (2) and (5) leading to

1 [We 1 W
Jph = — Je + Jp) dx + — Jed 1.16
=gy, Gt et g [ s (116

As already said, the absorption region is highly doped and, for a concentration py = 10'®
cm™3 and low injection levels, the photo-generated holes are negligible from a point of

view of the current and the hole current can be written as

Jh = qluhstc (117)

Then, deriving Eq. 1.11 for « and using Eq. 1.17 it is possible to obtain the following

expression in the absorption region

WTy Je
e I P S O 1.1
J, +Jh J, (W) |: 1—{—sz7« < Je(Wa)):| ( 8)
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where 7, = €/(qunpo) is the dielectric relaxation time. For pg = 10'® em™3 it is approx-
imately 30 fs corresponding to characteristic frequencies of nearly 30 THz. Here, it can
be observed that, for w < 1/7,, the current is given just by J.(W,), while for w >> 1/7,
the hole conduction current is negligible. Eq. 1.18 has been obtained by using as bound-
ary conditions the values of J.(W,) and J,(W,) = 0. In what follows the approximation
w < 1/7, will be adopted and thus the problem simplifies because it reduces to find J.(W,,).
Using the approximations at points (1), (4) and (7) Eq. 1.12 can be linearized and, in a

stair-case, re-written as
*n
Ox?

where the drift term has not been included in agreement with the approximation at point

D2 _tiGg=0 (1.19)
T

(1). This second order differential equation has a simple solution of the form
n(x) = Cre™* 4+ Coe™* + G/7 (1.20)

where my /5 are £1/ (VD7) and C1, Cs are two constants to be found by applying ap-
propriate boundary conditions. A small perturbation varying like e** can be introduced
and taken into account by substituting as usual 7 with 7/(1 + iw7) and considering each
variable with the same dependence. The boundary conditions that are more reasonable

to avoid an underestimation or an overestimation of the photocurrent are

on
pu— pu— — p— 1. 1
Je(x =0) qDe@x » 0 (1.21)
on
Je(x =W,) = qDe— = —qugpn(Wy) (1.22)
0x |,y

2kpT

where vy, is the thermionic emission velocity equal to /=B
e

Here, again the drift term
of the current is not considered. Eq. 1.21 refers to the fact that the current is related only
to the holes at the interface absorption/anode region and applying this first condition (Eq.
1.21) to Eq. 1.20, the relation C; = Cy is obtained. C can be found by applying Eq. 1.22
to Eq. 1.20. An approximation of Eq. 1.20 to its second order Taylor series (justified for

absorption regions of few hundreds of nm) gives

qGW,
1+ (Wa /vy, +W2/2D,) /7 + jw(Wa /v, + Wo2/2D,)

Je(Wa, w) = (1.23)

The total current in the absorption region J%*(w) is given by Eq. 1.23 multiplied by its
contribution W, /W to the whole diode length. The recombination lifetime 7 in p-type
Ing 53Gag.a7As is roughly 100 ps [19], much larger than the time required to the electrons

to be swept out from the absorption region. Thus, for small absorption region thicknesses
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(few hundreds of nm), it can be neglected. Here, an effective transit time in the absorption
region 7, can be introduced equal to the diffusion time W?2 /2D, plus the correction factor
W, /ven, which accounts for a finite vy, [19] and, for an absorption region of 150 nm, can
be estimated to 2.4 ps by using y = 5000 cm?-V~!s~! and vy, = 1-107 em/s [19, 22]. In
the case of a quasi-electric field the diffusion time can be modified in 7, = W, /vy with
vg = peky for vg >> vy, [22]. In Fig. 1.13 it can be observed the role played by the
potential within the absorption region to shift the electron density towards the collection

region and consequently decreasing 7,. The electron current in the collection region under

L]
p-InGaAsP
G =10% /em®

o

TN

Electron Density, x 107 (/cm®)
o

| _— 25 mvV \k
1
| 50 mV N
/‘/ 100 mv %
0
0 0.05 0.1 0.15 0.2
Position (um)

Fig. 1.13: Effect of a potential drop over the electron density within a 0.2-pum-thick
absorption region in InGaAsP, from Ref. [19].

small-signal analysis can be obtained by integrating the time dependence e** of the current
during the transit time 7, = W, /vsq; With vsqs the saturation speed of the electrons in the
collection region. By multiplying this transfert function for the injected current previously
calculated gives
W, sin (w7 /2)
JOM(w) = =L J,(W,)——L=1
e ( ) W 6( a) th/Q

This expression is quite different from that of Eq. 1.10 due to the fact that the current is

e~ wt/2 (1.24)

injected from one side of the collection region and consequently the drift time is the same
for all the carriers. By using Eq. 1.23 with the above approximations, Eq. 1.24 and by
multiplying for the factor related to the RC charge time, the final expression for the total

photocurrent is

o — A D)y 1 a5
1+iwr, wt/2 1+ iwTre
The RF averaged output power can be easily found by
1 2
Prr = 3 |Jpn2|” RL (1.26)
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where the factor 1/2 comes from the time average of the square of the photocurrent Jp,e™?.

There are three characteristic times that govern the UTC-PD response before saturation
differently from p-i-n PDs where only the transit time and the RC charge time are involved.
This aspect has to be taken into consideration during the epitaxial design, in particular

for the optimal frequency range of operation.

1.2.2.2 Continuous wave regime: photomixing principles

In 1947 Forrester and co-workers proposed to use optical signals at different frequencies
in the visible range to generate a beating note [23]. The beating note signal could be
generated by the superposition of these signals in a non-linear device that satisfies two

basic conditions:

e The non-linear process has to be proportional to the optical electric field averaged

over a time much shorter than the inverse of the beating frequency.

e The characteristic time of the device response to this process has to be much shorter

than the inverse of the beating frequency.

These two conditions are fundamental to be able to detect the beating note related to the
modulation of the non-linear process. The absorption in a semiconductor for example is
a typical non-linear process and, in the case of two co-linear lasers signals at frequencies
v1 (pulsation wy = 271q) and vy (pulsation we = 271y), the generation rate at a point r

can be expressed as [24]

(F cos (wit) + Fj cos (wat + ¢))

G(r,t) =« 7o

(1.27)

with « the absorption coefficient, ' and F» the amplitudes of the electric fields evaluated
in 7, ¢ the phase difference between the two lasers signals, Z the intrinsic impedance of the
semiconductor equal to 4 /’:—:Zo with u,, €, and Zy the relative permeability, permittivity
and vacuum impedance (/= 377 ), respectively and hv the average photon optical energy.

Eq. 1.27 can be developed further to obtain

(F1%(1 + cos (2wit))/2 + F5*(1 + cos (2wat + 2¢))/2)
Zhv *

G(r,t) =«

o (F1F5cos ((wg — we)t — (15)szng cos ((w1 +w2)t + ¢)) (1.28)

By averaging Eq. 1.28 over an optical period (= 5 fs at 1.55 um), that means to implicitly

assert that the non-linear device cannot respond within the optical carrier period, as is
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the case of any electronic device due to the RC' charge time, leads to

(Il + Iy 4+ 2+/1115 cos ((w1 — wg)t — qb))
hv

G(r,t) =« (1.29)
with I = Fy /22 /27 the average optical intensities. It can be easily proved that the
difference frequency term is maximum for Iy = I5 given a fixed amount of total intensity
I=01LH+1.

In 1955 Forrester and co-workers have firstly demonstrated experimentally photomix-
ing of two Zeeman spectral lines by atomic transitions in a photo-cathode at 10 GHz [25].
In the ’60s, the advent of lasers has boosted the technique of photomixing. Generation of
mm-wave frequencies by photomixing using semiconductor absorption as non-linear phe-
nomenon has been proved for the first time in bulk semiconductors by DiDomenico and
co-workers in 1962 using the axial modes of a ruby laser [26]. After the demonstration of
Brown in 1993, photomixing has been commonly used as a continuous wave (CW) method
to generate THz radiation [24, 27]. High-purity and stable laser sources can be employed
to achieve analogous properties in the THz range due to the fact that the photomixing

effect intrinsically reflects the quality of the input sources [28].

1.2.2.3 Pulsed regime

Another solution to generate THz radiation consists in employing short optical pulses (<
ps) around a certain frequency. The reason is that their Fourier transform spectra can
have a broad extension of several THz. Roughly its extension goes as 1/7, with 7, the
pulse time extension.

The current technology is able to produce laser chains with a pulse time extension
lower than 100 fs and wide wavelength coverage [29]. In practice, the limiting factor on
the spectral extension of the THz generated radiation is the bandwidth of the device which
is illuminated by fs pulses. The slower the device is, the weaker the response will be at
high frequency. In Fig. 1.14 (a) it is reported an example of UTC-PD pulse response. The
pulse at 1.55 ym had a full width at half maximum (FWHM) of 280 fs and the resulting
spectra of the photocurrent a FWHM of 0.97 ps. By Fourier transform it is possible to
directly obtain the frequency response of the UTC-PD as shown in Fig. 1.14(b). However,
under strong optical powers, saturation problems can be observed which may limit the
use of UTC-PDs in this regime [30]. In the last chapter a technique called terahertz-time-
domain (TDS) spectroscopy based on the generation and detection of broadband THz

signals obtained in the pulsed regime will be presented.
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Fig. 1.14: (a) Response of a UTC-PD with a 5 um area, a 230-um-thick collection
and a 30-nm-thick absorption regions. (b) Fourier transform of the photocurrent
underlying the cut-off frequency at 310 GHz, from Ref. [15].

1.2.3 State of the art within the THz community

Since the invention of UTC-PDs many efforts have been done to achieve higher output
powers, efficiencies and cut-off frequencies [27, 31]. The main limitations to accomplish

these objectives are basically:

The saturation under high injection regime.
e The thermal failure related to the power absorbed actively and passively.

The intrinsic bandwidth.

The coupling between the input power and the active region.
e The coupling between the RF power and the antenna.

Higher levels of saturation have been shown for UTC-PDs compared to standard p-i-n
PDs due to different electron and hole density distributions within the structure [19].
Particularly, it has been demonstrated an improvement in the saturation current by using
an n-type doping in the collection region (5-10'® ¢cm™3) to compensate for space charge
effects through partial screening of the negative charge flowing in the collection region

by the positive ionized atoms [32]. This effect, which is well-known in heterojunction
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bipolar transistors (HBT) under the name of Kirk effect, was also predicted by drift-

diffusion simulations in the original patent of Ishibashi as reported in Fig. 1.15 [33, 34].

Moreover, quaternary materials like InGaAsP or AlGalnAs with a larger energy gap than

Ing 53Gag.47As can be used to efficiently smooth the CB discontinuity between absorption

and collection regions as shown in Fig. 1.16 [35].
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Fig. 1.15: Influence of the doping in the collection region to maintain a high electric
field under strong illumination (equivalent photocurrent of 9-10* A /em?) [34].

and collection region to smooth the CB discontinuity [35].
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Fig. 1.16: Role of a quaternary (InGaAsP) doped material between the absorption
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Heat dissipation is a key issue in the operation of UTC-PDs, in fact it has been often
proved to be one of the main limiting reasons to achieve higher output powers [22, 36, 30].
The energy balance in a PD can be written as [37]

Piiss + Prr = Prias + P35 (1.30)

where the first term at the left member is the sum of the Joule dissipated power in the
whole structure and the RF power dissipated in the load and the first term at the right
member is the power provided by the generator (I”“V4), while the second term Pgé’f is the
optical power absorbed in the active region and potentially in other parts of the PD like the
metal ohmic contacts or in other epitaxial layers as in the case of the previous Ph.D thesis
on UTC-PDs within the EPIPHY /THz photonics group [30]. As it can be observed in
Fig. 1.17, the burnt-out of a PD appears principally (without unwanted absorption) in the
intrinsic region, no matter which type of PD is. However, UTC-PDs have shown a better
power dissipation compared to standard p-i-n PDs, achieving for example a dissipated
power of 240 mW instead of 160 mW in the case of a p-i-n PD at equivalent conditions
and geometries due to the better conductivity of InP (roughly 10 times) compared to
InGaAs [36]. To improve the heat dissipation, several ways have been considered like
using larger diode surfaces or using non-uniformely-doped collection regions to keep a low
capacitance and a low transit time leading to saturation currents as high as 120 mA with
dissipated powers of 480 mW at 20 GHz and bandwidths as high as 35 GHz [38]. Other

UTC-PD pin-PD

PrinGighe/p-lnGaRal

~ p-InGaAs/p-InGaAsP.

p-InGaAs

i-inGaAs

Fig. 1.17: SEM images of the thermal failure of a UTC-PD and a p-i-n PD. The
black part is a vacancy due to the melting of the semiconductor, from Ref. [36].

methods rely on heat sinking directly on the chip through pads, flip-chip techniques to
bond the UTC-PD on a substrate with a better conductivity like AIN or by using ballistic
transport to increase the collection region width. These techniques employed all together
have led to a saturation current of 37 mA with a bandwidth larger than 110 GHz [39].
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UTC-PDs bandwidth is certainly the point on which there has been more work done.
In fact, notwithstanding the analysis previously seen about the UTC-PD response, no
words have been spent discussing the way UTC-PDs can be illuminated. Such an issue
is quite critical due to the fact that UTC-PDs for THz radiation have absorption regions
often between 30 to 150 nm to keep a low diffusion/drift time in this region. A quasi-
electric field can be used, as already discussed before, to accelerate them, but even in this
case it is not possible to have more than a voltage drop of few tens of mV in the whole
absorption region. The reason is that the doping or the compositional gradient cannot be
freely tuned. In the first case, high doping levels lead to a low-efficiency photo-generation
process due to a faster recombination of the pairs, while on the other side a low doping
level makes the holes responding as in a p-i-n PD. In the second case, the composition can
be varied, but the effect of the strain has to be taken into account and, if too far from the

LM condition, it can lead to a relaxation of the whole structure.

The coupling between the input power and the active region is strongly correlated to
the intrinsic bandwidth of the UTC-PD. The most common way of illuminating UTC-
PDs is the back-side configuration that consists in focusing the 1.55 ym power through
the transparent and polished InP substrate. An anti-reflection coating can be added to
the substrate to avoid the Fresnel reflection at the InP /air interface (around 30%). In such
a configuration the advantage is the covering of the top mesa with a thick metal contact
or a high-reflection coating to make the light passing through the active region twice.
Front-side illumination can be exploited by making an optical transparent window at the
top contact or by focusing the beam through a mirror at the bottom of the substrate as
reported in Fig. 1.18. While, the back-side configuration has the disadvantage of being
more difficult to be achieved due to the fact that the device is located opposite to the
incoming beam, the front-side illumination is less efficient because the light experiences
the absorption region only once in the case of an optical window or twice, but with
reflection losses at the top contact surface, in the case of light focusing through a bottom
mirror (see Fig. 1.18). To increase the efficiency, without reducing the bandwidth related
to the absorption region, edge illumination has been investigated. In Fig. 1.19 is reported
a design to illuminate UTC-PDs through a refracting-facet to increase the optical path in
the active region by having an impinging angle different from 90° [41]. This design has led
to UTC-PDs with responsivities as high as 1 A/W for a 452 nm-thick absorption region.
Other edge illumination techniques consist in waveguiding the optical power through the
epitaxial structure [31]. The active region can be designed to guide the light through a
waveguiding section or to have light evanescently coupled into it thanks to a neighbouring

waveguiding section [42, 43]. In the second situation the evanescent coupling has the
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Fig. 1.18: Front-side illumination through a high-reflecting coating at the bottom
of the substrate, from Ref. [40].

effect of increasing the saturation current of the PD due to the smaller amount of light
absorbed per unit length compared to the first situation. This approach, reported in Fig.
1.20, has been adopted for distributed photodiodes like traveling wave (TW) UTC-PDs
which have shown record powers of 2.4 mW at 150 GHz and of 1 mW at 200 GHz. The
advantages of this design are the possibility to reduce the absorption region width and to
achieve responsivities as high as 0.53 A/W for a 120 nm-thick absorption region [44]. The
main drawbacks of this configuration are related to the alignment of the optical fiber to
the tapered waveguide that is quite critical and to the higher complexity of the structure
design due to a phase matching condition to fulfill between the optical and the RF powers

and to the evanescent optical coupling [45, 46].

p-InGaAsP cap (t,,,)
p-InGaAs absorption (t,,,)
i-InGaAs spacer

ring shaped p-electrode

| ae———"
NN\
.

InP spacericliff/collector
n*-InP subcollector
n*-InGaAsP etch stop (t,,)

A

n*-InP subcollector

Angled facet

F/ S.1.-InP substrate

Fig. 1.19: Edge illumination by exploiting a refracting-angled-facet, from Ref. [47].

Another aspect correlated to the bandwidth of the device is the choice of the antenna.

Resonant antennas coupled with impedance-matching circuits show higher radiating RF
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Fig. 1.20: Design employed by the University College London for TW UTC-PDs,
from Ref. [44].

powers than broadband antennas for a specific designed frequency range by suppressing
partially or completely (depending on the resonant antenna impedance and the matching
circuit) the RC limitation [48]. Record powers of 148 yW at 457 GHz and of 24 yW at 914
GHz have been demonstrated for TW UTC-PDs with resonant slot antennas [49]. Finally,
arrays of UTC-PDs can be considered to increase the output power by wise configuration
of the network and radiating elements. A module composed by two laterally illuminated
UTC-PDs connected by a quarter wavelength T-line has shown a 1.2 mW record power
at 300 GHz [50].

UTC-PDs fabricated in the previous Ph.D thesis in the EPIPHY /THz photonics group
have produced RF powers of 1.1 uW at 940 GHz and of 0.27 W at 1.36 THz for a 2-
p-diameter device integrated with an ultra broadband TEM horn antenna which will be
presented in the third chapter [30]. Higher RF powers are potentially achievable on narrow

frequency ranges by employing resonant antennas.

1.3 Survey of other THz sources

In this section other sources to generate THz radiation will be briefly introduced. In
particular, their advantages and disadvantages will be underlined in terms of applications

without going into the details of their operation.

1.3.1 Optical domain

The main optical sources in the THz/far-infrared region are based on molecular lasers,

quantum cascade lasers (QCLs) and non-linear optical materials.
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1.3.1.1 Molecular lasers

Molecular lasers have been used since 1964 when Crocker employed water vapours to gen-
erate radiation in the far-infrared region [51]. The basic principle of these lasers is to
induce molecules in an excited state of their roto-vibrational energy spectrum by means
of an electrical discharge or by optical pumping. The reason for which this type of tran-
sitions are employed is that the energies involved in the process of stimulated emission
are compatible to the photon energies associated to the far infrared spectrum. This is
also the reason for which atoms are generally not used as their electronic energy spectrum
has characteristic energies in the order of the eV (1 eV corresponds to 241.8 THz) for
the first atomic levels (s orbitals). Other higher levels may be used for heavy atoms, but
the excitation of these levels can bring to the ionization of the atom which may become
useless for the lasing process having shifted transition lines. In Tab. 1.1 the main lines
covered by molecular lasers are shown depending on the different gas used, their output

powers and their operation regime. The main advantage of molecular lasers is that they

Table 1.1: A few far-infrared lines of molecular gas lasers

Gas type A(um) Regime Output power Pumping Ref.

COy-Ny-He 10.6  Pulsed 0.5 MW Discharge [52]
H,0 28 CW 230 mW Discharge [53]
NH; 58 Pulsed 20 W Optical  [54]
D,O 66 Pulsed 28 kW Optical  [55]
H,O 118.6 CW 50 mW Discharge [56]
CH;0H 1188 CW 1.25 W Optical  [52]
HCN 337 CW 20 mW Discharge [57]
CH3F 496  Pulsed 1 MW Optical  [58]

are extremely powerful as illustrated by the output powers reported in Tab. 1.1, but they
lack of tunability which makes them difficult to use for applications where the tuning of
the source is fundamental like in broadband THz spectroscopy or communications. More-
over, they are generally bulky and require usually high electrical or optical powers to be

operated.

1.3.1.2 Quantum cascade lasers

QCLs have been invented in 1994 at Bell Labs by F. Capasso and co-workers [59, 60].
Their principle is based on the original idea of Kazarinov and Suris to obtain amplified
emission using electronic transitions from subbands of a multi-quantum well structure
under the application of an intense electric field [61]. In Fig. 1.21 it is reported the band

diagram of a QCL stage showing the process of electron recycling and photon emission.
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In particular, electrons from the injector are made tunneling by an electric field in the
quantum-wells active region where, for currents higher than a threshold current to achieve
population inversion like in a common laser, they are induced to transit in a lower level
by stimulated emission and then tunnelling in the energetically lower injector to restart

the mechanisms.
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Fig. 1.21: Band diagram of a QCL stage showing the principal key features [62].

