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Abstract: This thesis work is devoted to the development and performance assessment
of avalanche photodiodes with separated absorption and multiplication region (SAM-
APDs) based on GaAs/AlGaAs. These devices should form the basis of future fast
and sensitive detectors for new generation light sources, especially then for energies
at which silicon is not adequate anymore. The theoretical part (chapter 1) thoroughly
explains principles of avalanche photodiodes, justifies the use of the selected mate-
rials and explains the principles and advantages of the device concept based on the
separation of absorption and multiplication regions. Chapter one also introduces the
staircase structure located in the multiplication region which is designed to enhance
multiplication of electrons and suppress multiplication of holes. The instrumental part
(chapter 2) describes in detail methods of fabrication and testing techniques used in
this project, such as molecular beam epitaxy (MBE) which is used for the synthesis of
the GaAs/AlGaAs multilayers and the lithographic fabrication techniques. The light
sources used for the characterization of the SAM-APDs are also described in this chap-
ter. In the third chapter the fabrication procedure which was developed to produce the
SAM-APDs is described. The experimental setups which were prepared and used for
testing are described too. In the fourth chapter the results of detector tests are present-
ed and discussed. In this study, we optimized in particular the doping concentration of
the p-doped separation layer between the absorption and multiplication region in order
to improve device performances. We found that sub-monolayer separation layer with
a planar concentration of 2.5 x 10'> cm~2 under a form of a delta-doped layer provides
optimal device performance in terms of the charge collection and the multiplication
gain. We also studied the influence of the number of steps in the staircase structure of
the multiplication region. Samples with 6, 12 and 24 steps were prepared and tested.
Comparison of the noise characteristics shows decrease in the noise associated with the
multiplication process as the number of steps increases. An increase in the multiplica-
tion gain with the number of steps was observed as well. Time response measurement
were performed using a green laser with a 10 ps-pulse-width and for the devices with
12 and 24 steps located in the multiplication region a rise time less than 100 and 80 ps
was measured, respectively. Furthermore the time response experiments and the spec-
troscopic measurements performed under pulsed laser illumination are also alternative
methods to assess the gain. The gains obtained by means of these two methods fol-
low the trend with the number of steps observed with the noise setups, however are
systematically smaller in absolute value. Finally, we tested the 12 steps device under
X-ray illumination of photon energy 12.5 keV. Due to the different transmission and
absorption of high energy photons and the resulting significant photon absorption also
in the multiplication region, the gain under X-rays illumination appears smaller than

the gain under laser illumination.

Keywords: solid state detector, avalanche photodiode, impact ionization, detector de-
sign, GaAs/AlGaAs



Abstract: Questa tesi ¢ dedicata allo sviluppo e alla valutazione delle prestazioni di fo-
todiodi a valanga con regione di assorbimento e moltiplicazione separata (SAM-APD)
basati su semiconduttori GaAs / AlGaAs. Questi dispositivi sono concepiti come la
base per futuri rilevatori sensibili e veloci per sorgenti luminose di nuova generazione,
soprattutto per energie in cui il silicio non ¢ piu adeguato. La parte teorica (capito-
lo 1) spiega a fondo i principi dei fotodiodi a valanga, giustifica 1’'uso dei materiali
selezionati e spiega i principi e i vantaggi del concetto di separazione delle regioni
di assorbimento e moltiplicazione nei dispositivi. Inoltre, introduce la struttura a scala
nella regione di moltiplicazione, progettata per migliorare la moltiplicazione degli elet-
troni e sopprimere la moltiplicazione delle buche. La parte strumentale (capitolo 2)
descrive in dettaglio i metodi di fabbricazione e le tecniche di test utilizzate in questo
progetto, dall’epitassia a fasci molecolari (MBE) utilizzata per la sintesi dei multistrati
GaAs/AlGaAs, alle tecniche di fabbricazione litografiche, fino alle sorgenti di luce
usate per la caratterizzazione dei dispositivi. Net terzo capitolo ¢ descritto il proces-
so di fabbricazione che ¢ stato sviluppato per produrre i SAM-APD. Sono descritte
anche le configurazioni sperimentali che sono state messe a punto e utilizzate per i
test. Nel quarto capitolo vengono presentati e discussi 1 risultati dei test dei rivela-
tori. In particolare, abbiamo ottimizzato il doping nello strato di separazione drogato
p tra le regioni di assorbimento e moltiplicazione. Abbiamo stabilito che un drogaggio
di 2.5 x 10" cm™2 sotto forma di delta doping & quello che fornisce le prestazioni otti-
mali del dispositivo in termini di raccolta della carica e guadagno di moltiplicazione. In
secondo luogo, abbiamo studiato I’'influenza del numero di step nella struttura a scala
della regione di moltiplicazione. Sono stati preparati e testati campioni con 6, 12 e 24
step. Un confronto delle caratteristiche di rumore mostra che il rumore associato al
processo di moltiplicazione diminuisce all’aumentare del numero di step. Inoltre, ab-
biamo osservato che il guadagno della moltiplicazione aumenta con il numero di step.
Sono state effettuate misure di risposta temporale utilizzando un laser verde con una
larghezza di impulso di 10 ps; per dispositivi con 12 e 24 step nella regione di molti-
plicazione ¢ stato misurato un tempo di salita inferiore a 100 e 80 ps, rispettivamente.
Inoltre, gli esperimenti di risposta temporale e le misure spettroscopiche eseguite sot-
to illuminazione laser pulsata costituiscono anche dei metodi alternativi per valutare
il guadagno. I guadagni ottenuto con questi due metodi segue la stessa dipendenza
dal numero di step osservata con le misure di rumore, tuttavia sono sistematicamente
pil bassi in valore assoluto. Infine, abbiamo testato il dispositivo a 12 step sotto illu-
minazione a raggi X con energia del fotone di 12,5 keV. A causa della differenza di
trasmissione e assorbimento dei fotoni ad alte energie e del conseguente significati-
vo assorbimento dei fotoni anche nella regione di moltiplicazione, il guadagno sotto
I’illuminazione a raggi X risulta inferiore rispetto al guadagno sotto 1’illuminazione

laser.

Parole chiave: rivelatore a stato solido, fotodiodo a valanga, ionizzazione da impatto,
design del rivelatore, GaAs / AlGaAs
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Introduction

Single photon detectors (SPDs) represent the ultimate sensitivity limit for any
quantum radiation sensors utilized in different fields of science, such as medical imag-
ing, hazard and threat detection, (bio)-photonics, high energy and astrophysics, just to
mention a few. Single-photon detection is generally achieved by means of avalanche
photodiodes operating in a Geiger mode (single photon avalanche photodiodes (SPADs)
or Si photomultipliers (SiPMs)). Using the devices in the Geiger mode, however, leads
to high noise rates and some informations, like energy of photon, or number of pho-
tons (if multiple per cell) can not be extracted from the response. For this reason, Si
avalanche photodiodes (APDs) operated in linear regime have became a field of in-
terest and, although with some limitations, have been already successfully utilized in
ultrafast experiments with X-rays generated by synchrotron radiation (SR) sources or
free electron lasers (FEL’s) [[1},2].

Ultra fast experiment in general focus on observation of processes of time scale
down to tens of fs. Three general classes of such ultra fast experiments, which can be
distinguished. The first class consists of experiments where the X-ray beam is used
to probe the sample without modifying it, as done in most experiments at current syn-
chrotron sources. In the second class, a (FEL or coherent synchrotron) X-ray beam is
used to induce extremely fast non-linear photo-processes or to bring matter to extreme
conditions [3]]. In the third class the ultrafast nature of the FEL pulse is used to obtain
a snapshot of the structure of the sample before the aftereffects of radiation damage
set in [[6]. These classes of experiments will govern the cutting edge of science in the
next decades as the time scales are going down to time scale of the fastest vibrational
periods of molecules and hence, for example, experiments complementary to the the-
oretical chemistry simulations will be accessible [3,4]. However, the final success
depends dramatically on the availability of new detector technologies. A continuously
widening mismatch is present between the well-demonstrated ability of these sources
to deliver very high photon fluxes in the sub-ps regime and the only modest abilities of

fast detectors to record the results [[7,/8]].

These more stringent requirements put on APD detectors ask for a new choice
of materials which must be able to operate in harsh environments, at high tempera-
ture and with good tolerance to radiation [10]. In consideration of these requirements
AlGa;_xAs-based compounds have been suggested [11]. One other key points of
GaAs is the higher atomic number compared to Si, which results in a general higher
photon absorption compared to Si. This makes it possible to produce devices with a
thinner active region and, consequently, to achieve shorter response time and better

performance of the detector. Another advantage of GaAs is its relatively low electron-
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hole pair creation energy 4.184 eV.