These lasers can be designed to operate at a particular wavelength by changing the
width of the quantum wells and can achieve powers as high as 5.1 W under CW regime
and RT operation at 4.9 pum [63]. At THz frequencies, their major drawbacks are the
low operation temperature for THz frequencies and their relatively poor tuning range
compared to other sources like photomixers. To date, a maximal operation temperature
of 200 K has been obtained for THz QCL with lasing tunable frequencies from 2.6 to
2.85 THz by increasing the bias (Stark effect) [64]. The lowest lasing frequency achieved
with the GaAs/AlGaAs system is of 950 GHz by using a magnetic field of 12 T and
cryogenic temperatures up to 57 K [65]. These achievements have been obtained by design
schemes for the active regions such as the bound-to-continuum or the resonant-phonon ones
[66]. Regardless their drawbacks, QCLs are compact and can present multiple wavelength

emission by employing superlattices or larger quantum wells widths [67, 68].
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1.3.1.3 Non-linear-based optical methods

Non-linear-based methods rely on materials presenting a non-linear polarization depen-
dence from the applied electric field. In particular, the polarization vector of any material

can be written under certain assumption as a power series of the applied electric field [69]:
P(t) = co(XVF @) + XPF () - F(t) + xPF(t) - F(t) - F(t) +...)(1.31)

where @ is the non-linear susceptibility tensor of order i. Recalling that the polar-
ization vector is the dipole moment per unit volume in a material, it is straightfor-
ward to conclude that an applied time-varying field can induce a radiative process
with a different time-varying dependence. In the particular case of a monochromatic
electric field impinging on a material with a y(? value different from zero, a second-
order harmonic generation process can be achieved. Franken and co-workers firstly
demonstrated second harmonic generation (SHG) of light at a wavelength of 347.2
nm (864 THz) from a Ruby laser (wavelength of 694.3 nm) using a quartz crystal as
non-linear medium [70]. For parametric effects the main constraints associated to

(2) values, the phase-matching condition,

the THz generation come from the low yx
parasitic effects like SHG in difference or sum frequency generation and the damage-
threshold value of crystals [69]. In particular, materials with an anisotropy in their
crystalline structure like noncentrosymmetric crystals (LiNbO3, LilO3, GaP, GaAs)
are commonly employed with values for their non-linear susceptibility (x(?) in the
order of 107, 1072 m/V [71]. To overcome the phase-mismatch due to the normal
dispersion of the refractive index at different frequencies, periodically x®-inverted
structures have been conceived [72]. The most common nonlinear processes are the
sum-frequency generation (of which second-harmonic generation is a special case)
v + 15 = v3 and the difference-frequency generation vy — v, = v3 with v and v, the
input frequencies and v3 the output one. Peak powers as high as 23.4 mW have been
achieved at 1 THz by pumping at 1.55 um periodically y?-inverted structures like
GaP [73]. Such material is very interesting for the THz domain due to its low ab-
sorption at THz frequencies compared to LiNbOj3 for ex. (about ten times smaller)
[73]. The main advantages of nonlinear methods are related to the high powers
that can be generated, to the quite large tunability of the process (phase-matching
condition to satisfy) and to the RT operation. The main drawbacks are the bulky
nature of these systems (due to the high-power lasers used), the quite low efficiency

related to the Manley-Rowe limit (analogous to the energy conservation principle)
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and the pulsed-regime operation (due to the high peak electric fields) [69]. However,
recently a CW power of 0.5 mW has been produced at 1 THz by a two-lines tune-
able vertical external cavity surface emitting laser coupled to a LiNbO3:Mg crystal

placed in the external cavity [74].

1.3.2 Electronic domain

In the electronic domain the main sources for THz generation are backward os-
cillators, transistors-based oscillating circuits, varactor multipliers and tunneling
resonant diodes. Contrarily to optical sources, electronic ones cover mostly the low

part of the THz region, up to a few THz.

1.3.2.1 Backward oscillators

These free electron-based sources have been invented independently by B. Epzstein
and R. Kompfner in the 50’s and are based on traveling-wave tube theory [75, 76].
Other free electron sources of THz radiation are gyrotrons, free electron lasers,
synchrotrons and klystrons [77]. Their working principle is based on the injection
of an electrons flux in a vacuum tube with a voltage-controlled velocity (a few
kV) along the tube. Fluctuations of the electrons movement along of a slow-wave
periodical transmission line (similar to microwave bandpass filter) generate radiation
which can sum up if a synchronous condition is satisfied between the periodicity of
the transmission line and the phase of the electron beam. The generated radiation
moving in the opposite direction of the electron flux (negative group velocity) can
be tuned by changing the applied voltage and thus the electron velocity [78, 79].
The spectrum that can be covered with different designs is roughly from 30 GHz to
1.2 THz [77]. The main advantages of this source are the relatively wide tunability,
the high output powers that can be achieved in the THz region (1-100 mW) and the
RT operation. However, they are generally bulky, requiring strong magnetic and

electric fields and are produced currently only in a few places in US and Russia [77].

1.3.2.2 Transistors-based oscillating circuits

Transistors, discovered in the late 40’s at Bell Labs by Bardeen, Shockley and Brat-

tain as current amplifiers, have improved their performances constantly during the
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last decades [80, 81, 82, 83]. Different topologies have been developed depending on
the needs of the applications like heterojunction bipolar transistors (HBTs), field
effect transistors, metal-oxide-semiconductor transistors or high-electron mobility
transistors to cite just a few.

These devices have experienced throughout their development an increase of their
working frequencies represented by the figures-of-merit v; and v,,,, where 1, is the
transition frequency at which the current gain is unitary and v, is the maximum
oscillation frequency at which the power gain is unitary [84]. Record values of V4,
= 1.15 THz and of v, = 521 GHz have been achieved on InP/InGaAs/InP double
HBT structures [85]. Oscillators based on InP/InGaAs/InP HBT and InP HEMT
have shown record oscillation frequencies of 311 and 346 GHz [86, 87]. Losses at
mm frequencies and dimensions shrinkage (sub-um) for higher operation frequencies
limit their theoretical potential through lowering resonant factor qualities increasing
parasitic effects.

Other approaches have been investigated like using transistors in frequency-
multiplication chains driven below their cut-off frequency and generating higher
harmonics of the main signal by multiplication in non-linear elements like varactor
diodes. This technique allows to obtain sources at frequencies well above 300 GHz
with powers that can be as high as 1 mW at 0.9 THz, 50 puW at 2 THz and 18 pW
at 2.6 THz [88]. The main advantages of transistor-based sources are their com-
pactness, RT operation, possibility to deliver high output powers (depending on the
band) [88]. The main drawbacks are the relatively low tuning range of roughly 10%
their central frequency due to the matching circuitry and to the phase noise output

that has to be considered (it increases with the order of the harmonic).

1.3.2.3 Resonant tunneling diodes

Resonant tunneling in semiconductor heterostructures has been observed for the
first time in 1974 at IBM Labs where Chang and co-workers measured peaks in
the current response by varying the bias of a sandwiched GaAlAs/GaAs/GaAlAs
structure as shown in Fig. 1.23 [90]. The principle is related to the resonant char-
acter of the transmission of electrons when their energy is aligned with the energy
of a quantum well level which permits by tunneling to overcome the barrier and to

obtain a larger current. The characteristic reported in Fig. 1.23 shows that there
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Fig. 1.22: Oscillator scheme at 2.58 THz based on frequency multiplication chains
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Fig. 1.23: Conductance and current response as a function of the applied bias to a
GaAlAs/GaAs/GaAlAs structure, from Ref. [90].

are regions of the applied voltage where the structure has a negative differential
conductance (dI/dV < 0). This effect has been used in oscillators feeedback loops
to obtain the currently highest frequency active electronic semiconductor device by

operating the RTD at the edge of one of its current peaks [91]. Powers of 7 pW
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have been achieved at 1.04 THz and of 10 4W in the 0.9-1 THz range by carefully
designing the heterostructure, in particular minimizing the resonant tunneling time
and the transit time in the collection region [92].

The main advantages of these sources are their compactness, their relatively high
powers at THz frequencies (powers of pW for spectroscopic applications are often
sufficient) and their RT operation. Due to their resonant character the tuning range

is only in the order of few percents [92].

1.3.3 Optoelectronic domain

Here, a brief introduction to photoconductors is given, focusing on their main char-

acteristics compared to UTC-PDs.

1.3.3.1 Short lifetime photoconductors

Brown and co-workers in 1995 have employed photoconductors with short carrier
lifetime (sub-ps) and high dark-resistivity (10° Q-cm) like low-temperature-grown
(LTG) GaAs to generate tunable THz radiation up to 3.8 THz [93]. Their work-
ing principle is based on photomixing as UTC-PD’s one with the major difference
that the carriers, once photogenerated, are accelerated by an externally applied elec-
tric field. GaAs-based photoconductors operate at a wavelength of 800 nm and are
front-illuminated with interdigitated electrodes or semitransparent contacts [94, 95].
The front illumination is usually needed for these devices due to the absorption of
GaAs substrates at 800 nm. Other systems based on InGaAs have been considered
to illuminate these devices at 1.55 pum taking advantage of all the benefits already
discussed related to this wavelength of operation. However, they have shown lower
performances compared to standard LTG-GaAs photoconductors [96]. Their fre-
quency response is associated to the carriers lifetime (sub-ps) which is the time
between their creation and subsequent recombination and to the RC' time constant.
Recently, on-wafer measured powers of 1.2 mW at 50 GHz and of 0.35 mW at 305
GHz have been obtained with a Fabry-Pérot cavity embedded LTG-GaAs photocon-
ductors and of 2 yW at 1 THz with resonant antennas and interdigitated contact
designs [94]. Cut-off frequencies as high as 700 GHz can be obtained by this type
of devices in interdigitated designs [95]. Their advantages are the compactness, the

broadband character and the RT operation. The main drawbacks come from the low
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power generated above 1 THz (sub-uW) and the need of sources at 800 nm which
are less conventional and more expensive than those at 1.55 ym.

1.3.4 Role of uni-travelling carrier photodiodes in the THz

domain

UTC-PDs are with no doubt a valuable source in the THz domain due to their several
features, in particular RT operation and broadband operation. In Fig. 1.24 their
impact in the THz region compared to other THz sources is shown. Even though
their generated powers are lower than those from other sources more adapted in
the optical domain or in the electronic domain, they are a good compromise for all
those applications demanding a large tunability like spectroscopy of a wide variety of
species, where no precise target has to be detected or telecommunications with a high
bit-rate without the need of using expensive and bulky cryogenic systems. The only
other sources able to cover a similar band in the THz region are frequency-multipliers

chains but, as already discussed before, they do not have a large tunability differently
from UTC-PDs.
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Fig. 1.24: Output powers of the main sources in the THz region. THz QCLs operate
at cryogenic temperatures. The power reported for THz QCLs and II-V lasers are
peak powers. Gunn, TUNNET and IMPATT are diode-based sources, from Ref.
[97].
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Chapter 2

Investigation of a low resistance,
low absorption and thermally

stable top-contact

Heat management is a critical issue in the operation of UTC-PDs driven under high
optical powers. For the previous devices fabricated within the EPIPHY /THz Pho-
tonics group, heating has been proven the major cause of their failure. In the first
part of the chapter, it will be presented an investigation of several metallic contacts
over highly p-doped InGaAs layers to achieve a low specific contact resistance, a
high reflectance at the interface between the metallic contact and the p-doped In-
GaAs layer and a good thermal stability for back-side illuminated UTC-PDs. In
the second part, an alternative contact design will be introduced for front-side con-
figurations in order to achieve a lower optical absorption at the metallic contact, a
high transmittance, a good thermal stability and a low specific contact and series

resistance.

2.1 Top-contact for back-side illuminated devices

In this section a survey of several metals of interest over highly p-doped InGaAs
layers is presented. The aim is to find a suitable p-type ohmic contact with good

electrical, thermal and optical properties.
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2.1.1 Optical issues

As already underlined in the first chapter, illumination of UTC-PDs is one of the
key aspects for their operation. The possibility of having light reflection at the
top-contact increases the effective absorption region thickness without degrading
the travelling time into it. Furthermore, due to the high optical powers employed
(hundreds of mW) to generate large photocurrents (current densities of few hundreds
of kA /cm?), the top-contact may also absorb a large part of this power. For high-
speed PDs the absorption region thickness has to be in the order of 100-150 nm
to reduce the diffusion/drift time into it. The percentage of the absorbed light
into the active region is roughly 10% for a width of 100 nm. This value is close
to the absorbed power ratio by the best contact choice from an optical point of
view: Au/Ings3Gag47As. However, such a contact has some drawbacks, in particular
associated to the Au diffusion into InGaAs for high temperatures (above 250 °C) [1].
A strong heating of the PD can bring to the fusion of the metallic contact and its
consequent destruction as it can be observed in the SEM picture of Fig. 2.1 for the
UTC-PD fabricated in the previous thesis. In that case, the Ti/Pt/Au (20/40/600

Fig. 2.1: SEM image of a UTC-PD fabricated in the previous thesis after destruction
by a high injected optical power, from Ref. [2].

nm) top-contact employed over p-type Ings;3Gags7As was chosen to achieve good
electrical properties, thermal stability and adhesion without consideration of the
optical aspects. The reflectance associated to the composite contact is nearly 30%
(calculated by a transfer matrix method [3]), while the remaining 70% is absorbed
within few tens of nm from the InGaAs surface. In what follows other potential

candidates as metallic contacts will be illustrated by presenting their different optical
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properties and, in the next subsection, their electrical properties over highly doped

In0,53GaO,47As.

2.1.1.1 Choice of the metallic contacts

The choice of the metallic contacts has been done by considering their optical,
electrical and thermal properties, and how these properties influence UTC-PDs’
response. In particular, it should be noted that a contact with a high reflectivity
could be more efficient than one with a low specific contact resistance because the
increase in the external efficiency could compensate the fact of having a lower cut-off
frequency due to the increase of the charge time RC. A parameter I' that represents
the influence of contacts with different reflectivity and specific contact resistance

can be defined in the following way

1
1+ (2mv(RL + Rs)C)?

I = ((1+ Re ) (1 — e%))? (2.1)
where R is the reflectance value and Ry is the series resistance related to the contact,
all the other parameters have been defined previously in chapter 1. The first squared
term in parenthesis accounts for the Lambert-Beer law, while the latter for the RC
charge time. In Fig. 2.2 this parameter is plotted by considering an absorption
width of 150 nm, a load resistance of 50 {2 and a capacitance of 11 fF on the overall
response. These values are typical for high-frequency UTC-PDs. As it can be
seen, for lower frequencies, it is preferable to have a higher reflectivity than a lower
series resistance, while at higher frequencies the resistance related to the contact
predominates the behavior. Furthermore, regarding the maximal RF power that
can be generated, the possibility of absorbing less optical power is advantageous
for driving UTC-PDs under higher input optical powers. However, it is worth to
underline that a high contact resistance heats up the device for large photocurrents
due to Joule effect and generates a drop voltage which obliges to increase the reverse
bias voltage.

In Tab. 2.1 are reported the calculated reflectance values of several metals of

interest over InP. The values have been calculated according to the Fresnel formula

[4]
s — T |
Ng + Ny,
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Fig. 2.2: Combined effect of the reflection at the metal contact and its resistance
on the response of UTC-PDs.

Table 2.1:  Optical properties of the most attractive metals and their reflectance
value R over InP and Ings3Gag47As.

Metal n k- RonInP (%) R on Ings3GagarAs (%) Wavelength (um) Ref.
Aluminum (Al) 1.44 15.96 934 90.1 1.55 [7]
Chrome (Cr) 4.13 5.03 33.5 28.5 1.59 [7]
Molibdenum (Mo) 1.64 7.35 73.1 67.6 1.51 8]
Gold (Au) 0.56 11.21 94.9 90.8 1.49 [9]
Nickel (Ni) 3.38 6.82 52.2 46.7 1.55 [7]
Palladium (Pd)  3.35 8.06 60.6 55.1 1.55 7]
Platinum (Pt) 531 7.04 44.7 39.3 1.55 [7]
Silver (Ag) 0.15 11.85 96.2 91.5 1.61 [9}
Titanium (Ti) 4.04 3.82 23.2 19.0 1.55 [7}
Tungsten (W) 212 5.00 49.4 44.3 1.51 [7]

where ng and n,, are the complex refractive indices for the semiconductor and the
metal, respectively. The complex refractive indices of the different metals have
been found in the literature to select firstly the potential candidates as metallic
contacts. Even though in UTC-PDs the contact interface is with p-type InGaAs
(n = 3.55—10.12), it is interesting to evaluate the reflectance also over InP (n = 3.15)
due to the fact that the absorption region is much thinner than the wavelength.
However, these two values do not change strongly as it can be seen in Tab. 2.1
[5, 6].

Here, we observe that only four metals present reflectance values higher than
70% for the InP case. Even though Au cannot be considered as a potential candi-

date due to its well-known diffusion in InGaAs as already discussed [1], no relevant
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information have been found regarding the other three metals (Al, Mo, Ag) on their
diffusion or electrical properties over p-type InGaAs. However, Pd, Ti and Pt are
known to be metals that form good electrical contacts over p-type InGaAs [10, 11].
Thus it may be worthy to investigate also these metals to obtain specific values for

the final devices.

2.1.2 Contact resistance issues

In the first chapter, UTC-PDs have been modeled as current generators with a
shunt capacitance and a series resistance (see Fig. 1.8). This resistance is actually
associated to the proper resistance of the metal sheet and to the contact resistance
at the interface between the metal and the semiconductor. This second contribution
comes from the fact that the electrons/holes are located in the CB/VB and not at the
Fermi level like the electrons in a metal. At the equilibrium, the bands bend in order
to have the Fermi level aligned in both the materials and the vacuum level continuous
across the interface. Band bending has a macroscopical effect on the electrical
properties of the junction and two main behaviors on the I-V characteristic can
be observed, namely Schottky-like and ohmic-like. Schottky-like contacts present
an electrical characteristic analogous to that one of a diode, while ohmic-like ones
behave electrically almost like a resistance. This second behavior is sought for UTC-
PDs operation because the majority carriers in the semiconductor and the electrons
in the metal have to move freely accross the junction for an opportune applied
voltage without leading to voltage drops across the interfaces perturbing the device
operation [12].

Three main mechanisms can be distinguished for the conduction through a
metal /semiconductor interface, namely thermionic emission, thermionic-field emis-
sion (tunneling assisted) and field emission (pure tunneling). The transition be-
tween these different mechanisms can be observed schematically in Fig. 2.3. The
ratio kg1 /Eo with Egy = (qh/4m)(Ns/m*ese0)/?, with N, the doping level of the
semiconductor, are responsible for the type of conduction mechanism [12]. In fact,
for low doping levels (large depletion width regions and kgT'/Ey >> 1), in order
to have an ohmic contact the thermal energy has to be sufficient to let the majority
carriers overcome the barrier (p. < exp(q¢p/ksT)) [13]. For higher doping levels,

apart from the thermionic emission, there is a contribution to the conduction current
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associated to the quantum tunneling! across the barrier and, for even higher doping
levels (kgT'/Ey << 1), this contribution is predominant and the mechanism be-
comes purely tunneling leading, in the case of ohmic contacts, to p. o exp(qoy/Foo)

[13]. Ohmic contacts can be obtained generally in three ways:

LN

Eibk,,, L E /¢\*L /A:_
TAEe A A

Fig. 2.3: Three different regimes of conduction depending on the doping level.
From left to right: low, intermediate and high doping level for an n-semiconductor
in depletion mode (W,, < W).

1. Choosing a metal with a work function W,,, = Ey — EF larger/lower than the
work function W = Ey — EFp, n of the p-type/n-type semiconductor (accumu-

lation mode) reported in Fig. 2.4.

2. Doping the semiconductor highly enough to allow tunnelling to be predomi-

nant.

3. Annealing the contact up to the formation of suitable alloys and/or to the

diffusion of species at the interface.

In practice, the surface of a semiconductor is an important and usually limiting
aspect in the formation of ohmic contacts. Localized states related to the abrupt
interruption of the perfect periodicity of atoms at the surface can modify the Fermi
level by pinning it. Due to the covalent nature of III-V semiconductors, the way
to achieve ohmic contacts in practice consists in applying points 2) and/or 3) [12].
Moreover, potential oxide at the surface can deteriorate the properties of the contact
by inibition of the tunneling phenomenon. It has been experimentally found that

Pt, Pd and Ti present good values of p. for moderate dopings over p-type InGaAs

!Tunneling is a phenomenon typical of quantum mechanics consisting in the possibility for a
particle (like an electron) to overcome a barrier whose energy is superior to the particle’s energy
[14].
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Fig. 2.4: Depletion and accumulation modes for an n-type semiconductor.

[11, 15, 16, 17, 10]. In particular, Ti contacts over p-type InGaAs have been ob-
tained in the region 1077-1078 Q/cm? for doping levels close to 1:10%*° ¢cm™2 with
opportune annealing temperatures [18, 19]. However, even though Pt is not a com-
mon solution as first layer over p-type InGaAs, values of p, in the low 1075 ©/cm?
have been obtained for doping levels of 410! cm ™2 and annealing temperatures of
500°C in case of Pt/Ti/Pt/Au contacts [11]. In particular, the Pt/Ti/Pt/Au and the
Pd/Ti/Pt/Au contacts have been shown in Ref. [11] to be superior in terms of p. to
the more common Ti/Pt/Au contact over a large range of annealing temperatures

and doping levels over p-type InGaAs.

2.1.2.1 Fabrication

To study the electrical properties of the different metals an epitaxial structure from
previous UTC-PDs epitaxial layers has been used. For what regards the electrical
properties, the key part of the structure is the top-layer, in particular its doping
level and composition. The relevant properties of the top-layer are a Be doping level
of 8 10" ecm™2 and a LM composition of Ing53Gaga7As over InP.

The fabrication consists in two principal steps. The first one (isolation) is the
etching of a region all around the sample’s surface where the metal will be deposited.
This is necessary to avoid edge currents during the measurements. The second one
consists in the deposition of metal pads inside the regions rounded by the isolation
step as illustrated in Fig. 2.5. Patterns are transferred to samples by a technique
called e-beam lithography. The principle consists in depositing by spin-coating (a

technique to fabricate thin polymeric layers of controlled thickness) a resist sensitive
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to impinging high energy (acceleration voltage of 100 kV) electrons (Fig. 2.6 step 1).
Then, the polymeric properties of the resist are modified during the patterning of
the surface. After, by using an appropriate solvent, the resist is removed according
to the pattern as defined during e-beam writing. Depending on the resist properties
either the region that has been affected by the electron flow (positive writing) or its
negative counterpart (negative writing) can be removed through a solution (Fig. 2.6
step 2). Such a resist pattern can be then used as a mask to permit the etching of the
un-covered surface or to deposit metal patterns onto the sample’s surface (Fig. 2.6
step 3). The main difference is that the sample is fully covered of metal deposited
by e-beam evaporation instead of being etched. However, a bi-layer of resists has
to be used for the metal deposition to have a suitable profile avoiding accumulation
of metals at the borders of the patterns (see Fig. 2.6 step 3”). This profile is done
by using resists with different sensitivity to the development process (Fig. 2.6 step
3’). The resist, after etching or metal deposition, is then removed by an appropriate
solvent leading to a removal of the resist mask and, for metal deposition, unwanted
metal deposited on top of it (lift-off technique). Chemical wet-etching through a
solution consisting in deionized (DI) water (H20), hydrogen peroxide (H2O2) and
orthophosphoric acid (H3PO,4) with a ratio 40:5:1 has been used to etch the InGaAs
surface for a depth of around 150 nm [20]. Such a thickness is estimated sufficient
to avoid contributions of edge currents in the measurements. After pattern writing
and consequent development for metal deposition, the sample has been de-oxidized
by a solution of sulfuric acid (H2SO,4) and DI H50 in ratio 1:20 to remove the oxide
at the surface. Then, the sample has been clived in order to allow for different metal
depositions. The metallizations, reported in the next section, have been deposited
by e-beam evaporation. A flux of Ar ions (energy of 150 eV for 2 min) has been
used to clean the surface from residual oxide, resist contamination and to improve

metal adhesion just before metal evaporation.

2.1.2.2 Measurements and analysis

Measurements of specific contact resistance have been performed using a four-wire
sensing technique. This technique, illustrated schematically in Fig. 2.7, consists
in applying a current between a pair of probes (force wires - A) through a current

generator and in measuring the voltage drop with a second pair of probes (sensing
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/ Isolation path

Fig. 2.5: SEM image of patterns to perform TLM measurements. The white dashed
line indicates the etched border for the isolation.

. . [ Substrate
1) Resist deposition

[ Resist
i B Epitaxial layer
[ Metal

2) E-beam lithography

3") Etching 3") Metal deposition
e - e
4) Resist removal

Fig. 2.6: Standard techniques used throughout the thesis to wet-etching semicon-
ductors and depositing metal patterns.

wires - B) through a voltmeter. From the voltage drop and the current circulating,
it is possible to obtain the value of the resistance R = V/I. The advantage of
this method relies on the fact that the resistances associated to the contacts of the
force wires are not measured by the sensing wires and those of the sensing wires are
negligible due to the low current that passes through them (voltmeter principle). The
technique used to extract the specific contact resistance of a metal /semiconductor

interface is the transmission line method (TLM) [21]. It deals with the measure of
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the resistance between pads with different spacing lengths L as shown in Fig. 2.5.
By knowing L and the width W of the pads (see Fig. 2.5) two parameters can be
obtained: the specific resistance of the underneath layer called sheet resistance Ry
and the contact resistance value R, of the contacts as reported in the graph of Fig.

2.8 for the case of Mo. The resistance can be expressed as

L
R(L) = 2R, + Row. (2.3)

It is possible to show that, in the case of a lateral length ¢ for the pad superior to
the transfer length L, that indicates approximately how far the current penetrates

laterally below the pad, the following relation holds [22]

_ VvV Rope _ RoLr

R
w w

(2.4)
where the specific contact resistance is given by
Pc = LTQRD (25)

In Tab 2.2 are reported the values measured of p. for the different metallizations
considered. It can be noted that the best metals from the optical point of view (Al,

Ag) present high specific contact resistances.

A R,
\\VV
B V\V\WVW
R,
- gR
B Ry
\YAVAVA
A AVAVAVA
R,

W

Fig. 2.7: Schematic of the 4-wire measurement technique.

In fact, if a contact surface of 7 yum? is considered, then the respective contact
resistance, in the case of Ag, would be R, = 518.6 (). For example, a device with a
capacitance of 7.8 fF (for a 7 ym? and 100-nm-thick collector) would have a v_z4p
related to the RC pole of around 38.5 GHz. Values of p, in the order of 107 Qcm?
cannot be accepted for high-speed PDs. A possible way to decrease the specific

contact resistance is to anneal the contacts, however diffusion could dramatically
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Fig. 2.8: Example of TLM measurements for the case of Mo.

Table 2.2: Specific contact resistances for the different metallizations studied.

Metal stack Thickness (nm) p. (Qcm?®) Type

Al 300 9.6-10° ohmic
Ag 300 3.6-107° ohmic
Mo/Pt/Au 50/40/240 9.3-107%  ohmic
Pt/Au 10/300 5.3:1077  ohmic
Ti/Pt/Au 20/40/600  9.2:10~7 ohmic

affect the properties of the active region underneath the anode contact and to ruin
the abrupt interface and its optical properties. Pt and Ti are the only materials
that present good electrical properties. However, their optical properties are not
remarkable to be used as mirrors, particularly due to the optical absorption and
consequent heating. In fact, a reflectance value at the interface Pt/InGaAs of 39.3%
was already calculated in Tab. 2.1. This value is definetely too low for thin active
regions (around 10% absorption for a 100-nm-thick region) because the majority of
the optical power will be absorbed in the metal contact for back-side configurations
(nearly 50% in this case). Thus, a new design needs to be found in order to avoid a

strong heating of the device.
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2.2 An alternative contact design for front-side

illuminated configurations

In this section, a semi-transparent contact that provides low specific contact resis-
tance, low absorption and thermal stability will be presented. This type of contact
has a strong advantage in terms of illumination due to its front-side configuration.
In fact, the alignment between the laser source and the device is much easier with
respect to back or edge-side configurations. Even though, the response in this con-
figuration can be lower than the one exploiting a reflection at the top-contact, it is
possible by using diffraction orders to achieve high responsivities without heating
up the device. Last but not least, this semi-transparent contact can be employed in

resonant (Fabry-Pérot) configurations to increase further the responsivity.

2.2.1 Optical properties of sub-wavelength apertures

In recent years great attention from the scientific community has been spent to study
and manipulate the properties of objects with features much smaller than their op-
eration wavelength at which they work. The main reason is that new properties
appear compared to the well-known ones of systems large compared to the wave-
length. In particular, it has been experimentally demonstrated in 1998 by Ebbesen
and co-workers that a periodic array of sub-wavelength apertures can transmit more
than the unity close to the diffraction, once normalized to the aperture size, leading
to the so-called extraordinary transmission (ET) phenomenon [23]. This result was
not expected from previous electromagnetic (EM) theories of diffraction [24]. This
discovery brought to new theoretical and computational approaches [25, 26, 27, 28].
Furthermore, several geometries of sub-wavelength arrays of apertures and particle-
like shapes have found applications in sensors, photovoltaic cells, sub-wavelength
optics, microscopy, bio-photonics ete. [29, 30, 31].

Arrays of apertures in a perfect electric conductor (PEC) sheet can have theo-
retical transmissions of 100% for suitable wavelength-depending dimensions. Even
though PEC is an approximation, metals like Ag or Au behave quite similarly near
optical frequencies. This aspect is crucial because it permits to employ array-based
contacts achieving high transmission (low absorption) without being obliged to use

a thin metal layer avoiding the light exponential decay in it. The design of the
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contact that will be presented in what follows has been done by considering firstly
a quasi-analytical approach, the coupled-mode method (CMM), to obtain initial re-
sults for the design optimization [27]. Then, by using a software based on a finite
element method (FEM), COMSOL Multiphysics, complementary results have been
obtained for the final design.

LI

AT

Fig. 2.9: Different mechanisms to increase the optical absorption by scattering and
consequent increased optical path (a), by resonance excitation of nanoparticles (b)
and by excitation of SPPs at the metal/dielectric interface (c) [31].

2.2.1.1 Theoretical treatment with the coupled-mode method

A technique to treat the optical properties of arrays constituted by sub-wavelength
apertures is the coupled-mode method (CMM) [27]. CMM is based on the expansion
of the EM fields in eigenvalues for each region of the composite structure with the
boundary conditions related to the matching of the electric and magnetic fields at
the input and output interfaces. In homogenous regions the field is expanded in
plane waves identified by wavevector k and polarization o, while in the apertures
in terms of waveguide modes. This approach can be applied to a wide range of
structures as the one depicted in Fig. 2.10 under the condition that the impedance
of the metal Z, = 1/1/exr(w) (within the CGS system) is high enough to consider
valid surface impedance boundary conditions (SIBCs) [32]. In what follows the
single-mode approximation will be introduced which accounts only for one mode
(labelled with a subscript 0) propagating in the aperture. Such an approximation
is particularly valid for wavelengths close to the periodic lattice period [32]. Under

this condition, it can be demonstrated that the following system of equations holds

(Goo — S0)E — GYE =1, (2.6)
(Goo — S0)E —GYE =0 (2.7)
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Fig. 2.10: Example of a structure that can be treated within the coupled-mode
method. The parameters indicated are associated with Eqs. 2.6 and 2.7.

where Gyy and GE)O are called propagators and represent the coupling between the
scattering of the waveguide mode in itself at the interface with medium 1 and 3,
respectively (see Fig. 2.11). E and E' represent the modal amplitudes of the
electric fields associated to the waveguide mode at the interface with medium 1 and
3, respectively. I is the illumination term which describes the coupling between
the impinging plane wave identified by the parallel component kg of its wavevector
and polarization state o and the waveguide mode in the aperture. G§ and X, are
associated with the coupling of the electric fields and the reflection contributions
at the two sides of the aperture, respectively. This set of equations is sufficient to
obtain the electric field everywhere once known the modal amplitudes F and E'.
This issue is the reason for which CMM is more efficient in terms of other approaches
like multipoles calculations or the transfer matrix method [32].

In Fig. 2.11 are reported the different scattering processes at the two interfaces
1-2 and 2-3. In the next, the quantities without a capital letter refer to the elec-
tric field magnitudes. At the first interface the impinging plane wave (k,,,00) is
partially reflected (p%”) and partially transmitted into the waveguide mode of the
aperture (732). In the aperture the wave propagates with wavevector gy (coinciding
with the vacuum one for normal incidence) for a distance h (e'®") and then gets

partially reflected back into the waveguide mode (p**) and partially transmitted as
3

Nea

a propagating plane wave into free space (723 ). The reflected wave at the interface

2-3 propagates back in the hole (e’") up to the interface 2-1 where it is partially
reflected back (p*') and partially transmitted (7;"). This process of bouncing back
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Fig. 2.11: Schematic representation of the different processes and associated pa-
rameters.

and forth is analogous to a classical Fabry-Pérot cavity. The sum of all the infinite
scattering contributions at the interface 2-3 gives the transmission coefficient t , as
the sum of a geometrical series

12 iqoh-23
To e T,

ko = 1 — pl2p23e2iaoh (2.8)

For the reflection coefficient, due to the asimmetry in the illumination of the struc-

ture the zero-order coefficient 7¢ 4, is given by

12 2iqgoh 23 ,.-21
Ty € P TO,U

70,00 = Tko,00 + 1 — p12p23621‘q0h (29)
while the general coefficient 1, with k # 0 is given by
12,2iqoh 23,21
The = — P Tko (2.10)

1 — pl2p2e2iaoh

In order to find the total transmittance T and reflectance R, we need to sum the
contributions of the different plane waves (diffraction orders) accounting for their

polarization state
pr pr
T=> Y teol R =Y V" i, (2.11)
k,o k,o

where the sum runs over polarization states ¢ and plane waves with parallel com-

ponent k = ko + Kgr with kg the parallel component (to the surface) of the initial
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impinging plane wave k,, and Kg a wavevector of the reciprocal lattice. Y}f’” is the

admittance of the plane wave in medium 3 with Y, = k. /k, for s-polarization (TE

1/3
modes) and Ylljg = €1/3ky/ k. for p-polarization (TM modes) where k,, = 27/)\¢ and
k.= \/€e1/3k? — |k|?. pr means that the sum runs only over the propagating modes

for which k, is not imaginary.

Even though this approach permits to treat general apertures, the focus will be
on a specific problem consisting of an array of slits over a substrate as represented
in Fig. 2.12. The reason is that an array of slits can be designed and fabricated
with a certain degree of freedom and can achieve a high transmission under normal
incidence for p-polarized light (see Fig. 2.12) with a covered surface that can be as
high as 50% (in the considered case) of the total illuminated one. In the case studied
the impinging electric field is perpendicular to the slits with parallel component
(along x-axis), kg, equal to zero (p-polarized). Some approximations can be used in

this case to treat more easily the problem [32]:

1. Only the TMyo mode of the slit (TEM mode) is considered in the propagation
which is valid for wavelengths close to the diffraction (single-mode approxima-

tion).
2. The substrate is lossless and infinitely thick.
3. The metal grid is treated as a PEC.

The choice of the last approximation will be explained later on. For simplicity the
subscript 0 will be removed for the single-mode approximation. The coefficients in
Eq. 2.8 can be related to those in Eqgs. 2.6 and 2.7 by matching the electric fields

at the two interfaces. The coefficients 7'* and 723 are given by

F12 ! 723 2i (k|0)
G+i ' * G +i

(2.12)
where I = 2iY}? (ko|0) with (ko|0) the overlap integral (with the Dirac notation)

between kg and the fundamental mode TMg. The generical overlap integral (k|a)

has to be evaluated in the following way
(kla) = /dr (k|r) (r|a) (2.13)

62

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Fabio Pavanello, Lille 1, 2013

2.2 — An alternative contact design for front-side illuminated configurations

Fig. 2.12: Geometry for the contact with plane wave impinging normally to the
array. The slits are infinitely long in y direction and periodic in x direction. The
substrate extends to z — —oc.

where (k|r) and (r|«a) are the plane wave (k| and waveguide mode (a| wavevectors
evaluated in the real space. In the case of slit apertures and single-mode approxi-

mation (o = 0) the overlap integral is equal to

_ [asinka/2
(k|0) = \/;—ka/Q (2.14)

where a and p are the slit aperture’s width and the lattice period, respectively (see

Fig. 2.12). The propagator G is given by
G=iy" (Ylk’p> (0] k)| (2.15)
k

where G’ has an equivalent expression with Y3k’p instead of Ylk’p . The coefficients

p*? and p?® are given by

_ __G - 2.16
a+i'’ G +i (2.16)
Finally, the coefficient rg, », is given by [27]
(1 —2a/p)+G
Tko,00 = ( /p) (217)

1+ G
The quantities ¥y and Gy of Egs. 2.6 and 2.7 are already taken into consideration
in the transmission coefficient expression (Eq. 2.8). In Fig. 2.13 is plotted the
total transmittance of an array of slits within the PEC approximation for different

values of the thickness h of the slits. This graph has been used to firstly check
that the model was implemented correctly (see Fig. 15 of ref. [32]). It can be
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observed that maxima appears close to the diffraction limit (A = p) achieving 100%
of transmission. In this case the total transmittance consists of diffraction orders

0 and £1 (below A = p). Minima are related to the divergence of the admittance

YS?{) in the propagator G = G’ for the condition k, = 1/ k2 — |k|> = 0. The channel
related to the thickness of the slits couples to the one of the coherent diffraction
and, depending on h, can provide different features in the frequency spectrum as
reported in Fig. 2.13. This is strictly correlated to the Fabry-Pérot resonances
within the slits according to the divergence of the transmission coefficient in Eq. 2.8
for |p'2| = |p*| =el®©l* and, for h > p, related to the condition cosk,h = +1 [32].
The PEC approximation (point 4)) could be removed by considering an artificial
larger size of the apertures/slits associated to the penetration depth ¢ of the electric
field into the metal (§ = 22 nm for Au at 1.55 pum). The main change in the
formulation is related to the propagator G where the previous condition k, = 0
is substituted by k., + k,Zs = 0. This condition is formally equivalent to that
one for surface plasmons propagation on a flat metal surface within the SIBCs

approximation.

2.2.2 Design of the top-contact

Different parameters have to be taken into consideration, even for simple structures
such as a 1D array of slits. Furthermore, it is worth to notice that the conceived
structure has to be also feasible from a fabrication point of view. This issue adds
some constraints on the freedom degrees related to the thickness of the strips and
their aperture’s width. In what follows a good compromise will be presented between

the different design parameters.

2.2.2.1 Electromagnetic aspects

The geometry has been chosen to maximize the absorption in the semiconductor
and to minimize that one in the contact without penalizing the responsivity, but
providing a large enough surface to have a low contact resistance. It consists of a 1D
array of slit apertures that, for the final device, will be short-circuited at one end in
order to collect the carriers. A Pt/Au metal sequence can be used for the strips. The
Pt layer (50 nm) acts as barrier for Au diffusion and decreases the specific contact

resistance as already discussed before, while the Au layer lowers the series resistance
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Fig. 2.13: Total transmittance under normal incidence of a 1D array of slits with
aperture a = 0.2p and different thicknesses h as a function of the normalized wave-
length in the PEC approximation with no substrate. Curves are shifted vertically
by 41 for clarity.

and behaves similarly to a perfect metal at infrared frequencies. For this reason
the treatment will be done within the PEC approximation. The results will be
compared with a commercial software (COMSOL Multiphysics) based on the finite
element method (FEM) [33]. The software will be employed also to evaluate with
precision some aspects that cannot be treated by CMM like different types of metals
forming the strip metallization, power loss density in the underneath layer (active
region) for non-perfect metals and finite size of the contact. All these aspects are
secondaries for the design as it will be shown later on. Moreover, they may confuse
at the beginning due to the already complex physics of the system. This is the
principal reason for which in the first part of the analysis only CMM is used.

The first thing to be considered is that the Ing53Gag47As underneath layer (in-

finitely thick as approximation) presents a refractive index n = 3.55 —i0.12 different
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from one. Here, the imaginary part of the permittivity will be not included due to
its negligible value compared to the real part for transmittance calculation. The
imaginary part will be considered for the calculation of the electromagnetic power
dissipated in the structure later on. The high permittivity of the substrate is a
fundamental aspect because it allows to excite different surface waves (PEC approx-
imation) or surface plasmon (SIBCs approximation) orders, while avoiding reflection
of propagative diffraction orders at the interface air/array. The condition to satisfy
is to have a lattice period p smaller than the impinging vacuum wavelength Ay of
illumination. The reason is that the first orders of diffraction in air appear at A\g = p,
while in the semiconductor at A\ = \g/n = p, thus it is preferable to find a vacuum

wavelength in the range [p, p-n].

Two ways which could be used to realize high aspect-ratio slits with sub-pm
dimensions consist in focused ion beam (FIB) and e-beam lithography techniques.
However, as it will be shown in the next chapter, the FIB technique is not suitable
for UTC-PDs because it damages the epitaxial layers. Thus, in what follows, the
constraints associated with the e-beam lithography technique will be taken into

account for the design.

In Figs. 2.14, 2.15, 2.16 and 2.17 are reported the transmittances for different
slit widths a as a function of the lattice period p and the thickness h calculated with
CMM. The range for p starts for all the graphs at the value a for which no grid is
present over the semiconductor surface and the transmittance calculated through
the Fresnel formula is 68.6%. The upper limit at 1.5 pm is to avoid diffraction as
already said previously. The range for h starts at 0 which means an infinitely thin
grid and finishes at 1 ym. The upper limit is related to the fact that problems
associated to the resist deposition like inhomogeneous covering during subsequent
steps of UTC-PD fabrication may appear for thick grids. Even though resist thick-
ness may be increased to few um, problems can arise during some fabrication steps
(i.e. air-bridge) as it will be discussed in more details in the next chapter. Designs
that present red regions can be argued as the best choices, but not all of them
are technologically feasible. In fact, for small apertures (Fig. 2.14) h should be at
least 300 nm. This means to have resist patterns with an aspect-ratio of 450/50
= 9 (taking into account a factor 1.5 between the resist thickness and the metal
one) which is extremely difficult to achieve in practice. The reason can be found by

considering Fig. 2.18 which depicts the best configuration to achieve high-quality
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Fig. 2.14: Total transmittance at A = 1.55 um of a 1D array of slits with aperture
a = 50 nm as a function of A and p.
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Fig. 2.15: Total transmittance at A = 1.55 um of a 1D array of slits with aperture
a = 200 nm as a function of h and p.
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Transmittance (slit aperture a=500 nm)

1.000

0.8856
0.7712
0.6569
0.5425
0.4281
0.3138
0.1994
0.0850

Period p (um)

0'5 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
0.0 0.1 02 03 04 0.5 0.6 0.7 0.8 09 1.0
Thickness h (um)

Fig. 2.16: Total transmittance at A = 1.55 um of a 1D array of slits with aperture
a = 500 nm as a function of h and p.
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Fig. 2.17: Total transmittance at A = 1.55 um of a 1D array of slits with aperture
a = 700 nm as a function of h and p.
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metal strips. In this case the width w of the strips is almost constant all along
their thickness ho. This can be achieved only by having h; > hy due to the possi-
bility of having a suitable profile as already discussed above. However, during the
development of the exposed resist (after e-beam lithography) the solution tends to
etch the resist2 (see Fig. 2.18) that was not intentionally exposed. The reasons is
mainly the retro-diffusion of electrons during e-beam lithography. This aspect is
critical for small and repetitive patterns when thicker resists are used due to longer
times of development. The result is that a; becomes much smaller than a, with the
potential consequence of pattern mechanical instability. For an aperture a = 200
nm (Fig. 2.15) the same problem appears again, but the aspect-ratio is reduced to
around 2.25 (same criterion as before). However, using design parameters of p = 1
pm, h = 300 nm and @ = 500 nm seems to be the best solution because a transmit-
tance close to 1 (see Fig. 2.16) can be achieved with an aspect-ratio of 0.9 which
is reasonable for the fabrication of high-quality strips as it will be confirmed and
shown in the next chapter. Another feature of this set of parameters is that the
degree of tolerance is larger than for the other ones as it can be observed by the
extension of the red regions around the optimal choices. Finally, in Fig. 2.17 it
can be noticed that the maximal transmittance value shifts towards larger periods
i.e. 1.1-1.2 um and achieves only 83% at p = 1 ym and A = 300 nm. Thus, there
is no advantage in using such a large aperture as the period has to be increased
too, but for a given finite size condition this means a lower number of slits and less
transmission as it will be explained better below. From this analysis the optimal
parameters that have been chosen are w = 500 nm, p = 1 ym and A = 300 nm (see
Fig. 2.16). These dimensions are compatible with photomixing at 1.55 ym. Finally,
recalling the results on the specific contact resistance for Pt, p. = 5.3 - 1077 Qcm?,
the chosen ratio a/p gives half of the surface covered and a contact resistance of a
few Q for a 3-um-side device which is reasonable for high-speed PDs. The series
squared resistance (related to the bulky strips) of the contact is negligible due to
the thickness of the strips, in fact a simple calculation of its resistance (considering
a 300-nm-thick Au layer) using an Au bulk resistivity of p4, = 2.46-107% Qm leads

to an equivalent sheet resistance Rn = 0.16 €.
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Fig. 2.18: Example of a good compromise between the period p, the strips’ width
w and the thickness hy for the resist pattern parameters aq, as and hq.