Al Ga;_4As alloys have also relatively wide energy bandgap ranging from 1.42 eV
(GaAs) to 2 eV (Aly45Gag ssAs, i.e., the highest Al concentration with a direct bandgap).
This makes the number of thermally generated carriers lower than that in narrow
bandgap materials, resulting in a lower leakage current (noise), which allows X-rays
to be detected even at room temperature [[12]. Important is also the possibility to tai-
lor the material properties, notably the bandgap at the nanoscale, which is the way to
overcome the problem of the intrinsic similarity of the ionization coefficients of holes
and electrons in GaAs, which leads to higher multiplication noise, as explained in first
chapter.

This work focuses on the development of avalanche photodiodes with separated
absorption and multiplication regions (SAM-APD) [13]], based on GaAs/AlGaAs and
grown by Molecular Beam Epitaxy (MBE). The first chapter explains the basic phys-
ical principles and the state of the art of silicon based APDs, followed by a detailed
explanation of the advantages which are gained with the choice of AlGaAs instead of
silicon. In addition, particular structures and the reason of their use are described. In
the following chapter, the methods used to prepare the devices are described, start-
ing from MBE, going through standard fabrication techniques up to methods for the
characterization of the diode response. The third chapter describes the fabrication pro-
cess which we developed to produce the devices and gives a detailed description of
the experimental setups on which the devices were tested. In the last chapter, the ex-
perimental results focused on noise and multiplication characterization, time response,

spectroscopic measurements and response to X-ray are presented.



1. Avalanche photodiodes

A special category of photodiodes, which are doped in a way that when a reverse
bias is applied a region of high electric field (> 10° Vem™) exists, is called avalanche
photodiodes (APDs). APDs rely on the impact ionization and consequent avalanching
of charge carriers to produce an electrical signal with a significant gain so that even
very low light levels impinging on the device can be detected (see[L.T]). The benefits of
APDs over conventional PIN photodiodes are their high sensitivity, high speed, high
gain and high signal-to-noise ratio. Thanks to their characteristics, they are widely
used in optical range-finders, spatial light transmission, scintillation detectors, etc. A
special application of APDs is their use as fast detectors in the X-ray range. This spec-
tral region has become more and more relevant after the development of synchrotron
radiation sources, where the single photon sensitivity and intrinsically fast response of
APDs is a valuable asset [1]. Examples of their application as detectors are Mossbauer

microscopy and time-resolved X-ray diffraction imaging [14].

1.1 Impact ionization

The key role in the functionality of avalanche photodiodes plays process called
impact ionization: Free charge carriers (electrons and holes) are accelerated by a
high electric field until they gain sufficient energy to excite an electron from the va-
lence into the conduction band, as illustrated in fig. [[.I] As a result an electron-
hole pair is created. Avalanche multiplication takes then place when carriers gen-
erated like this undergo this same event. In this way a significant current flow is
established in the device from one original free carrier. The electric fields required
to observe this phenomenon depend on the bandgap of the material and may range

at room temperature from 10* Vem™

in low-bandgap semiconductors, such as InAs
(E; = 0.33 eV), to values well in excess of 10° Vem™ in wide-bandgap materials,
such as GaP (E, = 2.24 eV) [15]. Al Ga;_4As falls into the second category with
its bandgap ranging from 1.42 eV (GaAs) to 2 eV (Al 45Gags5As, i.e., the highest Al
concentration with a direct bandgap).

The minimum energy needed for impact ionization is the ionization threshold ener-
gy E;. Threshold energies are important because they strongly influence the ionization
coefficients for electrons and holes. These quantities, denoted by a and g, respectively,
are defined as the reciprocal of the average distance, measured along the direction of
the electric field, travelled by an electron or a hole to create an electron—hole pair.

Impact ionization is a three-body collision process, and the final carriers are left

with finite kinetic energy and momentum. This means that in general the energy of
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Figure 1.1: Hypothetical impact-ionization process: (a) primary particles before ion-
ization; (b) resultant particles immediately after ionization. From [15]

the impact-ionizing carrier is greater than the bandgap. The threshold energies and
consequently the ionization coefficients depend on the band structure of the semicon-
ductor. The values of @ and S, along with the length of the field region and the carrier-
injection conditions, determine the magnitude of the avalanche gain and multiplication
noise. Great effort has been made to develop models which predict the behaviour of
these entities in various materials [16,|17]. Using GaAs as a material for avalanche
multiplication we have to deal with @ and B having very similar values. This leads
to high multiplication noise due to strong feedback effect. One of the possible ways
how to deal with this drawback of GaAs is the above-mentioned bandgap engineering.
This problematic is explained in detail in section[I.4] together with particular structural

features of the devices developed in this thesis.