2.2.2.2 Comparison with a finite element method

In order to develop a more accurate and precise model of the real contact, a com-
parison has been firstly established between the quasi-analytical results of Fig. 2.16
and the computational results obtained by COMSOL Multiphysics. The 2D model,

reported in Fig. 2.19, consists in:

e Periodic ports at a distance of 1.5 vacuum wavelengths from the interface

air/array and array/semiconductor, respectively.

e Periodic boundary conditions normally to the array on the left and right sides
of the unit cell.

e Quasi-PEC approximation achieved by inserting a large extinction coefficient

k = 10® and a real refractive index n = 0 (for technical reasons of the software).
e Mapped mesh with maximal element size of 20 nm.
e Plane wave excitation with a nominal optical power of 1 W.
e Diffraction orders computed automatically.

In Fig. 2.20(a) are reported the transmittances of an array of slits with the
optimal parameters of the previous section (see Fig. 2.16) as a function of the
wavelength. It is worth to notice that only half of the power is transmitted into

the zero order of diffraction, while the other half is shared between the 41 orders.
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Fig. 2.19: Schematic of the model implemented in COMSOL Multiphysics to
calculate the transmission of the grid contact. The impinging electric field is parallel
to the x-axis.

Even though the second order m = 2 could be excited for A < pn/m =1-3.55/2 =
1.775 pm, the overlapping integral ({(47/p|0)) is zero for a/p = 0.5 regardless of the
wavelength (see Eq. 2.14). The deeps are associated to the diffraction condition
as already discussed before. A total transmittance of 96% can be achieved at 1.55
pm. As it can be observed in Fig. 2.20(b), the results agree well with those of
Fig. 2.20(a).

pum close to the 96% previously calculated. However, in the region between the two

In particular, a transmittance value of 91.3% is achieved at 1.55

diffraction minima (A = p=1 pgm and A = pn/3 = 1.18 um), the transmittance curve
obtained by simulation is above the quasi-analytical one. Such a problem is not really
important due to the fact that the range of interest is located at larger wavelengths
in which the curves agree pretty well and over a large range of wavelengths (useful
for fabrication tolerances). Finally, it can be noticed that a slight difference is
present between the theoretical and the simulated curves. The physical reason is
related to £2 diffraction orders which are present at A = pn/2 = 1.775 pm in the
quasi-PEC condition (see Eq. 2.15). However, the difference is quite low (< 2%
at 1.775 pum) and does not constitute a problem for the results at 1.55 pym. The
overall good agreement over almost all the frequency range, especially far from the
diffraction makes trustful the next results and, in particular, the settings chosen for

the simulations. In Fig. 2.21 are shown the x-component and the y-component of
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Fig. 2.20: Transmittance of the different orders as a function of the wavelength for
an array with parameters w = 0.5 nm, p = 1 pym and h = 300 nm calculated with
CMM (a) and with COMSOL (b) for a PEC and quasi-PEC approximations. The
curves for the sum of the +1%¢ diffraction orders and for the total transmittance are
shifted by +1 for clarity.

the electric field, E, and E, respectively for the simulation of Fig. 2.20(b). Here,
it is interesting to observe two main features peculiar of sub-wavelength apertures.
Firstly, E, is higher within the apertures with respect to the impinging plane wave
field and, after few wavelengths far from the apertures, the electric field achieves
once again a plane wave-like distribution. Secondly, F, shows the typical dipole-
like behavior close to the strip surface indicating that surface waves (SPPs cannot
propagate in the PEC approximation) are present.

The next step towards a more realistic model deals with the removal of the
PEC approximation. Firstly, a 300-nm-thick Au strip is considered with an Au
permittivity given by a Drude model

e=1——2 — (2.18)
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Fig. 2.21: Electric field x-component (left) and y-component (right) at 1.55 pm for
a fixed phase.

where w is the angular frequency, w, is the plasma angular frequency and w; is
the scattering angular frequency. In order to have a good approximation for the
optical properties of Au around 1.55 um, a solution consists to invert Eq. 2.18 and
to find the parameters w, and w, by requiring that the complex refractive index
at 1.55 pum corresponds to that one given in Tab. 2.1. This requirement gives
w, = 1.3737 - 10 rad/s and w, = 1.2081 - 10" rad/s. The model is then modified
to account for the penetration depth within the metal by using a boundary layers
meshing technique which consists in an automatic creation of a finer mesh around
the selected boundaries. In this case a gradual meshing can be used to model
better the rapid change of the electric field. Fig. 2.22 shows the mesh of a metal
strip with this technique starting with a 2-nm-thick layer at the boundary and then
gradually increasing the width of consecutive layers. In Fig. 2.23(a) is reported the
transmittance of the previous structure with a Drude model approximation for a 300-
nm-thick Au array. The overall shape of the curve is well-maintained with respect
to the case of the quasi-PEC approximation. A first difference is the diffraction at
A = pn/2 = 1.775 pm which is more evident due to the effective aperture’s width
(aesy) which does not coincide anymore with the physical aperture but it is roughly
540 nm instead of 500 nm. Mathematically, the reason of the larger difference at
the diffraction relates to the sinc function in the expression of the propagator (see
Eq. 2.15) which becomes different from zero. Another difference is related to the

value of the transmittance at 1.55 um which achieves 83%. This decrease is due to
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Fig. 2.23: Transmittance of the different orders as a function of the wavelength for

the model of Fig. 2.19 with parameters w = 0.5 nm, p = 1 ym and h = 300 nm
within the Drude model approximation for a 300-nm-thick Au array (a) and for a
50/250-nm-thick (Pt/Au) array (b). The curves for the sum of the +1% diffraction

orders and for the total transmittance are shifted by +1 for clarity.
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a red-shift of the maximum of the transmission (90.2%) to a wavelength of 1.8 pm.

The following step consists in investigating the effect of a composite Pt/Au
(50/250 nm) metal sequence on the transmission properties of the grid. Again Pt
is modeled with a Drude model in the same manner as before with parameters
wp, = 2.01-10'® rad/s and w, = 4.07 - 10" rad/s. In Fig. 2.23(b) it can be noticed
that the transmittance is still high at 1.55 pm (81%), while at longer wavelengths
it reduces for the £+ 1 diffraction orders compared to the solely Au contact (Fig.
2.23(a)) achieving a maximum at 1.8 pm of 82.2%. An intuitive explanation of
the reduction is related to the different penetration depth of the Pt compared to Au
which reduces further the transmission due to absorption and which leads to a larger
difference in the sinc function compared to Au justifing why the difference at 1.775
pm is more pronounced. Moreover, at longer wavelengths the difference between
the two penetration depths for Au and Pt is more important than at lower ones
(0 =1/(k - ko)), particularly in absolute terms once compared to a fixed aperture’s

width (smaller effective aperture).

The model is then modified to consider the case of a finite array by removing
the periodic boundary conditions. Periodic ports have been replaced with standard
ports (perfectly absorbing) always with plane-wave excitation and an input power
of 1 W. At each side of the structure, two type of regions are placed to avoid that
the scattered field is reflected back onto the device. The first type (dashed regions)
consists only of air (upper part) and LM-InGaAs with zero absorption (lower part),
while the second one are perfect matched layer (PML) regions which absorb within
few tens of nm the impinging field with theoretically no reflection (see Fig. 2.24).

Firstly, it has been studied the transmission as a function of the number of strips
in a quasi-PEC approximation. The electric field wavefront evolution can be seen
in Fig. 2.25 which shows E, for 9 strips. In Fig. 2.26 it can be observed that with
5 strips the transmittance reaches already high values (70%) and then it increases
further reaching the value of 87%, close to the previous value of 91.3% in a periodic
structure. This result is not really surprising as a similar behavior as been observed
before in literature like in the case of thin slits on glass to study ET phenomenon
[34]. However, in Ref. [34] the authors have found that 10 slits where sufficient to
consider the structure as infinite. Here the value found is closer to 8-9 and a possible
explanation can be the fact of having a substrate with a much higher permittivity

than the glass one on which the slits were fabricated. Secondly, the wavelength range,
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Fig. 2.24: Employed model to study the finite size effect within the previous geom-
etry.
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Fig. 2.25: Electric field x-component at 1.55 pum for 9 strips within the quasi-PEC
approximation for the model of Fig. 2.24.

the different properties of the Au strips and the different geometric dimensions could

influence also the dependence of the transmittance (see Fig. 2.27).

2.2.3 Inclusion of the epitaxial structure

The model is modified from the one of Fig. 2.24 to consider the epitaxial structure
of the UTC-PD, in particular the one processed in this thesis. This structure, that
will be presented in the next chapter, can be optically modeled with an equivalent
one reported in Tab. 2.3. Layer 1 represents the diffusion barrier and the anode
contact, layer 2 the active region, layer 3 the so-called spacer whose function will

be introduced in the next chapter and layer 4 the collector and substrate. Layers
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Transmittance
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Fig. 2.26: Transmittance as a function of the number of strips within the PEC
approximation at 1.55 ym. The dashed line indicates the value previously found in
the case of an infinite number.
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Fig. 2.27: Transmittance as a function of the number of slits for p-polarized light
at normal incidence (h = 300 nm, w = 250 nm, p = 500 nm), from Ref. [34].

1-2-3 are present only underneath the grid contact to account for the fabrication
process (mesa structure). The thickness of the InP substrate plus collector has been
chosen to 2.11 pum for having the same overall thickness as previously (1.5A = 2.32
pm). Metals (Pt and Au) are modeled with their complex refractive indices at
1.55 pm reported in Tab. 2.1. The most important quantities to compute are the
relative power absorbed in the active region and the one in the grid contact which

are directly correlated with the efficiency and the heating of the device.
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Table 2.3: Structure used to model optically the epitaxial layers of the UTC-PD
considered in this thesis.

No. layer Material Thickness (nm) Complex refractive index
1 InGaAs (transp.) 30 3.55

2 InGaAs (active) 150 3.55 +i0.12

3 InGaAs (transp.) 30 3.55

4 InP 2110 3.15

Regarding this electromagnetic model for the epitaxial layers the main approx-
imation is to have associated a fixed refractive index to the different layers. Such
approximation is pretty valid due to the very small relative change in refractive index
given for example by a gradual composition in the active region (a difference in the
real part of the refractive index of 0.1-0.2 can be found for the range of composition
from In = 0.46 to In = 0.60) [2, 5].

2.2.3.1 Absorption enhancement for higher efficiencies

The final objective is to evaluate the total EM power absorbed in the active region,
obtained by computing the integral of the EM power loss density PEY (W /m?) in
the active region. This quantity (correlated to the transmission) will give an approx-
imated value of the responsivity for the final device. Moreover, the calculation of the
dissipated power (in the same manner as before) in the contact will provide a useful
information regarding the heating of the device. The power loss density averaged
on a time period can be obtained by the conservation of the electromagnetic energy
and, in the case of a dielectric where the Joule effect can be neglected compared
to the absorption, no imaginary permeability and with an electric field at constant
amplitude or slowly varying compared to the time period of oscillation and angular

frequency wy, its expression is given by [35]
(P = wolme(wy) (E - E) (2.19)

where () means the time average over a period equal to 27/wy.

Firstly, the back-side illumination (with AR coating) for the model previously
introduced will be considered to evaluate exactly the advantage of using a nanos-
tructured contact. In particular, the Ti/Pt/Au (20/40/600 nm) contact employed
in the previous thesis is considered for comparison. The complex refractive index

for the Ti at 1.55 pm is reported in Tab. 2.1. The distribution of the power loss
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Table 2.4: Integrated power loss density normalized to the impinging power over
the contact surface and the active region (back-side configuration).

Metal sequence  Abs. layer thickness (nm) Metal contact abs. (%) Active region abs. (%)

Ti/Pt/Au 150 52.1 195
Pt/Au 150 46.0 20.6
Ti/Pt/Au 100 53.8 17.1

density is presented in Fig. 2.28. In this case, due to the simmetry of the structure,
PEC boundaries have been used instead of periodic boundary conditions, while the
output port of before as been used as input port (see Fig. 2.24). The previous
boundary layer meshing technique has been applied to all the interfaces to take into
account the penetration depth of the field. As it can be seen, a large part of the
optical power is lost within the Ti and Pt layers. The reason for this non-monotonic
distribution of PEM in some layers (differently from the straightforward application

of the Lambert-Beer law) is due to the multiple reflections at each interface. In

nsity (W/m?)

1amo(1)=1.55¢-6 freq(1)=1.934145;

Au layer

Pt layer «
Tilayer
InGaAs transp. -

InGaAs active reg. «

InGaAs transp. |

Substrate .

x10 v 5 7983x10°%

Fig. 2.28: Absorbed power density for a back-side configuration with the metal
sequence of the previous thesis. The Au and the substrate layers are only partially
reported.

Tab. 2.4 are reported the relative powers absorbed by the metal contact and by
the active region for two different metal sequences: Ti/Pt/Au (20/40/600 nm) and
Pt/Au (50/250 nm) and for an absorption region of 100 nm (previous thesis) and
150 nm (this work). It should be stressed that the power absorbed by the contact
is roughly half of the total impinging power, while in the best case (for Pt/Au) the

absorption in the active region is 20.6%.
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In Tab. 2.5 is reported the power loss relatively to the initial impinging power as a
function of the different number of strips for the contact. Even though the absorption
in the active region is slightly lower for 5, 6 and 7 strips compared to a back-side
illumination (150 nm), the power absorbed by the contact is definitely lower, less
than half even in the worst case. Particularly, an absorption for the contact of
17.8% is similar to the values that can be achieved in a back-side configuration by
the best metal choices like Ag or Au. Moreover, if the metal strips are completely
removed, then the power absorbed in the active region is only 9.3% and, by using
an antireflection (AR) coating at the interface, 12.9% due to the avoided Fresnel
reflection. This value is slightly different from the value calculated with the Lambert-
Beer relation 1 — e=%? = 13.6%. The reason is related to the InP layer underneath
the InGaAs one, in fact by substituting it with a transparent InGaAs layer the value
obtained for the absorbed power is 13.7%.

The use of such a contact can actually boost the absorption efficiency of UTC-
PDs thanks to the high transmittance, leaky surface modes absorption and diffrac-
tion due to an increased optical path. However, in this particular case the diffraction
intended in the far field region cannot fully explain the difference between the ab-
sorbed power with an AR coating (12.9%) and that one with 7 strips (17.0%). In
fact, considering the first diffraction orders with k& = 27/p then, the angle of diffrac-
tion with respect to the normal at the surface by simple trigonometry is only 26°
which brings to an optical path of 168 nm instead of 150 nm and a consequent
increase to 15.1%. Even though, this calculation is simplified as it does not take
into account the epitaxial layers, the actual geometry of the structure (i.e. the finite
size) and the fact that not all the power is distributed in higher diffraction orders,
it gives an upper limit which tells that another mechanism, i.e. near-field effects
due to leaky modes have to contribute [31, 36, 37]. Finally, a 10-nm-thick Ti-layer
has been considered in the structure, underneath the grid contact. The reason is
that this structure offers an interesting comparison from multiple aspects (optical,
electrical and thermal) with respect to the previous structure. In Fig. 2.29(a) and
(b) can be observed how the distribution of the power loss density changes with the
introduction of a Ti layer. Such a layer is strongly detrimental from an optical point
of view (roughly a factor 2). In particular, Tab. 2.6 reports the same quantities of
Tab. 2.5, but considering the Ti layer (which contributes to the absorption of the

metal contact).
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Fig. 2.29: Absorbed power density for the central strips of a Pt/Au (50/250 nm)
contact with 7 strips without (a) and with (b) a 10-nm-thick Ti layer.

Table 2.5: Integrated power loss density normalized to the impinging power over the
contact surface and the active region without Ti layer (front-side configuration).

No. strips  Metal contact absorption (%) Active region absorption (%)

3 12.4 10.6
4 15.2 13.2
) 18.2 16.6
6 17.5 16.8
7 17.8 17.0

Table 2.6: Integrated power loss density normalized to the impinging power over the
contact surface and the active region in the case of a 10-nm-thick T1i layer underneath
the grid contact (front-side configuration).

No. strips  Metal contact absorption (%) Active region absorption (%)

3 30.3 6.1
4 34.6 7.1
5 42.0 8.7
6 41.6 8.7
7 42.3 8.7

2.3 Conclusion

In this chapter it has been shown that a solution for back-side illuminated devices
is difficult to achieve if high optical powers and high-frequency operation are sought
due to the high specific contact resistance of the most reflecting metal choices over

InGaAs. This problem can be solved by exploiting a front-side configuration and a
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sub-wavelength-based contact. A theoretical study shows that such a contact has
several interesting features for high-power and high-frequency operation UTC-PDs
like low absorption, low resistance (series and contact ones) and high transmission.
Moreover, this contact presents a diffusion barrier in Pt and no back-side postpro-
cessing, better heat dissipation due to the absence of optical window and to the
strongly reduced absorption by the contact and an easier packaging. Furthermore,
such a contact has other advantages which will be discussed in the next chapter
regarding the ease of fabrication, especially for antenna integration. Finally, as al-
ready said, the technique to characterize on-wafer devices employing this type of

contact is much easier than for back-side or edge-side configurations.
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Chapter 3

On-wafer characterization of

photodiodes at THz frequencies

In this chapter the epitaxial design, the fabrication and the characterization of UTC-
PDs employing the nanostructured contact introduced earlier will be presented.
Different designs will be considered to confirm the computational results and to un-
derstand better their main limitations. A comparison with the previous structure in
terms of epitaxial design, fabrication process, experimental setup and performances

will be given throughout the chapter.

3.1 Design of the epitaxial structure

The epitaxial structure has been inspired by the previous one already realized by a
technique called molecular beam epitaxy (MBE) within the EPIPHY group at IEMN
[1]. The design has been validated through the software Nextnano+-+, already
introduced in the first chapter. In what follows the key features of MBE will be
reported for the growth of III-V semiconductors. The main characteristics and
changes of the UTC-PD structure will be underlined through a comparison in terms

of band diagram with the previous structure.
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3.1.1 Growth by molecular beam epitaxy

MBE is one of the main techniques to grow high-quality mono-crystalline compound
semiconductor layers at the atomic scale level (order of A). It is based on the con-
densation of materials at the surface of an opportunely heated crystalline substrate.
In solid-state MBE (SSMBE), source materials are high-purity solid elements con-
tained in effusion cells oriented towards the substrate. The sources are heated up to
a certain temperature necessary for their sublimation [2]. The key aspect of SSMBE
with respect to the other techniques is that it operates in ultra-high-vacuum (order
of 1078 Pa). The reason is that the mean free path (typical few meters) of the atoms
or molecules once evaporated is large enough to avoid any collision before arriving
on the substrate where, for suitable conditions, the atoms or molecules are adsorbed.
This process brings to an extremely low concentration of thermodynamical defects
and impurities, while monitoring in-situ and in real-time the quality of the growing
structure through techniques exploiting for example the diffraction of high energy
electrons [3]. These high-quality properties are achievable thanks to the possibil-
ity of having deposition rates as low as 1 atomic layer/s [2]. Another technique
widely used is the gas source MBE (GSMBE) where the sources are in a gas phase
(phosphine PHjs, arsine AsHj etc.) for V-elements like P, As and solid phase for
[IT-elements like Ga, In or Al. The gas molecules are then thermally cracked in a
specific section to obtain the V-elements which are made condensing on the sample’s
surface, while the Hy molecules are removed from the system [4]. The main advan-
tage of GSMBE over SSMBE is that the system for V-elements (generally consumed
faster than IlI-elements) insertion in the UHV chamber is regulated by valves. In
particular, there is no need of opening the UHV chamber if a V-element finishes,
thus increasing the operation time of the overall system. Moreover, through mass
flow controllers, it is possible to control precisely the deposition rate of a V-element
without depending on the remaining quantity of that element in an effusion cell as
may be the case of SSMBE. GSMBE has been used in this work for the epitaxial

layers growth.
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3.1.2 Principal characteristics of the structure

In the first chapter it has been shown that the UTC-PD structure presents multiple
epitaxial layers addressed to solve different issues. General considerations regard-
ing the substrate material or the working principles have been already discussed.
Here the focus will be more on aspects related to the epitaxy and to the different
constraints associated to the material properties. In Tab. 3.1 the structure of the
previous thesis is presented with its band diagram reported in Fig. 3.1(a), while
in Tab. 3.2 is presented the new structure with its band diagram reported in Fig.
3.1(b) [1]. Before analyzing the differences between the two structures, some con-
siderations are needed to better understand the role of the different epitaxial layers.

The first thing to notice is that the electrons created in the absorption region
(layer 3) find no barrier to diffuse/drift in the collector (layer 6). This is achieved
by employing a spacer (layer 4) removing the jump in CB from layer 3 to layer 6
due to a different value of £,. Such a spacer has a gradual composition to smooth
the jump. Its influence can be seen in Fig. 3.2(a) presenting the structure of Fig.
3.1(b) without the spacer. A doping plane (layer 5) is used to lower the CB profile
of the spacer as shown through the comparison with Fig. 3.2(b) by forcing the
Fermi level to align. Furthermore, it can be observed that electrons are efficiently
blocked by the diffusion barrier (layer 2) with a AE. = 0.11 eV. The structure is
plotted up to the n-type InGaAs cathode contact (layer 8) because then the ohmic
contact is deposited. The second sub-collector (layer 9) has the effect of decreasing
further the resistance of the thin InGaAs cathode contact. The etching stop layer is
placed underneath the sub-collector 2 in order to selectively stop the etching during
the isolation process for technological reasons. The absorption region presents a
gradual composition to establish a quasi-electric field as already explained in the
first chapter. Due to strains in the structure, there is a practical limitation between
the two extreme compositions at the borders of the absorption region. In particular,
an energy difference of around 0.14 eV can be achieved in CB by changing the
content of In from 0.46 to 0.6 and, consequently, the one of Ga.

First of all, the thickness of the absorption region has been changed from 100 nm
to 150 nm to increase the efficiency due to the different illumination. This means
that an equivalent electric field of roughly 14 kV /cm in the previous structure and 9.3
kV/cm in the new one accelerates the electrons during device operation in the low-

injection regime. Another difference lies in the anode and cathode contacts (layer
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1 and 8), which are 10-nm-thick instead of 50 nm and they present a composition
of Ing4GaggAs instead of Ing53Gag47As to avoid absorption at 1.55 um by having
an B, = 0.84 eV as reported in Tab. 3.1 and in the band diagram of Fig. 3.1(a).
Regarding the choice of the doping elements, no change has been done with respect
to the previous structure. For the p-type and n-type dopings, Be and Si have been
used due to their well-known behavior for this kind of heteroepitaxial structures.
For what concerns their concentrations, the p-type doping of the anode contact has
been increased from 8-10' to 1-10%° cm ™3 to decrease the specific contact resistance.
In terms of response speed, the only difference lies in the lower drift/diffusion
time compared to the previous structure which is estimated as 7, = W, /vy = 0.32
ps instead of 7, = 0.14 ps (see subsection 1.2.2.1). In this case the approximation
vg >> vy, can be used as vy = 4.7 - 107 cm/s (evaluated by calculating AE, = 140
meV from Fig. 3.2 and a mobility of 5000 cm?*V~!s7!) and vy, = 1- 107 cm/s [5].
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Table 3.1: UTC-PD epitaxy used in the previous thesis (identification number:
G060304) [1]

No. Layer Material Thickness (nm) Doping (cm™3)  Comments

1 Anode contact Ing 53Gag.a7As 50 p = 810" (Be) -

2 Diffusion barrier  Algg75Ing.53Gag 395As 20 p =510 (Be) E, = 0.845¢eV

3 Absorption region Ing 47Gag s3As 100 p = 1-10'® (Be) Gradual

Ing.g0Gag.goAs alloy

4  Spacer Ing.g0Gag.aoAs 10 p = 1-10'% (Be) Gradual
A10,235In0,53Gao,235As 20 nid alloy

5  Doping plane InP 7 n = 1-10'® (Si) -

6 Collector InP 100 nid -

7 Sub-collector 1 InP 50 n = 2-10% (Si) -

8  Cathode contact Ing 53GagarAs 60 n = 2101 (Si) -

9  Sub-collector 2 InP 300 n = 3-10% (Si) -

10  Etching stop Ing 53GagarAs 20 n = 3-10% (Si) -

11  Buffer InP 17.5 nid -

12 Substrate InP - Semi-Insulating -

Table 3.2: UTC-PD epitaxy processed during this work (identification number:

G120501).

No. Layer Material Thickness (nm) Doping (cm™>) Comments

1 Anode contact Ing.4GaggAs 10 p = 1:10% (Be) , = 0.84 eV

2 Diffusion barrier  Algg75Ing53Gagsg5As 20 p =510" (Be) E,=0.845¢eV

3 Absorption region Ing 47Gag.53As 150 p = 1-10'® (Be) Gradual

In0,60GaO'40As alloy

4 Spacer Ing.60GagaoAs 10 p = 1-10'8 (Be) Gradual
A10A235II10'53G&0'235AS 20 nid alloy

5  Doping plane InP 7 n = 1-10'8 (Si) -

6  Collector InP 100 nid -

7 Sub-collector 1 InP 50 n = 3-10% (Si) -

8  Cathode contact Ing 4GaggAs 10 n = 3-10' (Si) -

9  Sub-collector 2 InP 300 n = 3-10%° (Si) -

10  Etching stop Ing 4GaggAs 20 n = 3101 (Si) -

11  Buffer InP 17.5 nid -

12 Substrate InP - Semi-Insulating Orientation (100)

© 2014 Tous droits réservés.
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Fig. 3.1: Band diagram of the structures of Tab. 3.1 (a) and Tab. 3.2 (b). Ohmic
contacts have been applied in the abscissa range: (-10,0);(417,427) nm (a) and (-
10,0):(377,387) nm (b).
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Fig. 3.2: Band diagram of the structure of Tab. 3.2 without spacer and doping plane
(layer 4 and 5) (a) and without doping plane (layer 5) (b). Ohmic contacts have
been applied in the abscissa ranges: (-10,0);(340,350) nm (a) and (-10,0);(370,380)
nm (b).
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3.2 Fabrication of uni-travelling carrier photodi-

odes

In this work, the fabrication of UTC-PDs has been based on the patterning of the
sample’s surface by e-beam lithography. In what follows the principal steps, reported
schematically in Fig. 3.3, will be illustrated underlining the most crucial parts of
the fabrication.

O Metal
O L1-2-34

(a) = ] L5-6-7
0 LS8
] L9-10-11
B LI12

I
Top-contact deposition
1 1
(b) ()
—

Mesa etching Cathode deposition

1 [

Isolation CPW/Air bridge
deposition

Fig. 3.3: Schematic diagram of the fabrication process. L refers to the layers
reported in Tab. 3.2. The black lines at step (e) represent the air-bridge that
electrically connects the anode and the cathode contact with the coplanar waveguide
(CPW) transmission lines.

3.2.1 High-aspect ratio slits

One of the main ways to fabricate arrays of slits with ym and sub-pm dimensions

is by a focused ion beam (FIB) technique. Such a technique relies on the physical
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etching of a material through an accelerated ion beam. The main advantage of
this tool for this kind of structures is the possibility to achieve high aspect-ratio
and to obtain highly precise and abrupt profiles. It has been already successfully
used to fabricate samples for studying the ET phenomenon at sub-pum wavelengths
in the case of arrays of slits [6]. However, the principal disadvantage comes from
the high ion beam etching rate of III-V semiconductors, in particular higher than
for Au. In fact, in order to study only the transmission properties of an array of
slits, glass is not a major problem as substrate material (see Fig. 3.4). The etching
rate by FIB technique of glass is much lower compared to III-V semiconductors
permitting to have a higher tolerance in the effective etching time. Some tests have
been carried on over an InP substrate with a 300-nm-thick Au layer deposited by
e-beam evaporation to investigate the possibility of employing such a technique.
From Fig. 3.5 it is clear that a problem of homogeneity appears at the sample metal
surface. This problem can be solved by etching the sample for a longer time in
order to completely remove the metal from the slits. However, due to the fact that
some metal regions have been already etched completely, the added time spent on
them will lead to an etching time for the semiconductor, in particular for the active
region in the case of a UTC-PD structure. These considerations associated to the
fact that the etching of each device has to be done separately due to the intrinsic
operation of the FIB technique, are the reasons for which only e-beam lithography
has been investigated for the design of the contact, in particular taking into account

its limitations for high aspect-ratios slits.

The fabrication has been done under the supervision of Dr. Mohammed Zak-
noune belonging to the group ANODE at IEMN. Different geometries of contacts
have been considered to understand experimentally the influence of the various el-
ements like the strip’s width and the contact resistance. In Tab. 3.3 are reported
the characteristics of the contacts with their associated reference. This reference,
followed by the side width of the contact, will be used in the characterization sec-
tion to distinguish each of them. The technological steps consist in the deposition of
Ti/Au (20/100 nm) markers, of a 10-nm-thick Ti layer (only for some devices) and of
the Pt/Au anode contact (50/250 nm) (see Fig. 3.3(a)). Markers are necessary for
the alignment of the different layers during the fabrication process. The technique
for depositing metal patterns has been already discussed in subsection 2.1.2.1 and
described in Fig. 2.6. Due to the fact that the Ti layer (10 nm) is not thick enough
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Fig. 3.4: Array of slits fabricated by a FIB technique starting from a 400-nm-thick
Au layer thermally deposited over a 1-mm-thick glass substrate. Parameters are p
= 750 nm and w = 250 nm, from Ref. [6].

Fig. 3.5: Example of a test carried on at IEMN by Dr. David Troadec to investigate
the FIB technique for the fabrication of arrays of slits.
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Table 3.3: Different geometries of top-contacts studied.

Ref. Strip width/period (um) Covered Area Ti layer

A 0.5/1 50% No
B 0.5/1 50% Yes
C 0.3/1.45 21% No
D 0.3/1 30% No
E 0.3/1 30% Yes

to be used as a marker layer, the markers have been deposited alone as the first
layer. The thin Ti layer is a square pattern (side length corresponding to the strip’s
length of the grid contact) which is present only for B and E type devices (see Fig.
3.3) underneath the Pt/Au grid contact. Some difficulties have been encountered
during the fabrication due to the high-aspect ratio of the strips. Their widths are
wy = 300 or wy = 500 nm with a thickness A = 300 nm for all the designs as already
discussed for optical reasons in the previous chapter. The necessary high quality
for the strips has obliged to some preliminary tests by changing parameters of the
e-beam writing such as the dose, the current and/or the correction file to take into
account the geometry, apart from having tried different resists combinations. The
results of these tests are reported in Fig. 3.6 showing the bi-layered resist profile

before (a) and after metallization and consequent lift-off process (b).

(®)

Metal strips

Fig. 3.6: SEM images of the process for strips fabrication with width w;. In Fig.
3.6(a) is reported the resist pattern before metal deposition and in Fig. 3.6(b) the
metal strips after lift-off. Moreover, Fig. 3.6(b) shows also the following step of
mesa definition explained in the next subsection.
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3.2.2 Definition of the mesa

The second major step consists in the so-called “mesa definition” which means,
with reference to Tab. 3.2, the etching of the epitaxial structure (layers 1 to 7)
up to the cathode contact (layer 8) (see Fig. 3.3(b)). The wet etching process
for InGaAs (Hy0:HyO9:H3PO, with ratios 40:5:1) has been already explained in
subsection 2.1.2.1 (see Fig. 2.6). For what concerns the selective etching of InP the
solution used consists of HC1/H3PO, in ratio 1:4. This solution is well-known and
presents an etching rate varying with the percentage of HCI (here roughly 1 gm/min)
[1]. In Fig. 3.6(b) the etching profile is clearly evident for the different materials
(no distinction can be seen between the quaternaries and InGaAs). No etching stop
layer is needed at this point due to the respective solution selectivities. The smallest
etched feature is a mesa of 2 pm in diameter for contacting the device through an
air-bridge. This contact region can be seen better in Fig. 3.7(a) where the etching
reveals also the InP crystalline planes at 45° with respect to the contact side. In
order to reduce the capacitance of the device due to this added circular region,
the resist protected only the active region (where the grid is), while the remaining
one was protected by the metal to benefit from the under-etching decreasing the
added capacitance. However, it has been observed that the resist had a worst
adherence to the metal compared to the semiconductor. This difference translated
in an etching of the active region due to the penetrated solution with degradation
of the device’s characteristics, in particular of the responsivity. Fortunately, this
problem was observed only on some devices and a mapping of the sample has been

carried on to identify the damaged devices.

3.2.3 Cathode contact and isolation

After mesa definition, the fabrication proceeds with the deposition of a Ti/Pt/Au
cathode ohmic contact (see Fig. 3.3(c)). This step (analogous to the markers de-
position) does not present any difficulty due to the large size (tens of pum) of the
patterns. After the contact deposition, the device is electrically isolated from the
others by wet-etching (through the same solutions as before), with reference to Tab.
3.2, layers 8 to 11 (see Figs. 3.3(d) and 3.8(a)). The etching is stopped when the
sample presents the semi-insulating (S.I.) substrate’s surface (no more current is

measured between test pads by I-V measurements). This means that transmission
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Ti layer

Contact region

InGaAs

Fig. 3.7: SEM images of the etching process. (a) shows the contact region and the
peculiar etching profile of InP. (b) shows the etching of the active region related to
the penetration of the solution.

lines can be deposited without risking of short-circuits due to a non-negligible con-
ductivity of the surface. Due to the considerable thickness of the InP subcollector 2
(300 nm) and to the fact that the buffer and the substrate are both in InP, an etch-
ing stop-layer is present to avoid that the etching process creates a step in height
too large, relative to the anode contact (see the air-bridge contact region in Fig.
3.8(b)), for the air-bridge fabrication.

Fig. 3.8: SEM images of an A6 type device before air-bridge connection (a) and of
an E6 type device after air-bridge connection (b).
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3.2.4 Transmission lines and air-bridge interconnection

In order to perform on-wafer measurements, coplanar waveguides (CPW) trans-
mission lines are used. They present an impedance of 50 €2 at the device point
calculated through a 3D full-wave electromagnetic solver based on a finite integra-
tion technique, CST Microwave Studio [7]. The CPW is linearly tapered to keep
the impedance almost constant, while having a geometry suitable for measurements
with ground-signal-ground (GSG) probes with a pitch of 125 and 50 pm. Ti/Au
(100/400 nm) CPWs are deposited with the standard process (like for the markers)
without any difficulty due to their large dimensions (several um). After that, the
air-bridge process starts with the creation of a resist support for the air-bridge. This
step is reported in Fig. 3.9(a) which shows the resist pattern (PMGI-SF11) with
the openings on the cathode and anode ohmic contacts and on the CPW conductors

as supports for the air-bridge.

j / (b)
Air-bridge

CPW underneath patterned resist

4

Anode contact 4 \

Support resist

10 pm :
————- Cathode contact

Fig. 3.9: SEM images of the air-bridge process. (a) shows the resist support (PMGI-
SF11) after its re-flowing. (b) shows the resist profile (MMA/PMMA) and the resist
support (mono-layer underneath) before the metallization of the air-bridge.

After definition of the support, the resist is made re-flowing on the walls of the
apertures (by a short baking) to avoid sharp angles that could damage the bridge
during the next steps. The resist used as support is chosen to be selective with the
developper solution used for the above resist to pattern the bridge. In this way,
the support is not damaged during the development of the above bi-layered resist
(MMA/PMMA) as it can be observed in Fig. 3.9(b). At the end, a Ti/Au (200/600
nm) layer is deposited for the air-bridge fabrication (see Fig. 3.3(e)). An example of
a completed device is reported in Fig. 3.10 with the dimensions of the CPW lines.
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There are a few main differences in the fabrication with respect to the previous
Ph.D thesis [1]. Firstly, the top-contact is semi-transparent instead of being a cir-
cularly thick Ti/Pt/Au (20/40/600 nm) metallization (see Fig. 3.11). The reason
is related to the back-side illumination in the previous case as already explained
before. Secondly, due to the on-wafer measurements, no antenna is required to test

the devices. This aspect has two important consequences:

e The fabrication process is much easier as it does not require a 3D antenna like
the TEM horn antenna developed in the previous work and reported in Fig.
3.11 (planar antennas are not practically useful for back-side configuration
due to the illumination setup/optical path which would coincide with the RF
radiating field path) [1]. However, with CPWs the measurements are possible
only up to 325 GHz due to the availability of suitable probes.

e The number of devices on a wafer is extremely higher due to the absence of
the antenna (the TEM horn antenna occupied around 6 mm?, while the CPW

lines here 0.06 mm?).

The previous two points underline the possibility to test many more devices and to
perform multiple changes on the geometries, structures, metallizations etc. obtaining
useful information for the final device. Furthermore, the front-side configuration
allows to integrate classical planar antennas like the log-periodic or the spiral one
[8]. However, differently from a TEM horn antenna, an hyperhemispherical Si lens
is needed to improve the directivity of planar antennas reducing also the Fresnel

losses and avoiding substrate modes.
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GSG probes trace

20 um
—

Fig. 3.10: SEM images of a completed device integrated with CPW lines. (a) shows

the CPW geometry employed and the GSG probes trace after measurements. The
CPW lines dimensions are s; = 160 um, s = 128 pm for the 125-pum-pitch (53 pm
for the 50-pm-pitch), s3 = 12 pm and s, = 20 pm. (b) shows a close-up of an A6
type device.

20pm EHT = 10.00 KV Signal A = SE2 .
— Mag= 406X Signal B=InLens  Mixing = Off  Stage at T = 26.4 ° S}EHH—

Signal =0.7816 WD= 10 mm

Fig. 3.11: SEM images of a UTC-PD fabricated in the previous thesis. The UTC-
PD is connected with an air-bridge and monolithically integrated to a 3D TEM horn
antenna. The inset shows a close-up of a 2-pm-diameter device, from Ref. [1].

3.3 On-wafer characterization

In this section the results of the devices in terms of efficiency, frequency response
and total power generated are presented. The characterization has been done by
on-wafer measurements thanks to a bench for optoelectronic experiments developed
by Dr. G. Ducournau, Dr. E. Peytavit and Dr. J.-F. Lampin, all belonging to the
THz photonics group at IEMN led by Dr. J.-F. Lampin. The measurements have
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been performed jointly with Dr. G. Ducournau.

3.3.1 Experimental setup

The experimental setup, reported in Fig. 3.12, consists of an optical part to gen-
erate the beatnote, an optoelectronic part which is the device under test (DUT)
and an RF part where the generated RF power is detected. For what concerns the
optical part, there are two distributed feedback lasers (DFBs: 81642A Agilent ex-
ternal cavity lasers) to generate the beatnote followed by polarizer controllers based
on stress-induced birifrengence in order to have the same polarization for optimal
photomixing, an erbium doped fiber amplifier (EDFA) to increase the initial power
of DFBs (up to around 400-450 mW), another polarizer controller to adjust the
polarization of the electric field perpendicularly with respect to the slits, a 99/1%
coupler to monitor the laser frequencies with a wavemeter and to illuminate UTC-
PDs thanks to a lensed fiber with a minimum waist of 1.5 ym. In order to align
the fiber to the device, a camera with microscope objective was mounted at 45°
(compared to the sample plane) to image the sample, the fiber and the GSG probes
(Probes Cascade Microtech GSG) (see Fig. 3.13). The UTC-PD (DUT) receives
the impinging optical beams at frequencies v; and 5 and generates the beatnote
at frequency vy — 1, that propagates in the CPW. Finally, the RF part concerns
the GSG probes (different probes have been used depending on the frequency band)
with integrated bias-T to apply a bias to the UTC-PD (without leading the RF
signal going in the bias circuit and the DC current going in the AC circuit) and to
measure the DC photocurrent with an amperometer. GSG probes are integrated
with coaxial or waveguide-type extenders depending on the frequency band in order
to connect the detector for the RF measurements. Two types of detector have been
used: a bolometer (438A + 8487A for 0.05-50 GHz or W8486A for 75 - 110 GHz
Agilent) for the measurements up to 110 GHz and a calorimeter (Erickson PM4),
illustrated in Fig. 3.15, for the measurements in WR 3.4 band (220-325 GHz). The

protocol for the measurements consisted in the following steps:
1. Searching the mapped device according to its position on the sample.
2. Tracing an I-V characteristic of the device to verify its diode-like behavior.

3. Aligning the lensed fiber to the device by optimizing the DC photocurrent.
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Fig. 3.12: Experimental setup employed for on-wafer characterization of UTC-PDs.

» 4
-«=— CPW probes

:

- [ ensed Tiber
2

Device
under test

Fig. 3.13: Screen microscope view showing the lensed fiber illuminating the DUT.

4. Rotating the polarization of the optical beam to find the maximum photocur-

rent.
5. Tracing I-V characteristics at different optical powers to check the linearity.
6. Measuring the RF power at different optical powers.

Further steps not carried on over all the devices were:

e Measuring the RF power and DC photocurrent at different bias voltages (in

some cases up to the device’s destruction).
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e Measuring the RF power at different optical powers (in some cases up to the

devices destruction).

No specific cooling system has been used throughout the measurements. The
sample was cooled thanks to the natural conduction of the metal chuck at RT
(substrate thickness 350 pm). The losses due to the fiber coupling and path from the
EDFA to the output of the fiber have been deduced equal to 4 dB from measurements
with a power meter. The measurements have been corrected for the losses of the
coaxial cable plus the probes and the bias-T (bolometer detection up to 50 GHz)
and for the GSG probes and the bias-T (bolometer/calorimeter detection above 75
GHz). The measurements are not corrected for the coupling between the output of
the fiber and the UTC-PD surface related to the Gaussian spot-size.