1.2 Silicon APDs for X ray detection

APDs are typically operated in either a linear mode where the device has a well-
defined moderate signal gain, or in a Geiger mode where they are biased above break-
down and a single electron leads to a run-away gain. In the short discussion in this
section, where we focus on detection of X-rays, we will take into account only linear

operation, as Geiger operation leads to high noise rates and is generally most inter-
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Figure 1.2: Schematic of the structure and field profile of several types of APDs. The
orientations are chosen so that, under bias, free electrons will move from left to right.
Hatched sections of the field profile indicate the gain region. According to the usual
diode convention, the left side is the anode and the right side is the cathode, with the
X-rays shown entering through the anode. Reverse biasing (shown) is achieved by
applying positive HV to the cathode (right side) and holding the anode (left side) at
ground.[from [1]]]
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esting for the detection of very-low-energy photons. Moreover, only direct detection,

where the X-ray is absorbed within the silicon APD itself, is considered here.

Diagrams of several device structures are shown in fig. [I.2] The depletion layer
of the device consists of a low-field (drift) region and a high-field (gain) region. For
modest-energy X-rays the dominant process in Si is photoelectric absorption, typical-
ly leading to a single electron having almost the energy of the incident X-ray. This
electron then quickly loses energy to scattering processes in the silicon. On average,
at room temperature, one electron hole—pair will be created for each 3.6 eV of energy
deposited in the silicon. These electrons drift to the gain region of the device and are
amplified. It is worth noting that at higher X-ray energies an increasing fraction of the
X-rays will suffer Compton scattering, which, for most geometries, will cause the pho-
ton to go out of the detector without deposition of sufficient energy for detection. Thus,
direct detection in silicon devices becomes increasingly inefficient at higher X-ray en-
ergies, owing both to decreased photoelectric absorption and to increased scattering
out of the APD.

Silicon APDs, with single photon sensitivity and an intrinsically fast response, are
the detectors of choice in a variety of experiments. Of particular note is their extreme-
ly large dynamic range (the ratio of maximum count rate to noise rate is typically >

108, and 10'° is possible) and very good time resolution ( ns typical, < 100 ps pos-
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sible) [1]. Pulse counting in a random process is unavoidably affected by losses. In
nearly all detector systems a minimum amount of time must separate two events so
that they can be recorded as two separate independent events. The minimum time of
separation for proper detection is usually called the deadtime (or resolving time) of the
counting system. Feller [[18] and Evans [19]] have developed the two basic types of
idealized models for deadtime, i.e., nonparalyzable and paralyzed model. The paralyz-
able detection system is unable to provide a second output pulse unless there is a time
interval equal to at least the resolving time 7 between the two successive true events. If
a second event occurs before this time, then the resolving time extends by 7. Thus, the
system experiences continued paralysis until an interval of at least 7 lapses without a
radiation event. This interval permits relaxation of the apparatus. Based on the interval
distribution of radiation events, the fraction of those events which are longer than 7 is
given as e”"" , where n is the average number of true events per unit time. Product of

this fraction with the true count rate provides the observed count rate:
m=n-e . (1.1)

The nonparalyzable type of detector system is not affected by events which occur dur-
ing its recovery time (deadtime), 7. Thus the apparatus is dead for a fixed time 7 after
each recorded event. If the observed counting rate is m, then the fraction of time dur-
ing which the apparatus is dead is m - 7. And the fraction of time during which the
apparatus is sensitive is 1 — m - 7. Thus, the fraction of true number of events that can
be recorded is given as,
" lom-r. (1.2)
n
For low count rates, both these models give virtually the same result, but their be-

haviour is very different at higher rates (fig. [I.3](a)).

T T T
5343
@l mm = ~10 pm

82 ps FWHM

5344 1LC

O3 mm =« ~20 um

Measured count rate
\

160 ps FWHM

True count rate

(a) (b)

Figure 1.3: (a) Illustration of the typical behaviour of measured vs. true count rate and
its two possible theoretical trends (from [20]) (b) Time response of two APDs differing
by area and active thickness. Full horizontal scale is 2.5 ns in each case.



Two essential parameters for describing the response of an APD to X-rays are its
active thickness and its capacitance. The active thickness of the device is that part of
the silicon in which X-ray absorption will lead to subsequent electron amplification.
This affects both the efficiency of the device and its time resolution. Since X-rays tend
to penetrate and (to a first approximation) uniformly illuminate the active thickness of
Si, the time resolution is generally not better than the active thickness over the drift
velocity (the high-field drift velocity in Si is about 100 umns~! [21]). This means that
there is typically a trade-off between device efficiency and time resolution: for exam-
ple, an APD with a 100 wm active thickness will generally not have a time resolution
better than about 1 ns, while to get below 100 ps the active thickness should be 10 um

or less.