Fig. 3.14: Close-up of the GSG probes contacting the sample.

3.3.2 Results and analysis

In what follows the results for the fabricated UTC-PDs are reported. Due to the
large number of measurements, only some representative curves are reported even

though the extrapolated values for significant parameters are given in tables.
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Fig. 3.15: Experimental setup employed for on-wafer characterization of UTC-PDs
(220-325 GHz).

3.3.2.1 I-V characteristics

A Keithley multimeter served as amperometer to measure the DC photocurrent and
as generator to apply the bias voltage. In Figs. 3.16 and 3.17 are reported several
I-V characteristics in a dark condition for different types of UTC-PDs (see Tab. 3.3
for the references). From these measurements two parameters can be extracted: the
ideality factor n and the dark current /s of the PD. These parameters are evaluated
with no illumination for simplicity. Here, the theoretical I-V relation for a PD in the
absence of photocurrent (Eq. 1.1 with I, = 0 see subsection 1.1.1.1) is modified to
take into account the non-ideality of the junction (due to generation-recombination

processes in the depleted region and at the contact surface) and is given by

\%4

I = Ig(esT —1) (3.1)

The values for ) are obtained by taking the natural logarithm of the current and
then the derivative of the curve (by neglecting the factor -1 in Eq. 3.1) dI/dV =
q/(nkgT). A strong difference can be observed among devices with and without Ti
layer. In fact, for B type devices (with Ti layer) the values obtained for n are similar
to those in literature for PDs in InGaAs/InP and their characteristics are linear over
all the considered range (see Figs. 3.16(b) and 3.17(b)) [9]. On the contrary, for
devices without Ti layer the linearity at large bias voltages (above 0.3-0.4 V) is no
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more maintained and the values for n are quite different (up to 2.7). It can be noticed
also that for C type devices the values are the largest. This issue has been observed
also on other devices with same topologies. This effect which is related to the Ti
layer can be argued to be associated to a different distribution of the electric field
lines within the junction or to an increase of the recombinations at the surface (due
to the different contact topology). No effect of the contact resistance is thought to
be responsible for this difference (specific contact resistance p. = 5:1077 Qcm? from
TLM measurements which gives less than 3 Q for an A6 type device). Regarding
the dark current, I, is below 20-30 nA which is in agreement with previous values
reported for UTC-PDs [10].

3.3.2.2 P-I characteristics

[-V characteristics have been recorded for impinging powers (corrected by the 4
dB loss factor) of 6, 9, 12 and 15 dBm. The conversion dBm to mW is given by
P(mW) = 107(dBm)/10 Measurements of the photocurrent as a function of the opti-

cal power and the bias voltage provide the responsivity R = I,/ P, already defined
dl
av
ing, once evaluated at V}, to the intrinsic resistance R; introduced in the equivalent

in subsection 1.1.1.1, and the differential resistance from ry = ( )_1 correspond-
circuit model of Fig. 1.8 in subsection 1.1.2.

For what regards these quantities, some preliminary considerations are necessary
on the way UTC-PDs are illuminated. In fact, the complex electric field amplitude
of a Gaussian beam can be written under paraxial approximation (tan(f) =~ 6 with
0 the angle of incidence defined as the angle between the wavevector and the normal
to the interface) for the fundamental TEMg, mode as [11]

o2 2
E(’I’, Z) _ EO Wo e 32 —1kz—zkm+7,§(z) (32)

w(z)

with r and z the radial and axial coordinates, E, the amplitude of the electric field

at 7 = 0, w(z) the waist of the beam defined as the distance from the optical axis
at which the electric field amplitude falls to 1/e of its maximum value (wy is the
minimum waist at the focus), & is the wavevector modulus in the vacuum equal to
27/, R(z) is the radius of curvature of the wavefront at position z and ((z) is the

Gouy phase shift. A useful parameter to treat Gaussian beam propagation is the
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Fig. 3.16: I-V characteristics for A6, B6, C6 type devices in the range -2 V - 0.6 V
(a) and natural logarithm of the current to obtain the ideality factor (b).
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Fig. 3.17: I-V characteristics for A3, B3, C3 type devices in the range -2 V - 0.6 V
(a) and natural logarithm of the current to obtain the ideality factor (b).
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Fig. 3.18: Dark currents for an A6 and a B6 type devices.

Rayleigh range defined as
™ w02

This parameter represents in first approximation how fast a Gaussian beam diverges.

In our case, zg = 4.56 pum by using wy = 1.5 pm for the lensed fiber (value furnished
by the manufacturer). The dependence of the waist from the distance z can be then
written as [11]
2\ 2
w(z) = w1+ <g> (3.4)
At the minimum spot size (w(z) = wyp) the wavefront of the Gaussian beam is a
plane wave (R(0) = oco0). For increasing z the wavefronts become curved according

with the following expression

R(z) = » (1 + (%)2) (3.5)

During the measurements, it has been observed that a shift Az from the optimal
height 2z (associated to the 3-pum-side device) was necessary to achieve the maximal
photocurrent for the 4-um-side (Az = 2 pm) and for the 6-pm-side (Az = 4 pum)
device, measured thanks to a graduated differential micrometer screw. Such an
effect was present even under low optical powers and it has been attributed to the
anode contact’s optical properties. In Fig. 3.19 is represented in a schematic way
the effect of a defocusing on the wavefront. By taking the phase of Eq. 3.3 and

fixing the value of z, the only term that depends on the distance r from the optical
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Fig. 3.19: Schematic of the evolution of a Gaussian beam. The electric field vector
is no more perpendicular to the z-axis for a shift from its minimum waist position

(z=0).

axis is ¢; = kr?/2R(z). By calculating this term for Az = 2 um and ro = 2 ym and
for Az = 4 pm and ro = 3 um (see Fig. 3.19) using Eq. 3.5, it can be found that the
electric field vector has a phase delay with respect to the electric field vector in r = 0
of 37.5° in the case of a 4-um-side and of 113.2° in the case of a 6-pm-side. However,
from Eq. 3.3 it is evident that the spot size increases due to the defocusing. The
electric field will have a lower maximal value, but it will be spread over a larger
surface increasing ET and so the photocurrent due to a better uniformity of the
field. However, this phase delay will be a problem due to the coherent nature of
ET. Moreover, even though the phase of the electric field is not fully constant at
the plane of the device during the illumination, the impinging power is not affected
considerably by the defocusing. In fact, the angle obtained between the electric field
vector and its projection on the contact surface (calculated with Eq. 3.5 and simple
trigonometry) is of 9.3° for the 4-um-side and of 19.0° for the 6-um-side devices.
No further considerations will be done due to the complex way in which these two
aspects (no constant impinging power and no coherent diffraction) are related with
the trasmission in the grids. Finally, it is worth to notice that in the case of the
3-pm-side devices the real impinging power is roughly (by considering a circle and
not a square surface) 86% of the total amount at the end of the fiber accounting
for the waist of 1.5 um. However, the impinging powers are not corrected by this
factor because of the complex geometry of the surface as discussed above. From

these considerations, it is evident that the effective responsivity of the fabricated
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devices can be increased further in the case of devices with a larger surface than the
mode field diameter (2wy).

Current (mA)
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No illum.
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——9dBm
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LSr 337kohm T 15dBm 7]
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Fig. 3.20: I-V characteristic for a D3 type UTC-PD at different impinging optical
powers.

As it can be observed in Fig. 3.20, at high impinging powers the differential re-
sistance becomes lower. This means that the intrinsic resistance R; of the equivalent
circuit model (see Fig. 1.8) cannot be neglected anymore. This behavior results from
the increased carrier densities that lower the effective built-in barrier in a similar

way as the application of a direct bias voltage does in a p-n diode.
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Fig. 3.21: Optical power versus photocurrent for an A6 and B6 type UTC-PDs at
Vi, = -2 V. At high injected powers the linearity is not maintained anymore.

Another effect that has been observed under high optical powers during P-I

measurements at a fixed bias voltage V;, = —2 V is a deviation from the linearity
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relation between the photocurrent and the optical power. This aspect is thought
to be related to a decrease of the energy gap for the absorption region due to an
increase of the PD’s temperature [12]. In fact, a decrease of the energy gap for
the InGaAs layer leads to a higher absorption coefficient and a consequent higher
photocurrent. This effect was also observed to be reversible in agreement with this
explanation. At 135 mW and V,, = —2 V the A6 type UTC-PD was destroyed and
its I-V characteristic was that one of a short-circuit. This non-linear behavior has
been observed for all the devices subjected to high optical powers. The responsivity
values for the different devices, calculated at low photocurrents, are reported in
Tab. 3.4 with values obtained by applying the COMSOL model introduced in the
previous chapter. These results lead to the following conclusions regarding the

optical properties of the contact:

e The contact’s size and the geometry are important factors for the optical

absorption.

e The A6 type UTC-PD shows the highest responsivity as expected (to remem-
ber that it presents a covered surface of 50% compared with the 21% one of

C6 type UTC-PD), see Tab. 3.3.

e By decreasing the contact’s size the extraordinary transmission decreases as
seen by comparison of A4, C4 and D4 type UTC-PDs which show nearly the

same responsivity as expected.

e By further decreasing the contact’s size, the absorption results slightly higher
for the devices with a larger uncovered surface as seen by comparison of A3
and D3 type UTC-PDs.

e The Ti layer has the effect of decreasing by nearly a factor 2 the responsivity.

The effect is related to the classical absorption in the Ti layer.

e The D3 type UTC-PD presents the highest responsivity among 3-pm-side de-

vices.

e The calculated values with a plane wave approximation are pretty different

from the experimental ones. This can be related to an overestimation of the
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absorption coefficient (see C6 which has 21% of covered surface) and to re-
flections at the grid contact. Moreover, the computed values are obtained
considering the dimension parallel to the strips as infinite (2D model) which is
of course not the case in the devices. However, the ratio between the different
responsivities is well-maintained confirming that the calculations are able to

predict which contact will be more efficient.

It can be also remarked that these responsivities are higher than those obtained in
the previous thesis (45 mA /W and 29 mA /W for 4 and 3-pm-side devices). This can
be explained by the different illumination, by the fact that no AR coating was used
in the previous structures, by the enhancement of the optical absorption thanks to
the grid contact topology and by the thicker absorption region (150 nm instead of
100 nm).

Table 3.4: Experimental /theoretical responsivities and differential resistance for the
different geometries at V;, = -2 V and, for R;, P,,; = 15 dBm.

Ref. Resp (mA/W) Ry, (mA/W) R, (kQ)
A3/A4JAG  41/58/75  132/165/210 40/26/19
B3/B4/B6  26/33/38  76/89/101 116/85/60
C3/C4/C6  45/53/66  143/150/175 28/26/23
D3/D4/D6  46/62/66  133/149/206 30/24/25
E3/E4/E6  24/32/32 80/85/94  222/178/-

In Fig. 3.22(a) is shown the effect of V}, over a wide range of photocurrents for
an A6 type UTC-PD. It is interesting to notice that the previous hypothesis would
also explain the lower difference from the linearity for the curve at V, = —1V as the
achieved temperature is lower due to a lower Joule heating. Fig. 3.22(b) reports
the behavior of the photocurrent at low optical powers (21 dBm = 125.9 mW) as a
function of the bias voltage. For the lower curves (P,,; = 19 and 20.5 dBm) there is
no appreciable difference in the photocurrent for an increase of V;, up to 3 V. This is
due to the built-in electric field which is strong enough to allow the PD to operate
even without bias for low photocurrents. This is the main difference with respect to

photoconductors which instead have to be always biased for their correct operation.

Another interesting characteristic is the quadratic behavior of the RF power as a
function of the photocurrent (see Fig. 3.23 for B4 and C6 type devices). The reason

of lower quadratic coefficients, reported in the legend, than the theoretical ones of
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Fig. 3.22: Photocurrent as a function of the optical power and of the bias voltage.
(a) shows the photocurrent response for an A6 type UTC-PD at V, =-2 Vand -1V,
(b) shows the behavior of an E4 type UTC-PD for low optical powers in the range
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Fig. 3.23: RF power at 50 GHz as a function of the photocurrent for a B4 (quadratic

coefficient: 19.7 Q) and a C6 (quadratic coefficient: 15.3 2) type UTC-PDs at bias
voltages of -2 V.

25 Q (see Eq. 1.26 subsection 1.2.2.1) is due to the difference between [ﬁc and I;}lc.
In particular, for UTC-PDs with a larger size, the capacitance is higher and the

quadratic coefficient decreases faster due to the lower cut-off frequency. A second

issue to be noticed is that, even at high photocurrents (just before destruction),

the RF power follows almost perfectly a quadratic law. This may suggest that,

notwithstanding the deviation from the linearity of the photocurrent as a function

of the optical power, the RF power is not affected by it. This is equivalent to adfirm
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that the non-linear contribution to the photocurrent at high optical powers is a fast
contribution to the photocurrent (can be modulated at high frequencies). Moreover,
this would support the previous hypothesis regarding the change in the energy gap
of the absorption region. It is remarkable to observe that a power of 2.1 mW has
been achieved at 50 GHz with a photocurrent of 11.9 mA at an optical power of 141
mW.

Another aspect that has been investigated is the effect of the bias voltage at high
optical power on the RF power generated. Fig. 3.24 shows the enhancement of the
RF power generated at 300 GHz by a D3 type UTC-PD. In particular, the saturation
of the RF power can be achieved by gradually increasing the bias voltage keeping
constant the impinging optical power. An RF power of 394 uW at a photocurrent
of 12.7 mA has been achieved with an optical power of 200 mW by applying a
bias voltage of -1.5 V. A further increase to V,, = —1.65 V led to the destruction
of the device for a photocurrent of 12.9 mA after a short period of time (order of
a few seconds). It is interesting to calculate the optical and overall (optical plus
electrical) efficiencies of the device. The optical efficiency can be defined as the

P,
overall efficiency takes into account the power provided by the generator through

ratio between the R generated power to the optical power: 7,,: = PL;, while the

the bias voltage and can be defined as n,,; = Poft iFPez with Py = IV, Here,
Nopt = 2+ 1072 and 7,y = 1.8 - 1073. These values are comparable with the best
values found in literature for broadband UTC-PDs at 300 GHz [13, 14]. Moreover,
considering a surface of 9 + 1.8 = 10.8 um?, the current density at the junction is
Jjune = 118 kA/ cm?. However, the ohmic contact for a D3 type covers only 1.8 +
0.3-3-3 = 4.5 um? thus the current density at the contact is Joons = 284 kA /cm?.
In the previous thesis, the highest current densities achieved were 100 kA /cm? for
a 2-pm-diameter UTC-PD at V;, = —0.4 V and 85 kA/cm? for a 4-pym-diameter
UTC-PD at V, = —0.85 V [1]. In that case Jjune and Jeon coincided due to the
contact geometry (see Fig. 3.11). Here, J,o, is considerably higher and, due to the
low specific contact resistance for Pt and Ti over p-InGaAs, the failure because of
the electrical properties of the contact can be excluded. This is not so surprising,
in fact the product [5h - R gives less than 1 mW for a series resistance of a few
(2. A more interesting value is the one of Jj,,. which is only slightly higher than
the one found in the previous thesis. The reason may be related to the mechanism

of failure which is the junction breakdown due to the accumulated carriers at the

114

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Fabio Pavanello, Lille 1, 2013

3.3 — On-wafer characterization

interface absorbing/collector region which can induce fields higher than 500 kV /cm
(breakdown field for InP) [15]. This effect has been already addressed as one of the
possible causes of failure of PIN and UTC-PDs [15].

In Fig. 3.24 is shown the dynamic effect of the bias voltage over the RF power for
high optical powers. The saturation of the RF power and the consequent destruction
of the device suggest that the collector is the critical part of the device. However,
thermal aspects should have a non-negligible influence as observed by many groups,
especially on their RF characteristics [15, 16, 17]. In fact, the possibility of employing
high optical powers combined with high bias voltages has led to RF powers as high
as 400 uW at 300 GHz before the destruction of the device. It is interesting to
notice that this value of RF power coincides with the maximal one predicted by
Feiginov based on drift-diffusion simulations for a device with 13-um?-section at 300
GHz with V, = —1.5 V and absorption and collector regions of 98 and 282 nm,
respectively [5]. Moreover, the value obtained represents the highest power ever
measured in literature from a UTC-PD at 300 GHz in a broadband configuration.
However, the integration with an antenna may lead to lower powers depending on
the antenna radiation efficiency and impedance. The highest value reported in
a resonant configuration (1.2 mW at 300 GHz for two combined UTC-PDs) has
been achieved in 2012 at NTT laboratories by exploiting a A/4 transformer and
a microstrip-to-waveguide transition as already mentioned in the state-of-the-art
section [18].

In the previous work, an RF power of 1 W at 300 GHz for a 3-pm-side device
was obtained at a photocurrent of 1.26 mA and bias voltage of -0.35 V for an
impinging power of 43 mW and an RF power of 20 W at 300 GHz for a 4-um-side
device was obtained at a photocurrent of 5.6 mA and bias voltage of -0.7 V for an
impinging power of 120 mW [19]. However, due to the small number of available
UTC-PDs (related to the antenna integration which occupies a lot of space on the
sample), no measurements were done for the RF power under conditions close to
their failure. Thus it is not possible to make an absolute comparison of the RF
performances which strongly depends on several factors like the bias voltage, the

heating, the illumination or the technique of measure (on-wafer or free-space) [1].
At an optical power of 140 mW and bias voltage of -2 V, the B4-type UTC-PD

of Fig. 3.23 transformed within a few seconds in a short-circuit. Such a change

has been observed for all the devices that have been destroyed. The change in the
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Fig. 3.24: RF power as a function of the bias voltage for a D3 type UTC-PD at an

optical power of 200 mW.

device’s structure can be observed in the SEM images of Figs. 3.25 and 3.26. From

all the SEM images, it seems to be that the main concerned region is located almost

at the center, opposite to the strip that shorts the whole grid. This effect can be

explained by considering the symmetry of the contact along the plane parallel to the

strips, the effect of the perpendicular strip which reflects the E-field and the mesa

facets which may deteriorate faster due to defects with respect to internal regions.

Moreover, the region that starts to melt is likely correlated to the highest optical

field density.

Fig. 3.25: Example of an A6 (left) and a C6 (right) type devices after burnt-out.
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Fig. 3.26: Example of a B3 (left) and B4 (right) type devices after burnt-out.

3.3.2.3 P-v characteristics

One of the main characteristic of PDs for THz generation is their frequency response
as already widely discussed from a theoretical point of view in the first chapter. Fig.
3.27 report the P-v characteristic behavior for an A3, A4 and A6 type (a) and D3,
D4 and D6 type (b) devices. The RF powers reported in the range 5-110 GHz have

been calculated from the corresponding measurements by applying the following

n\’
fconv = ﬁ;h (36)
p

where I;}h and I;jh are the photocurrents measured in the J band and in the range

conversion factor

5-110 GHz for the original measurements, respectively. The conversion factor (in the
order of 4-5) takes into account the fact that the photocurrent has been increased
for the measurements with the calorimeter in the J band due to its sensitivity and
to the low generated power compared to previous measurements at lower frequency.
As expected due to the capacitance which is higher for 6-um-side devices the roll-
off happens first than for 4 and 3-um-side devices. The difference between 4 and
3-pum-side devices is much weaker due to the other poles which are equivalent (see
Tab. 3.5). In particular, it can be seen that in the range 30-100 GHz the situation
is quite different showing a roll-off of only 9 dB/dec for 4 and 3-pm-side devices and
of roughly 20 dB/dec for 6-um-side devices. While the latter is expected due to the
RC pole at around 78 GHz, the roll-off of 9 dB/dec is related to the fact that the RC
pole is not present at those frequencies (located above 160 GHz) and thus the roll-off
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Fig. 3.27: RF power as a function of the frequency. The values in the range 5-110
GHz have been scaled with the conversion factor f.n..

Table 3.5: Theoretical and experimental (cut-off) frequencies of the different poles
for 3,4 and 6-pm-side devices. For the collection region, a transit time of 1 ps has
been used (vs = 1-107 cm/s) and for the absorption region of 0.32 ps. Units are
GHz.

Cut-off Freq. 6-pm-side 4-pm-side 3-pm-side

VRC 78 161 265
Vg 498 498 498
Ut 443 443 443
V_34B 75 139 193
vl 65 70-75 65-70

—3dB

value extrapolated from the values in W band (75-110 GHz) is a combined effect of
the 3 poles which have a complessive theoretical cut-off frequencies (-3 dB) at higher
frequencies (139 and 193 GHz for 4 and 3-um-side devices, respectively). In fact in
Fig. 3.27(a) the roll-off at low frequencies can be even divided in an initial one of
15 dB/dec and an other at higher frequencies of 25 dB/dec. The oscillation of the
power seen in the W-band (75-110 GHz) is related to resonances within the probe
waveguide. In the J-Band (220-325 GHz) the behavior in terms of roll-off is similar
for all the devices (measured around 50-60 dB/dec). However, such a roll off is higher
than expected at those frequencies as it can be observed in Tab. 3.5 which presents
the frequency location of the theoretical and experimental cut-off frequencies. This
difference is clearer in Figs. 3.28 and 3.29 which compare the experimental data
for devices with and without a Ti layer and theoretical curves. The adding of a Ti

layer is shown to play no major role in the frequency response for any device size.