The APD capacitance, determined by the area and the thickness of the depletion
region, affects both the amplitude and the width of the voltage pulse from the device.
In detail, considering the APD as a parallel-plate device with constant field [22]], one
finds that the rise time of the voltage signal will be governed by the process of the
charge transport within the device, while the fall time is not shorter than the RC time
constant of the diode capacitance and the amplifier input impedance (e.g. RC =1 ns
for a 20 pF diode capacitance into 50€). Meanwhile, the voltage signal amplitude
scales inversely with the device capacitance, for a fixed gain, so devices with lower ca-
pacitance (smaller areas, thicker depletion regions) generally provide larger and faster

signals.

Two time responses of epitaxial reach-through structure devices by Hamamatsu
are shown in figure [I.3] (b) as an example. The upper one had an active thickness of
only 10 um and a time resolution of 72 ps which can be estimated from the FWHM
after subtraction of source pulse width. Despite this performance was excellent, the
device had relatively large capacitance, so the pulse signal was small. That led to
a problem in a device having nominally the same structure but a larger area, which
failed because the signal amplitude decreased so much that amplifier noise blurred the
resolution to 140 ps. Thus the development of a low-capacitance version of this device
was launched, where the depletion region was increased to 20 wm, which increased the
overall response time and the resulting time resolution was 150 ps FWHM (the lower
panel in (b)). However, the signal-to-noise ratio was dramatically improved, and
the tail of the time response behaved similarly to the original device (the upper panel in
[1.3](b)). This device, then, is especially interesting as a fast low-energy X-ray detector

(low energy because it is thin) and for cases where a short time response is essential.
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Table 1.1: The comparison of important properties of silicon and GaAs at RT.
Material | bandgap [eV] | atomic number | electron mobility [cm?/V - s]
GaAs 1.4 31(Ga), 33(As) < 8500
Si 1.1 14 < 1400

1.3 Advantages of APDs based on GaAs/AlGaAs

In the previous section [I.2] the basic principles and advantages of silicon based
APDs were explained and some limitations given mostly by intrinsic properties of
silicon were mentioned. This section is focused on the limits and their possible over-
coming by using GaAs as an alternative material. Table[I.I|compares bandgap, atomic
number and mobility of silicon and of GaAs. These properties make GaAs the material
of choice in high-energy X-ray detection if compared to silicon.

As mentioned above, direct detection in silicon devices becomes increasingly in-
efficient at higher X-ray energies, owing both to decreased photoelectric absorption
and to increased scattering out of the APD. In this respect, the higher atomic number
of the elements in GaAs alloy becomes an advantage as it provides higher absorption
for energies above 11 keV. In the fig. [I.4] the transmittance 7' (a) and the absorption
length A (b), related together by expression T' = exp (—7), where x is a thickness of the

absorbing material, are plotted in dependence of photon energy for GaAs and Si.
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Figure 1.4: Comparison of transmitance (a) and absorption length (b) of Si and GaAs
as a function of the energy of the impinging photons. Data taken from [23|].

The higher absorption of GaAs not only makes it possible to detect the radiation
of higher energy at all, but it also brings advantages in terms of time resolution. To
a first approximation X-ray radiation uniformly illuminates the active thickness of de-
vice, so that the time resolution is generally not better than the active thickness over
the drift velocity. By taking the values from fig. [1.4] the absorption of photons of
energy above 11 keV is 22 times higher for GaAs than for silicon. The thickness of

the active region of a GaAs based X-ray detector can therefore be thinner by the same
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Figure 1.5: Diagram of lattice parameters vs. bandgap for different semiconductors.

factor as compared to a silicon detector with equal X-ray efficiency. Now, considering
also approximately the 6 times higher mobility in GaAs compared to silicon, the time

resolution improves by about two orders of magnitude if Si is replaced with GaAs.