118

© 2014 Tous droits réservés.

doc.univ-lille1.fr



Thése de Fabio Pavanello, Lille 1, 2013

3.3 — On-wafer characterization

Regarding the difference between experimental and theoretical curves, a possible
explanation could be related to the onset of saturation effects for the measurements
in the J-band due to the fact that, in order to have a high sensitivity of the detector,
the photocurrent was increased above 4-5 mA. This issue may also explain the
discontinuity between the measurements in W and J bands. Moreover, it can be
also seen that a small difference in the values of the load resistance and capacitance
for a 3-pum-side device (see Fig. 3.29) from their theoretical ones of around 12 fF and
50 €2 can modify quite considerably the frequency response. The uncertainty in the
capacitance value is estimated within at least few fF (for 3-um-side devices) from
the nominal one due to under-etching and resist mask precision, while the series
resistance for smaller devices and the uncertainty in the load resistance can be up
to 10-20 €2 higher than the nominal one.

—— A6

100

100 ¢

RF Power (uW)
RF Power (W)

Frequency (GHz)

100

Frequency (GHz)

100

Fig. 3.28: RF power as a function of the frequency. The values in the range 5-110
GHz have been scaled with the conversion factor f.ou..

It can be noted also that the measurements in W band may look underestimated
compared to the theoretical curves. A possible reason for this disagreement could
be related to the GSG probe in W band which presents an imaginary part of the
impedance that has a non negligible effect for devices with lower capacitances. This
could explain why for 6-um-side devices this discontinuity is apparently absent.

Further measurements will be performed in the future to clarify these points.
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100 |

------ Theor. R=50Q,C=12{F
------ Theor. R=70Q, C =15 fF

RF Power (uW)

10

1 1
10 100
Frequency (GHz)

Fig. 3.29: RF power as a function of the frequency. The values in the range 5-110
GHz have been scaled with the conversion factor f.on..

3.4 Conclusions

Top-side illuminated UTC-PDs have been fabricated and measured by on-wafer
measurements. The devices have shown good performances in terms of responsivity
as well as generated RF powers. A non-linearity has been observed in the pho-
tocurrent as a function of the optical power. This effect has been attributed to a
heating of the PD which reduces the energy gap increasing the optical absorption
and the consequent photocurrent. The responsivities obtained by simulations are
larger than those effectively measured, however the ratio between different contact
topologies is in agreement with measured values. In particular, the calculations are
useful to estimate which contact topology is more suitable for high responsivities.
Before device destruction, RF powers as high as 2 mW at 50 GHz and 400 W at
300 GHz have been measured for a 6-pym-side and a 3-pm-side UTC-PDs with no
matching circuits. The value at 300 GHz represents the highest value ever obtained
without matching circuits by UTC-PDs. Moreover, state-of-the-art optical (2:1073)
and total (1.8-1073) efficiencies have been achieved at 300 GHz. This study has also
led to the validation of the concept of a sub-wavelength contact for increasing the
responsivity of UTC-PDs (to recall that resonant optical cavity configurations can
be implemented to increase further the total optical path length), while providing
a contact which is able to sustain high current densities (higher than 100 kA /cm?)

and work properly even at high frequency.
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Chapter 4

Metal mesh filters based on
sub-wavelength apertures for THz

applications

Dielectric losses at THz frequencies are one of the main problems for free-space
devices such as filters, metamaterials and plasmonic devices due to the high ab-
sorption coefficient of commonly employed dielectric materials. Recently, the cyclic
olefin copolymer (COC) has been proven suitable for a wide range of applications
like THz fibers, low-loss interconnects and waveguides, owing to to its remarkable
properties at THz frequencies. In what follows, it will be shown that such a material
is a valuable candidate for free-space devices through the realization of a high-pass,
low-loss, broadband mesh filter with cut-off frequency at 1 THz. This device is
suitable for integration in experiments concerning UTC-PDs for measuring properly

low powers at frequencies above 1.5-2 THz with incoherent detectors.

4.1 Cyclic olefin copolymer properties and related

THz applications

Here, the main properties of COC will be briefly illustrated. The focus will be
especially on its transmission properties in the THz region, in particular it will
be shown its superiority in terms of losses compared to the most commonly used

dielectrics. Finally, a few recent THz applications involving its use will be presented.
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4.1.1 Main properties of the cyclic olefin copolymer

The chemical structure of COC, known under the trade name of Topas®, consists of
linear and cyclic olefins which form the repeating structural unit of the copolymer
(see Fig. 4.1). This material presents many remarkable properties like an amor-
phous character, high transparency in the UV and visible, possibility to be molded
allowing a re-shaping of the material and chemical resistance [1, 2]. In contrast to
other polymers widely employed even in the THz region, this material is intrinsically
non-polar (no net localized charges in its structure which induce dipoles similarly to
the case of the water molecule) and it has a much lower absorption coefficient in the
THz region compared to the majority of polymers commonly used like polytetraflu-
oroethylene (Teflon®) or the polyimide (Kapton®). In fact, as it can be observed in
Fig. 4.2, the absorption coefficient of COC is lower than 3 cm™! over the whole THz
region (0.2 cm™! at 1 THz) and two orders of magnitude with respect to Teflon® or
Kapton® for certain frequencies. This feature allows potentially to fabricate devices
with broadband properties for several applications where THz waves are employed.

Furthermore, COC presents processing temperatures which are lower compared to

*H H,C—H,C HC—CH [—

Fig. 4.1: Repeating structural unit of COC consisting of linear and cyclic olefins.

other polymers like the benzocyclobutene (BCB) which has a low absorption coef-
ficient at 1 THz (o = 2 em™!), but requires a cure baking at 250°C [4, 5]. Such a
baking has been found to be detrimental for its mechanical properties due to dif-
ferent expansion coefficients between the dielectric film and the host substrate on
which BCB is spin-coated [6]. Moreover, during the hard-bake, potential oxigen
contamination may change strongly its optical properties [4]. Another advantage
of COC consists in the possibility of achieving films by spin-coating with a desired
thickness ranging from 3-4 pm to 40-50 pm by multiple layer deposition and using
COC resists with different dilutions. This feature gives more freedom compared to
polymers like polypropylene (o = 2.1 cm™! at 1 THz) in processes where the thick-

ness of the film is a crucial aspect of the design [7]. Generally, membranes obtained
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electrics widely used in THz applications, from Ref. [3].

Fig. 4.2: Optical properties of COC compared with Teflon and Kapton, both di-

commercially by other techniques (injection molding, compression molding, thermo-

forming etc.) with specific thicknesses (order of a few tens of ym) and no possibility

of deposition by spin-coating have a lower surface quality which can turn out to

be detrimental for achieving high pattern resolutions during processing. This issue

has been observed in the fabrication of metamaterials for THz frequencies based on

polypropylene membranes which shown defects grain-like of the size of 6-10 um as

reported in Fig. 4.3 [8]. Finally, differently from the case of materials like Teflon®

or polypropylene, metals have a much better adhesion on COC surfaces [9, 10].
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Fig. 4.3: Optical transmission micrograph of a 35-um-thick PP film, from Ref. [8].

4.1.2 THz applications employing the cyclic olefin copoly-

mer

Due to its remarkable properties in the THz region, COC has been already used to
fabricate low-loss THz fibers, reported in Fig. 4.4, achieving an absorption coefficient
a < 0.4 cm™!, low-loss interconnects based on thin film microstrip (see Fig. 4.5)
and grounded-CPW technology with an absorption coefficient o < 1.75 dB/mm up
to 220 GHz and directional couplers [2, 5, 11]. It has also a large potential in the
microfluidic field for biosensing applications due to its high hydrofobic behavior and

to the strong response of many biological substances at THz frequencies [12].

Fig. 4.4: A THz fiber in COC realized by a drawing tower. The inset shows the
micro-structure of the fiber with 250-pm-diameter drilled apertures, from Ref. [2].
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20 pm
—

Fig. 4.5: Thin film microstrip line realized on a 5.8-um-thick COC fabricated by
Dr. E. Peytavit (see Ref. [5]).

4.2 Broadband low-loss mesh filters for THz ap-

plications

In this section it will be firstly explained the interest of developing broadband highly
transparent filters at THz frequencies for photomixing experiments at RT. Then,
there will be presented some basics of metal mesh filters and the exploited design
with the major constraints which have to be taken into account. Finally, the fab-
rication and the transmission measurements from a few hundreds of GHz up to 10
THz by THz-TDS and synchrotron light characterization will be illustrated.

4.2.1 Motivations for broadband high-pass filters at THz

frequencies

One of the most serious limitations of THz sources based on photomixing is their low
generated powers above 2-2.5 THz, especially for broadband configurations (few tens
of nW) [13, 14, 15]. Powers at these frequencies are generally measured with Golay
cells and bolometers at RT or at cryogenic temperatures to increase the signal-to-
noise ratio. An important figure of merit for detectors is the noise-equivalent-power
(NEP), measured in W/Hz%® which is defined as the power needed to achieve
a signal-to-noise ratio equal to 1 after an integration time of half a second for a
bandpass of 1 Hz. While this value is quite low for state-of-the-art detectors at

cryogenic temperatures (from a few aW /Hz%5 to a few fW/Hz?®  commercial closer
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to 100 pW /Hz%%), detectors working at RT present NEP values which are definetely
larger (order of 100 pW/Hz%5 or higher) [16, 17, 18]. Even though, for a single
measurement the integration time may be of several seconds or minutes, for imaging
and fast spectroscopic applications shorter integration times and high sensitivity are
more suitable to avoid long scanning periods [19].

Two main advantages of photomixers are their intrinsic broadband character and
the RT operation as already widely discussed in the first chapter. These two features
are important for practical spectroscopic systems which should not need cryogenic
bulky systems. However, in order to have a good signal-to-noise ratio, powers to
be detected (which above a few THz are in the order of tens of nW or lower) do
not have to be reduced by any sort of passive component included in the detection
path, especially for powers close to the noise floor of the detector. Unfortunately, a
problem which arises in photomixing experiments is the generation of a background
noise coming from the photomixing of all the frequency components present in the
spectrum of the lasers due to the amplified spontaneous emission (ASE) effect in the
EDFA. Furthermore, as the efficiency of photomixers is higher at lower frequencies,
this contribution may not be negligible on the overall detected power, even though
the dynamic range of the laser power at the output of the EDFA is 30 or 40 dB. This
issue can be solved by placing a high-pass filter in front of the detector in order to
suppress the spurious contribution at lower frequencies. However, such a filter has
to be also broadband in order not to reduce the tunability of the photomixers and,
finally, it has to be highly transparent for what mentioned above regarding the NEP
of RT detectors (short integration times) and due to the noise floor of incoherent
detectors at THz frequencies like Golay cells (> 0.1-0.2 nW) or pyroelectric sensors
(> a few tens of nW) [19, 20, 21, 22, 23]. To fulfill these requirements a high-pass
metal mesh filter based on a thin COC film has been developed.

4.2.2 Basic concepts of mesh filters

Metal meshes have been used since 60’s in far-infrared optics, in particular for as-
tronomical applications. Since then, they have been used extensively as filters,
beam splitters and reflectors in different domains like imaging, sensing and detec-
tion [24, 25, 26]. Different types of filtering properties can be achieved depending

on the mesh pattern. The most common ones, reported in Fig. 4.6, are inductive

128

© 2014 Tous droits réservés. doc.univ-lille1.fr



These de Fabio Pavanello, Lille 1, 2013

4.2 — Broadband low-loss mesh filters for THz applications

(high-pass behavior) and capacitive (low-pass behavior) filters. These filters can be

described in a first approximation with an equivalent electric model. In Fig. 4.7

Inductive grid Capacitive grid

Metal Supporting film

[ o ®

L2 2C

— |
T = o’L%/(1+w’L?) T = 1/(1+w*C?)
R = 1/(1+w’L?) R = 0’C*/(1+0*C?)
Fig. 4.6: Design of inductive and capacitive mesh filters with their related equiva-
lent circuits and corresponding transmission (7') and reflection (R) functions. w is

the normalized angular frequency and the parameters C' and L are the normalized
capacitance and inductance values, respectively.

are plotted the transmittance and reflectance coefficients for an inductive grid with
L = 10. In this model there are no losses or diffraction effects. For complementary
capacitive grids, the transmittance and reflectance curves have to be exchanged due
to their complementary analytical form (Babinet’s principle) as reported in Fig. 4.6.
Here, it can be seen that in order to have a high-pass behavior, an inductive filter
has to be adopted. In this case, for wavelengths much larger than the period, the

mesh behaves like a metal sheet by strongly reflecting the impinging electric field.

4.2.3 Mesh filter design

The equivalent electric model introduced previously holds for thin substrates (if not
free-standing) compared to the wavelength, for thin mesh widths compared to their
thicknesses, far from the diffraction and, in a single element model, for perfect met-
als. The last two assumptions can be removed by inserting in the equivalent circuit
other elements to obtain an LC circuit and a resistor which can only approximately

model the diffraction and the non-zero penetration depth in metals. Moreover, the
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Fig. 4.7: Response of an inductive filter with the equivalent circuit model of Fig.

4.6 (L = 10).

main parameters of such a model have to be determined by fitting experimental
curves or through pre-compiled tables depending on the design. These aspects are
resumed in Fig. 4.8 which reports a first example of application of this equiva-
lent model to experimental transmittance results for a capacitive filter showing that
a single element model can work well only for low frequencies and that adding a
second element can improve the data fitting and take into account diffraction. A
more accurate model like CMM, introduced in the second chapter, could be used to
treat this type of structures. However, even though such an approach would provide
better results for the design, it still considers the substrate as infinitely thick. Unfor-
tunately, at THz frequencies and for substrates of a few tens of ym, the influence of
the finite thickness of the substrate can be non-negligible. Ultimately, modifications
of the main mesh design are not taken into account with the analytical and quasi-
analytical methods. For all these reasons, a 3D full-wave electromagnetic simulator

based on a finite integration technique (CST Microwave Studio) has been used [27].

4.2.3.1 Filter requirements

It is worth to remind that a squared-lattice mesh filter (inductive filter) can be

considered as an infinite array of coupled waveguides with propagation constant
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Fig. 4.8: Transmittance as a function of the normalized frequency (to the inverse of
the period) for a capacitive filter and data fitting with a single and double element
models, from Ref. [24].

given by [28]

a2

where k, is the wavevector in vacuum as already defined, a is the mesh aperture
given by the period length p minus the mesh width w and m, n is a couple of positive
integers starting from zero, excluded the couple (0,0). The above expression is the
classical formula for finding the propagation constants associated to the different
TE and TM modes in a squared waveguide. Another point to recall is that for a

free-standing periodic squared array, diffraction appears at wavelengths given by

These two basic considerations lead to the following conclusions to design a high-

transparency broadband filter:

1. Tt is necessary to work in the sub-wavelength regime (evanescent propagation

in the waveguide apertures).
2. The mesh width has to be as small as possible.
3. Free-standing (no substrate) structures are very difficult to be employed.

4. The substrate has to present low losses over a large band.
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Point 1. is related to the diffraction, in fact a lattice with aperture a = 150 ym would
give a real propagation constant for a frequency v > 1 THz, but it would also lead to
a first diffraction minimum close to 2 THz (assuming a negligible mesh width). Point
2. is related to point 1. because of the reflection at the metal surface which needs to
be reduced as much as possible. Point 3. is related to point 1. and point 2. due to
the evanescent character of the propagation and to the reflection at the surface which
does not allow, for high transmittances, to use a mesh with widths and, in particular,
thicknesses of several um. Free-standing meshes would not be mechanically stable
in the case of sub-pm dimensions for widths or thicknesses. Finally, point 4. is
essential to achieve a high transparency in the pass-band. In fact, in the THz region
is quite difficult to achieve a broadband high transparency transmission due to the
absorption coefficients of conventional substrates. Fig. 4.9 shows a first example
for capacitive (low-pass) filters with different polymide substrate thicknesses (lower
curves). Their transmittance spectra in the pass-band are strongly affected by the
optical properties of the polymide film (upper curves with 7' < 70%), particularly in
the 24-35 pm band where a 10-um-increase of the thickness changes drastically the
properties of the filters. In the conclusions of the article of Ref. 29, the authors of
the work suggested that another material with lower losses or a polymide thickness
of only 1-2 pum should be used as substrate. However, such a thickness would
result in a decrease of the mesh stability apart from limiting the design due to the
impossibility of embedding metal meshes with thicknesses of 1 um or higher. In
Fig. 4.10 are reported the transmittance spectra of a single-layer (measured) and a
triple-layer (measured and calculated) inductive filters. The meshes are embedded
in polyimide films with a 17-pum-separation between them for the triple-layer filter.
The authors of this work have decided to place the cut-off frequency far away from
the two absorption bands of polyimide at 15 and 30 um in order to avoid absorption
in the pass-band. Moreover, even though with a triple-layer filter the rejection ratio
can be improved as seen in Fig. 4.10, the transmittance value is strongly affected

and achieves a maximum value of only -5 dB (T < 31.6%).

4.2.3.2 Electromagnetic model

The model implemented in the electromagnetic solver is reported in Fig. 4.11.

Periodic boundary conditions have been applied in x and y directions. PMLs have
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i:Ponimide, 25 pum Polyimide, 35 ym
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Fig. 4.9: Upper curves are related to the transmission of 25-pum-thick (grey line) and
35-um-thick (black line) films of polyimide. Lower curves report the transmittance

spectra of two capacitive cross-shape meshes with a 25-pum-thick (grey line) and a
35-pum-thick (black line) films, from Ref. [29].
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Fig. 4.10: Transmittance spectra for a single-layer measured (dot line) and a triple-
layer measured (solid line) and calculated (dashed line) inductive mesh filters, from
Ref. [25].

been applied in z direction at a distance of A\./8 with A, the central wavelength of the
calculation range (A. = 60 um and frequency range 0 - 10 THz). Floquet’s modes
(which are the equivalent of Bloch waves in solid state physics) have been used at
the input and output ports to take into account the periodicity of the structure [30].
The metal has been modeled as a 300-nm-thick Au layer with a DC conductivity
and penetration depth of the electric field given by
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with op, = 4.07-10" S/m and the vacuum magnetic permeability oy = 47-1077
H/m. The COC substrate is modeled with an approximated Debye model [31]. The

Output plane (PML)

¢ Periodic
Boundaries

y

A

Input plane (PML)

Fig. 4.11: Design of the structure considered with tetrahedral mesh and periodic
boundaries (light blue transparent planes) in x and y directions and input/output
planes in z direction (red bordered).

model requires only the absorption coefficient (o« = 2 em™! at 9 THz) and the real
permittivity (e, = 2.32 at 9 THz) where 9 THz is the highest frequency at which
optical parameters for COC are available [3]. A fitting procedure is then applied to
the ordinary Debye model given by

€s — €x

(4.4)

€ lWw) =€ + ——
() 1+ 1w,
where 7, is the dielectric relaxation time, €, and €., are the static and high frequency
real permittivities and w is the angular frequency. The fitting procedure leads to
an approximation of the dielectric function for the range of frequencies considered.
Such an approximation holds because no resonances (which are usually modeled as

Lorentz oscillators) are present in the THz spectrum of the material (see Fig. 4.12).

The mesh employed is tetrahedral with a minimum number of mesh cells per
wavelength (with respect to the upper limit of the frequency range - 10 THz) of 8
and automatic mesh adaptation based on S-parameters. In Figs. 4.13(a) and (b) is
illustrated the effect of the mesh width and its thickness (parameters are contained
in Tab. 4.1 for the different simulations) on the zero order transmission. First of all,
it can be noticed that, as expected, the transmittance value increases by decreasing
either the width or the thickness of the mesh.
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Fig. 4.12: Relative permittivity obtained from the fit of a first order Debye model.
(a) shows the real permittivity part €., while (b) reports the imaginary one ;.

Due to the sub-wavelength mesh aperture and to its thickness, the rejection ratio
in the stop-band is not really high (13 dB/decade). However, a solution well-known
in literature to improve it consists in considering a stack of meshes as already seen in
Fig. 4.10 [24]. In order to demonstrate that such a possibility is feasible, single and
double-layered structures will be considered later. For what concerns the substrate,
its effect is to modulate the transmission, even though the modulation is not exactly
the one of a Fabry-Pérot cavity due to the fact that in the sub-wavelength regime the
field, after having passed through the apertures, scatters similarly to a spherical-like
wave and the thickness of the substrate (compared to the effective wavelength) is not
sufficient to recover a plane wave wavefront by overlapping of all the contributions.
In particular, optimum values have been found to achieve a cut-off (-3 dB) frequency
at around 1 THz and a broadband character for a bandwidth of 5 THz above 1.5
THz (transmittance higher than 75%). These parameters and the associated designs
(in scale) are reported in Tab. 4.2 and in Fig. 4.14. Their transmittance spectra are
reported in the analysis section with the experimental results. For the triple-layer
filter, the transmittance has been only calculated to show the further increase in the
rejection ratio.

Secondly, a strong minimum is observed at a wavelength close to 6.7 THz. This is
related to the diffraction mediated by the substrate. Moreover, the peak red-shifts by
reducing the width. This behavior is likely to be related to the condition to resonate
in the aperture which changes, in particular for smaller width the aperture is larger

and thus the resonance is at lower frequencies. On the contrary, a change in the
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Fig. 4.13: Filter transmittances for different mesh widths w (a) and thicknesses t,,
(b). All the other parameters are reported in Tab. 4.1.

Table 4.1: Parameters used for the simulation of Figs. 4.13(a) and (b) (units are
pm)

p w S tcoc lm
(a) 38 var. 2 13 031
(b) 38 05 2 13 var.

mesh thickness does not modify the frequency location of the minimum considerably.
Furthermore, a second peak appears evident only for certain choices of parameters.
This peak is related also to a resonance in the substrate, but its nature is more

complicated. Finally, at the diffraction (7.89 THz) the transmittance decreases and
other propagative orders appear.