The other important advantage of GaAs is its compatibility with Al,Ga;_,As. Rare
enough, Al,Ga,_,As has the same lattice parameter for all concentrations of Al x rang-
ing from O to 45 while the bandgap is increasing with the concentration of Al. Above
x = 0.45, however, the band gap becomes indirect. This unique and very useful prop-
erty of Al,Ga;_4xAs can be inferred from the diagram in fig. This allows us to
perform the so called bandgap engineering - the possibility to tailor material composi-
tion, thus the bandgap, on the nanoscale. A detailed explanation including description
of the particular structural designs we use, follows in sections and[1.5]

1.4 Staircase APD-bandgap engineering

An important parameter in device performance is the ratio of electron gain to hole
gain on passing through a region of the device: the statistical fluctuation in gain (noise)
is reduced when one carrier type undergoes much stronger multiplication than the oth-
er. Mclntyre et al. [16] have shown for the special case in which S = ke, where k is a
constant and « and g are the ionization coefficients of electrons and holes, respective-

ly, that the noise spectral density when only holes are injected to the depletion layer is

5 1-k\(M—-1Y
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and if only electrons are injected to the depletion layer the expression modifies into

2
L+ —k)(MT_l) ] , (1.4)

where e is the elementary charge, [;, is the injected current and M is the current mul-

2el,,M?

tiplication factor (gain). The analysis is limited to the white noise part of the noise
spectrum only, and to diodes having large potential drops across the multiplying re-
gion of the depletion layer. The plots of the functions [I.3]and [I.3]for different values

of the parameter k and two different normalisations in fig. [1.6]
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Figure 1.6: Noise spectral density normalised by 2g/;, (a) and by 2gI;,,M> (b) vs.
multiplication factor for either hole or electron injection, considering that k = 8/«

However, in the cited article of Mclntyre et al., the constant k was defined as 8 =
ka, in this work we will work with k defined as k = %

While silicon has an ionization rate ratio k > 20 and therefore it is an ideal material
for APDs used at the energies below 11 keV, unfortunately, most III-V semiconduc-
tors, as GaAs, have « and S nearly equal. It is, therefore, of great interest to explore the
possibility of "artificial” increase (or decrease) of the a/g ratio in these materials by
using a different device structures from a simple PIN homojunction. This can be done
by employing the opportunity to tailor the material properties, notably the bandgap
at the nanoscale, by changing the stoichiometry x in Al,Ga,;_4As (bandgap engineer-
ing). It has been shown that in an AlGaAs/GaAs superlattice structure o/ = 8 [11].
The large enhancement with respect to bulk GaAs is attributed to the large difference

between the conduction and the valence band discontinuities [24,25]]. Multiplication
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measurements in diodes with a graded bandgap avalanche region, which can be real-
ized by varying linearly the Al composition of the alloy, have provided strong evidence
of significant asymmetry between the effective ionization coefficients for electrons and
holes [26]. Finally a structure called staircase APD has also been described by Capasso
in 1983 [[11]], in which strictly only electrons impact ionize. A scheme of the bandgap
structure of the multiplication region of such staircase APD is in fig. The energy
difference created by the bandgap discontinuity in the conduction band is noted as JE.

and the thickness of the graded region as /.

% AlGaAs
GaAs 4?:15e
EIW Ezlll'
i RS
BE,
(a) (b)

Figure 1.7: Band diagram of (a) unbiased graded multilayer region and (b) the com-
plete staircase detector under bias. The arrows in the valence band indicate that holes
don’t impact ionize. From [|11,|13]

Ideally, the avalanche gain per stage is exactly 2; each electron impact ionizes once
at each conduction-band step. In practice, the gain is 2 — 0, where ¢ is the fraction
of electrons which do not impact ionize. The total gain of the structure is then M =
(2 — 6)Y, where N is the number of stages. Any hole-initiated ionization is caused by
the applied electric field E only; the valence-band steps are of the wrong sign to assist
ionization. For electron transport across the graded region, this bias field £ must cancel
the AE. /I conduction-band quasi-electric field and provide a small extra component to
assure drift, rather than diffusion transport. The device is then designed so that the hole
ionization rate at fields £ > AE./l is negligible.

The power of the noise of an APD per unit bandwidth can be described as [16]

(i*) = 2el,{M)'F, (1.5)

neglecting the dark current, where e is the elementary charge, I, is the unmultiplied
photocurrent, (M) is the average avalanche gain and F' the excess noise factor. To
define it, we use following reasoning.