= tCOCI

Fig. 4.14: Unit cells of the mesh-filters used for the simulations of the fabricated
filters. Figs. 4.14 (a) and (b) show the structures of the single-layer and double-layer

filters, respectively. The structures are in scale and their dimensions are reported
in Tab. 4.2.
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Table 4.2: Parameters used in the design of the single-layer, double-layer and triple-
layer (only simulated) filters with v_s4p at 1 THz (units are pm)

p w s tcocr ltcoc2 tcocs tm
Single 38 0.5 2 13 — — 0.31
Double 59 0.5 5 5 13 — 0.31
Triple 70 0.5 5 5 13 13 0.31

In Figs. 4.15, 4.16, 4.17 and 4.18 are reported the x,y and z-components ampli-
tudes and phases (x-component (a), y-component (b)) of the electric field for the
filter of Fig. 4.13(a) with w = 5 pm at the two minima values, 6.13 THz (a) and
6.83 THz (b), respectively. It can be noticed that at 6.13 THz, the x-component
has the major contribution and the resonant behavior looks like that one of a dipole
(see Fig. 4.18(a)). In this case the y-component of the electric field is not really
relevant in terms of magnitude compared to the x-component. Finally, it can be
also observed that the majority of the electric field loss is localized at the borders
of the strips on the y-direction (see x and z-components).

On the contrary, at 6.83 THz the main contribution of the electric field comes
from the y-component and the pattern which is obtained within the substrate is
related to surface waves propagating into it (see Fig. 4.18(b)). In this case, the
x-component has not a relevant interest, while the z-component is connected to the

concentration of the field at the borders of the strips, but this time on the x-direction.

4.2.4 Fabrication process

The fabrication process consists in six major steps. In Fig. 4.19 are schematically
reported each of these steps. The patterning process is done by e-beam lithogra-
phy due to the minimum dimension of the design (500 nm). However, it should
be mentioned that it may be developed also using deep-UV and immersion lithog-
raphy which permit to achieve resolutions of around 100-150 nm for cost effective

fabrication process.

4.2.4.1 High-definition metal meshes

First, an Al sacrificial layer is deposited over a 2 inches Si wafer by RF sputtering
(step a)). Then, COC (Grade T8007 mr-I T85-5.0 XP by micro resist technology) is
deposited by spin-coating on top of it (step b)). Initially, the parameters employed
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Fig. 4.15: Modulus of the electric field x-component from the simulation of Fig.
4.13(a) with w = 5 pm at 6.13 THz (first minimum) (a) and at 6.83 THz (second

minimum) (b).
= (b) ﬂ
A ~

Fig. 4.16: Modulus of the electric field y-component from the simulation of Fig.
4.13(a) with w = 5 pm at 6.13 THz (first minimum) (a) and at 6.83 THz (second
minimum) (b).
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Fig. 4.17: Modulus of the electric field z-component from the simulation of Fig.
4.13(a) with w = 5 pm at 6.13 THz (first minimum) (a) and at 6.83 THz (second
minimum) (b).

Fig. 4.18: Electric field from the simulation of Fig. 4.13(a) with w = 5 um at
6.13 THz (first minimum) x-component (a) and at 6.83 THz (second minimum)
y-component (b).
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Fig. 4.19: Main steps of the fabrication process for the mesh filters.

where those supplied by the manufacturer. The thickness of the layer has been
then controlled by reflectivity measurements (fitting an interference pattern) and,
for multiple layer deposition, by measuring the distance with an optical microscope
between different focal planes once the film was free-standing (after removal of the
sacrificial layer). This allows a measure of the thickness within around £0.5 pm.
The reason for which the reflectivity method was not applied is that, after multi-
ple depositions, the surface becomes slightly wavy and not perfectly homogeneous
preventing an accurate measure of the reflection at UV wavelengths. A bi-layer of
electronic resists is deposited to transfer the mesh pattern (step c)). The resists
are then patterned by e-beam lithography and developed in a solvent to remove the
exposed regions (step d)). A Cr/Au (10/300 nm) metallization is deposited by e-
beam evaporation and a lift-off process, already described in chapter 2, is employed
to remove the exceeding metal and remaining resist (step e)). Finally, a chemical

etching is necessary to remove the Al sacrificial layer obtaining the free-standing
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COC film with the mesh (step f)). Steps from b) to e) are repeated once again for a
double-layer filter before step f). As it can be seen in Fig. 4.20(a) this process leads
to high-quality metal patterns with sub-pum dimensions over large areas. To perform
the transmission measurements the 2-inches film has been glued to an annular metal

holder (see Fig. 4.20(b)) with an internal diameter of 2 cm. It is worth to notice

that throughout the process the film has remained flat.

RFET 14

-
—

Fig. 4.20: On the left, Fig. 4.20(a) reports an SEM image of the single-layer mesh
filter with parameters reported in Tab. 4.2. The inset reveals the high-definition of
the mesh with the nominal dimensions well-maintained. On the right, Fig. 4.20(b)
reports a photograph of the single-layer filter mounted onto an annular holder. COC
high transparency and sub-pm mesh wires width make the filter hardly visible.

4.2.4.2 Lift-off and metal adhesion problems

The first type of problems observed and reported in Fig. 4.21(a) is well-known in
the technology of devices with closed patterns. The main reason for the uncomplete
lift-off is that the solvent has a much greater difficulty to penetrate (in order to
etch the resist) compared to patterns which have at least one side which is opened.
Moreover, the large number of closed patterns/squares (order of 10*) obliges to
modify the standard lift-off process in order to avoid strongly reflecting defects.
This problem has been solved by using ultrasounds for a short period of time before
rincing the sample. A second issue connected to the lift-off is the possibility of
having patterns which remain stuck to the mesh surface (see Fig. 4.21(b)). Again
this problem has been solved by using ultrasounds and by placing the sample during
the whole duration of the lift-off with the mesh surface facing the bottom of the
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beaker. In this situation the patterns which leave the sample fall on the bottom of

the beaker by gravity obtaining almost perfectly clean surfaces. A second type of

Fig. 4.21: Optical micrographs of two encountered problems after the lift-off step.
(a) shows that the metal patterns to be removed may not leave completely the mesh
surface (w = 2 um). (b) shows that the patterns removed may get stuck at the
surface (w = 0.5 pm).

problems is related to the metal adhesion to the COC’s surface. In Fig. 4.22 are
reported the results of a test performed by spin-coating a diluted COC resist (500-
nm-thick) over a metal mesh. Due to the centrifugal force and to the high viscosity
of COC compared to other resists, the mesh may be not well-aligned anymore after
deposition (see Fig. 4.22(a)). This problem has been solved by employing a thin
layer of Cr (10 nm) which presents a much better adhesion compared to Au or Ti
(not reported in Fig. 4.22) and by inserting squared blocks at each mesh cross for
increased mechanical stability without any drawback on the EM response (see Fig.
4.22(b)).

4.2.5 Experimental setups

Here, two different techniques and related setups for characterizing samples at THz
frequencies will be presented. In particular, their working principles will be intro-

duced focusing in particular on their range of frequencies.
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Fig. 4.22: Example of problems related to the metal adhesion for a mesh with
dimensions w = 500 nm, p = 65 um and s = 5 um over a 13-pum-thick COC film
deposited on top of a sacrificial Al layer and a Si substrate. (a) and (b) are related
to Au (300 nm) and Cr/Au (10/300 nm) metal mesh patterns, respectively.

4.2.5.1 THz time-domain spectroscopy

The first technique used to characterize the filter transmission is THz-TDS. The
setup developed by Dr. Frédéric Garet at the University of Savoie, schematically
illustrated in Fig. 4.23, consists of 100 fs - 800 nm pulses coming from a Ti-Sapphire
laser pumped by an Ar ion laser with a repetition rate of 82 MHz. The laser signal
is separated by a beam splitter into two branches: one for the generation of the THz
signal and the other one for its detection. The signal addressed for the generation is
modulated with a chopper (whose reference is sent to a lock-in amplifier which tracks
the detected signal modulated at the chopper frequency v, = 1 kHz to improve the
signal-to-noise ratio) and then focused onto a photoconductor based on LT-GaAs
polarized at V, =9V (E = 15 kV/cm). The spectrum, resulting from the generation
of photo-carriers within the photoconductor, is radiated thanks to a dipole antenna
and collimated through a Si hyperhemispherical lens underneath the photoconduc-
tor’s substrate. The frequency range covered by the generated spectrum goes from
150-200 GHz up to 2.5-3 THz. The THz signal is collimated by parabolic mirrors
and then used to probe the sample in the confocal beam waist at mid-way between
the emitter and the detector. The signal which results from the interaction with
the sample is re-collected and focused onto an equivalent photoconductor integrated

with an antenna and a Si hyperhemispherical lens. The electric field is transfered
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to the electrodes of the photoconductor where the laser signal coming from the sec-
ond branch (for the detection) is used to sample the THz signal. The sampling is
based on the generation of photocarriers by the laser signal which are accelerated
thanks to the THz field applied at the electrodes (collected from the antenna) and,
by changing the path of the laser signal through a delay line, it is possible to cover
the whole THz signal time extension (maximum delay line time window: 167 ps
with steps of 0.98 fs). The electric field is then proportional to the derivative of
the photocurrent and thus, from its value, it is possible to obtain the value of the
electric field in the time domain [32]. By Fourier transforming the electric field,
information regarding the amplitude and the phase of each frequency component
can be obtained. Finally, a measure without the sample (see Fig. 4.24(a) and (b))
has to be used as reference (an iris is used to select a spot on the sample) to extract
quantitative information regarding the properties of the sample like the complex re-
fractive index or its thickness depending on the known parameters. Here, the focus
is only on the attenuation of each frequency component (amplitude information) for

which the following relation for the transmittance is used

Esample(y) 2

Eros () (4.5)

T(v) = '

where Egqmpie(v) and E,.¢(v) are the Fourier transforms of the recorded electric field
with and without sample. No preferential polarization has been considered due to

the symmetry of the filters and only normal incidence has been used.

4.2.5.2 Synchrotron light source

The second technique is based on the THz spectrum obtained from a particle electron
accelerator. The accelerator that has been used is the synchrotron Soleil in Paris (see
Fig. 4.27) [33]. The physical mechanism to obtain a broadband THz signal which
can be extracted at opportune places of the accelerator storage ring is based on the
fact that charged particles, if accelerated, emit radiation [34]. Bunches of electrons
are usually deviated by bending magnets (dipolar magnets) to let the electrons
following the ring path. However, these elements can be also tuned to provide a
radiation with a certain energy (to remember that a change in the velocity direction
corresponds to an acceleration) and a precise angle. Other elements that are used

to obtain synchrotron radiation are the so-called wigglers which consist of several
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Fig. 4.23: Schematic of the THz-TDS apparatus used to perform the transmission
measurements.
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Fig. 4.24: Reference photocurrent signal as a function of the time (a) and of the
frequency (b) at the photoconductor detection stage obtained by using an iris with
7 mm of internal diameter.

dipolar magnets arranged periodically. Wigglers deflect laterally the electrons which
generate as before radiation, but with different properties in terms of photon energy
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and intensity. The radiation coming out from the ring is then collected through a
complex optic system (filters) in order to be ultimately used to probe the samples.
The advantages of using a synchrotron source for probing at THz frequencies are
that the spectrum covered can be extremely broad (from a few hundreds GHz to
nearly one hundred THz) and that the intensity of the source is well higher. As an
example the available intensity at 3 THz is 5-10'3 photons/(s-0.1%BW) for the line
AILES where 0.1%BW at 3 THz means that the flux is measured over 3 GHz at a
central frequency of 3 THz, corresponding to a power of 80 nW in a bandwidth of
3 GHz around 3 THz than all other compact sources which are available and have
been presented in the first chapter. The transmittance is obtained using a Fourier
transform spectrometer from the ratio between the power measured by a bolometer

cooled down at 4.2 K with and without the sample.

Fig. 4.25: View of the synchrotron Soleil with its different lines and related bending
magnets to extract the radiation employed in the connected laboratories, from Ref.
[35].

4.2.6 Measurements and analysis

Measurements by THz-TDS and by synchrotron light are presented over two dif-
ferent decades (0.25 - 2.5 THz) and (1 - 10 THz), respectively and compared with
simulation results. The double-layer filter has been measured only by THz-TDS.
The measurements by THz-TDS have been performed by Dr. Frédéric Garet and
Ph.D student Mohan-Babu Kuppam, while the measurements by synchrotron light
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have been performed by Dr. Pascale Roy, director of the line AILES at Synchrotron
Soleil.

4.2.6.1 THz time-domain spectroscopy results

In Fig. 4.26 are reported the transmittance spectra recorded by THz-TDS of the
fabricated and/or calculated mesh filters. The calculations in this frequency range
agree pretty well with the experimental results. In particular Fig. 4.26(a) illustrates
the importance of achieving small mesh widths to reduce as much as possible the
reflection with a fixed period. A transmittance higher than 75% is achieved over 1
THz of bandwidth above 1.5 THz. The measured rejection ratio of 13 dB/decade
for w = 0.5 pm can be improved further as reported in Fig. 4.26(b) which show a
comparison between a single layer, a double layer and a triple-layer (only simula-

tions) filter. The rejection ratio increases to 15 dB/decade for a double-layer filter
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Fig. 4.26: Transmittance spectra of the fabricated filters in the range 0.25-2.5 THz.
(a) illustrates the critical role of the mesh width w in achieving high transmittance
values in the pass-band for a constant period and (b) illustrates that a multi-layered
filter can increase the rejection ratio in the stop-band, while still providing a high
transmittance above 1.5 THz.

and to 17 dB/decade for a triple-layer one. Moreover, by increasing the thickness
of the dielectric spacer (tcocass) the rejection ratio can be increased further. It is
worth to notice that the transparency is well-maintained above 1.5 THz thanks also
to the constructive interference within the substrate. If the rejection ratio is the
main objective of the filter requirements, a thicker mesh or thicker dielectric spacers

are necessary to be used in order to avoid cascading several elements [25].
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4.2.6.2 Synchrotron light results

In Fig. 4.27 are reported the measured (a) and calculated (b) linear transmittance
spectra with reference to Fig. 4.26(a) (single-layer filters). Several aspects need to
be noticed here. First, the transmittance is higher than 75% not only over 1 THz,
but over 5 THz of bandwidth as expected from calculations (see Fig. 4.13(a)). This
result has been possible thanks to the design, in particular the sub-wavelength aper-
tures, and to the high transparency of the substrate. Secondly a strong minimum
is observed in both cases of Fig. 4.27(a). This minimum is likely to be associated
to that one reported in Fig. 4.27(b). In fact, not only the spectral location is close
(200-300 GHz of difference), but it red-shifts according to a reduction of the mesh
width in agreement with the calculations. The difference in the measured and cal-
culated minimum at higher frequencies may be attributed to fabrication tolerances,
particularly regarding the thickness homogeneity and the flatness of the dielectric
film. A second minimum is also present at lower frequencies, at v = 6.27 and 6.38
THz for w = 0.5 and 2 pm, respectively. Such a minimum has been already observed
in previous simulations (see Fig. 4.13), but for different parameters. However, the
simulation does not show it clearly, even though it appears clearer increasing the
thickness or the mesh width as already discussed in the design section at almost the
correct frequency. This issue may be thus related to a question of discretization of
the structure. Even by strongly refining the mesh and changing other parameters
or models (like Drude model for the metal), it has not been possible to correctly
describe this resonance at lower frequency for the design parameters. However, in
the framework of the interest of a high-transparency broadband filter, this problem
has a secondary importance and no further investigation has been carried on.
Another interesting aspect regards the peak transmittance value. In fact, by
considering that the surface covered by the metal in the case of w = 2 um is 10%,
it can be observed that actually, close to the diffraction, the transmittance is 94%
thus achieving a value higher than the unity once normalized to the unit cell. This
is the ET phenomenon which has been already widely introduced in the second
chapter and which appears close to the diffraction as expected. For w = 2 pum, the
enhancement factor is 1.044 (0.94/0.90) which is quite low due to the large apertures

compared to the period.
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Fig. 4.27: Synchrotron Soleil measurements (a) and calculations (b) in the 1-10
THz range.

4.3 Conclusions

In conclusion, it has been shown that COC is a potential candidate for the next
generation of free-space devices based on low-loss dielectric materials. In particular,
a processing technique based on e-beam lithography has been demonstrated starting
from films obtained by spin-coating of a commercial resist. The process permits to
achieve sub-pm pattern definitions and to fabricate 2.5D structures with multiple
layers. Moreover, the low quantities required of Au (52 ug for a single-layer filter
with w = 500 nm) and of COC (4 mg for a 13-pum-thick layer) used in the process,
associated to the possibility of using deep-UV lithography, lead to a potential cost
effective fabrication. The experimental results are in agreement with the calcula-
tions over a broad range of frequencies, in particular it has been observed the ET
phenomenon at THz frequencies in the case of a single-layer mesh. The developed
process can be applied to a wide variety of structures, even with higher complexity
due to the possibility of cascading multiple COC layers regardless the increasing

thickness due to the excellent properties of COC as low-loss dielectric.
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Final conclusions and perspectives

In this work it has been shown that sub-wavelength apertures can be efficiently
employed in active and passive devices for THz waves generation and detection. This
has been demonstrated by the design, fabrication and characterization of UTC-PDs
and metal mesh filters.

In the case of UTC-PDs the top-contact, constituted of an array of slits, has led
for a front-side illumination to several advantages compared to previous works. From
an electrical point of view, the designed contact has demonstrated good properties
due to its large thickness (300 nm), compared to typically used semi-transparent
windows (10-20 nm), which leads to a low series resistance and to the thin Pt layer
which provides a low specific contact resistance. Such a contact (for the best geom-
etry) has been shown by finite element simulations and by experimental comparison
with different geometries to be highly transparent leading to responsivities as high
as 75 mA/W. In terms of efficiencies these devices performed better than those fab-
ricated in the previous thesis. This improvement is thought to be associated to the
ease of illumination and to the interplay of ET, diffraction and SPPs absorption
within the thicker (150 nm instead of 100 nm) absorbing region. Regarding thermal
aspects, this contact is poorly optically absorbing (calculated less than 20%) and
permits to employ high optical powers and thus to achieve high RF powers. In par-
ticular, a 3-um-side device has been able to generate an RF power of 400 pW with
a DC photocurrent of 12.8 mA and an optical power of 200 mW at 300 GHz. This
is the highest value ever reported by UTC-PDs with no impedance matching and it
is quite close to the current state-of-the-art value of 1.2 mW for two coupled UTC-
PDs with a matching circuit. Again these devices performed better in terms of RF
power compared to the previous work mainly due to the thermal limitation associ-
ated to the strongly absorbing Ti/Pt/Au top-contact and to the higher efficiencies.
The thermal management can be improved even further thanks to the possibility of
placing a heat sink or a cooler like a Peltier element underneath the substrate due
to removal of the optical transparent window for back-side illumination. Moreover,
this contact design may find application in future resonant structures (under fab-
rication) due to the possibility of having a Fabry-Pérot cavity within the epitaxial
layer to increase the optical absorption. Further studies need to be performed to
understand better the role of the thermal heating and how to reduce it by using

coolers or heat dissipation elements integrated on the device.
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The fabrication of these devices is simpler compared to back-side illuminated
ones. In fact, even though the top-contact design is more complex than in the
previous thesis, the possibility of exploiting e-beam lithography and the fabrication
tolerances chosen in the design, make this step relatively easy. On the contrary,
no further post-processing of the substrate like polishing, cleaving or deposition of
an antireflective coating is required. Moreover, the future integration of standard
planar antennas (with a hyperhemispherical Si lens) does not present any problem,
differently from back-side configurations for which a process was developed in the
previous thesis to monolithically integrate a 3D TEM horn antenna without using

a silicon lens.

In terms of characterization, this configuration is much simpler with respect to
back or edge-side ones, in particular for “on-wafer” measurements. In fact, within
this approach it is possible to test several topologies of top-contacts, accesses, reso-
nant circuits etc. on a single wafer to find the best suited for a certain application.
The second practical advantage is related to the possibility of observing at the same
time the device, the probe and the fiber, reducing considerably the time spent during
the characterization for alignment issues. The next on-going step is to integrate the
developed contact with resonant structures to increase further the efficiency, while

achieving the same response speed.

In the case of metal mesh filters, sub-wavelength apertures have been adopted
since their development in the 60’s. However, at THz frequencies several aspects
have to be taken into account. The robust process developed in this work by using
a highly transparent dielectric (COC) thin film over the entire THz region with
several properties suitable for microelectronic processing techniques has led to the
realization of high-pass filters with cut-off frequencies (-3 dB) at 1 THz and optimal
characteristics in terms of transparency and broadband behavior (transmittance
higher than 75% over 5 THz of bandwidth). This type of device can be integrated in
RT detectors for free-space THz applications where UTC-PDs are the active elements
to filter out the background noise coming from the beating of all the frequency
components of the ASE spectrum which are down-converted in UTC-PDs. This
issue is particularly critical at higher frequencies due to the low efficiencies of UTC-
PDs above 1-1.5 THz. A future step consists in using thicker metal meshes to
obtain higher rejection ratios, while still providing good transparency and broadband

properties above 1 THz.
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The demonstrated capability of cascading multiple layers and of achieving high
pattern definition (mesh width down to 500 nm) over a thin flexible polymer paves
the way for future more complex structures working at THz frequencies like meta-
materials or photonic band gap structures which have responses strongly depending
on the absorption coefficient of the dielectric materials involved at these frequencies.
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