If the avalanche process were deterministic, in other words, if every injected photo-

carrier would undergo the same gain M, the factor F* would be unity, and the resulting
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noise would only be the multiplied input shot noise related to the poissonian distri-
bution of the signal photons and to the stochastic rate with which a photon turns into
the carriers. The avalanche process is instead intrinsically of statistical nature so that
individual carriers have different avalanche gains characterized by a distribution with

an average (M). This causes additional noise so that we can write [|16]
(%) >= 2el,{M)* + 2el 07, (1.6)

where o = (M?) — (M)? is the variance of the gain. Combining and we get

following expression for the excess noise factor

_ <M2> B 0_2
ST Ty

(1.7)

In our experiments we always measure (M), usually denoted as M. It has been shown
by Mclntyre et al. [16] that o strongly depends on the ratio of ionization coefficients
a/B, as we already mentioned. In order to describe the excess noise of staircase APDs
quantitatively as in [I5]], let us consider the excess noise factor of equation [.5]to be
dependent on the number of steps N and a random variable ¢, which is telling us the
probability that the electron will not impact ionize (the probability that the gain m at
given bandgap step will be 1 is §, while the probability of having m = 2 is (1 —¢)). The
noise contribution of the n stage (1 < n < N ) is multiplied by the rest of the stages
by the factor (2 — 6)*¥=". We write the mean-square noise current generated by the n'
stage as

(i®) = 2el, .1 ((m*) = (m)?) = (6 = 6")(2el,1) , (1.8)

where I,_; = Iy(2 — §)*"! is the average current at n stage. The total noise per unit

bandwidth on the output signal is

n=N
(%) = 2ely(2 - 6) + Z 2ely(2 — 6)" 16 — (2 - 8>V = (1.9)

n=1
B oy 5(1-6)
= 2ely(2 - 8) [ Z 5o 5)n+1] ,

so the excess noise factor can be written as

1-Q2-67"
F(N,o) =1+ 6¥, (1.10)
2-9
from where it is seen that we are approaching the ideal case F' = 1 as ¢ gets close to
zero. In order to have such conditions, the bandgap discontinuities have to be realized

at a distance shorter than the mean free path of the carriers, which is provided by using
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MBE @22).

1.5 Separated absorption and multiplication regions

Beside the staircase structure, the important feature of our devices is the separation
of the multiplication and absorption regions. This design was proposed by Capasso
in [11] in order to make the multiplication process more defined spatially and, as a
consequence, to decrease the intrinsic noise of the devices. A realization of the struc-
ture proposed by Capasso is described in [13,27]]; the particular device structure used
in this publication is reported in fig. [I.§]

The staircase diode is an effective multiplier for electrons. In order to use this ad-
vantage one has to ensure that only electrons are injected into the multiplication region,
otherwise the gain is reduced while the amplification noise is increased. This injection
condition can be achieved if an absorption layer is placed between the p-contact and
the multiplication region. This detector concept is called separate absorption and mul-
tiplication region avalanche photo diode (SAM-APD). With reference to the simplified
structure of fig. [I.§| (top), the incident radiation should be absorbed completely in the
absorption region. In this way, in fact, the generated electrons drift towards the mul-
tiplication region and eventually to the n-contact, while the holes are collected at the
p-contact. In order to reduce the electric field strength in the absorption region and
avoid in this way multiplication in this part of the device, a p-doped region separates
the multiplication region from the absorption region. In this way, the absorption region
is confined between the top p contact and the p-doped layer and will thus be subject
to a negligible electric field. For X-ray photons with energies above 11 keV, having
a 4.5 —um-thick absorption region and a 1 —um-thick multiplication region, one can
assume that nearly 80% of the absorbed photons generate electron-hole pairs in the
absorption region while 20% produce a mixed injection condition in the multiplication
area.

The p-doping concentration in the separation region needed for optimal function-

ality of the SAM-APD devices was also a subject of studies and will be discussed in

section [4.1]
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Figure 1.8: Simplified band structure (top) and layer structure (bottom) of the SAM-
APD detector. From
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2. Fabrication and experimental

techniques

This chapter is dedicated to methods and techniques employed during manufac-
turing and later testing of SAM-APD. The first section focuses on MBE, its basic
principles, description of the apparatus (in particular the one installed at [IOM-CNR),
followed by the growth process and calibration methods.

The next section [2.2]describes the fabrication techniques which were used. Section
[2.3|describes the methods which were used to check the quality of the samples. Finally,
section [2.4] is dedicated to the description of the light sources which were used to
measure response of the device to photons of various energies, to evaluate noise level

and probe the time response quality.

2.1 Molecular beam epitaxy

MBE is an Ultra-High-Vacuum (UHV)-based technique for producing high quality
epitaxial structures with sub-monolayer (ML) precision. Since its introduction in the
1970s as a tool for growing high purity semiconductor films, MBE has evolved into
one of the most widely used techniques for producing epitaxial layers of metals, insu-
lators, semiconductors, and superconductors, both at the research and at the industrial
production level. The basic principle of MBE growth is as follows: a flux of atoms
or clusters of atoms is being created by heating of a solid source. The fluxes are then
flowing almost without collisions with other particles, thanks an UHV environment,
upto a heated substrate surface, where they can diffuse and eventually are incorporated
into the growing film.

Despite the conceptual simplicity, great technological effort is required to produce
systems that yield the desired quality in terms of material purity, uniformity, and inter-
face control. An exhaustive discussion of the principles and applications of the MBE
technique can be found in [28].

The choice of the MBE with respect to other growth techniques depends on the
desired structures and needs. In particular, MBE is the proper technique when abrupt-
ness and control of interfaces and doping profiles are needed, thanks to the low growth
temperature and rate. As mentioned in the section[I.4] for growing staircase structure,
the MBE technique is indispensable.

Besides, the control of the vacuum environment and of the quality of the source
materials allows a much higher material purity, as compared to non UHV based tech-

niques, especially in semiconductors containing aluminium for applications in high
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Figure 2.1: Schematic of MBE apparatus installed in [OM-CNR, Trieste, Italy.

Figure 2.2: MBE apparatus installed in IOM-CNR, Trieste, Italy.
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mobility and high speed devices.

2.1.1 MBE growth apparatus

A schematic drawing of the high mobility MBE system installed at IOM-CNR in
Trieste is shown in Fig. 2.1 The MBE chamber is mainly dedicated to the growth of
GaAs-based heterostructures characterized by a very high material purity that ensures
high carrier mobility in 2D electron gases at low temperatures. Such a system requires
some peculiar modifications compared to a standard MBE apparatus. Two 3000 1/s
cryopumps replace standard ion pumps, providing a cleaner, higher-capacity pumping
system. All-metal gate valves are mounted to eliminate outgassing from Viton seals.
No group-II materials, such as Be, are used for p-doping, since they are known to
drastically reduce carrier mobility; a carbon source is used instead for p doping. High-
capacity and duplicated cells are used to avoid cell refilling or repairing for extended
periods. Extensive degassing and bake out duration (three months at 200 °C) were car-
ried out after the installation of the MBE system to increase the purity of the materials.

The description of some elementary components follows:

o The growth chamber: a stainless-steel chamber, UHV connected to a preparation
chamber, where substrates are degassed prior to growth. All the components of
the growth chamber must be able to resist bake-out temperatures of up to 200 °C

for extended periods of time.

e The pumping system must be able to efficiently reduce residual impurities to a
minimum. Typically the base pressure in the MBE chamber is from 107! to
1072 mbar. This helps reducing concentration of impurities below 10'* cm= in

grown structures.

e Liquid N, cryopanels surround internally both, the main chamber walls and the
source flanges. Cryopanels prevent re-evaporation from parts other than the hot
cells and provide thermal isolation among the different cells, as well as additional

pumping of the residual gas.

o Effusion cells are the key components of an MBE system, because they must
provide excellent flux stability and uniformity, and material purity. The cells are
placed on a source flange, and are co-focused on the substrate to optimize flux
uniformity. The flux stability must be better than 1% during a work day, with
day-today variation a few % [29]]. This means that the temperature control must
be less than +1 °C at typical operating temperatures around 1000 °C [28]. The
material to be evaporated is placed inside a pyrolitic boron nitride crucible. A

mechanical or pneumatic shutter, usually made of tantalum or molybdenum, is
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placed in front of the cell, and it is used to trigger the flux coming from the cell
with response times much faster than the growth rate (typically 1ML/sec) (see
Fig. 2.1). The high mobility MBE system at IOM CNR includes 2 Ga, 2 As, 1
Al, 1 In evaporation sources, while n and p type doping are provided by Si and

C (graphite) filament sublimation sources, respectively.

The substrate manipulator holds the wafer on which the growth takes place. It
is capable of a continuous azimuthal rotation around its axis to improve the uni-
formity across the wafer. The heater behind the sample is designed to maximize
the temperature uniformity and minimize power consumption and impurity out-
gassing. Opposite to the substrate holder, an ionization gauge is placed. It can be

moved to face the molecular beams and is used as a beam flux monitor (BFM).

The Reflection High Energy Electron Diffraction (RHEED) gun and detection
screen are used to assess the morphology and the crystalline order of the surface,
and to calibrate precisely the material fluxes evaporated by the effusion cells;
with RHEED it is possible to monitor the epitaxial growth ML by ML. More
details on this tool is given in the section[2.1.3]

The Reflectometer is used for in-situ monitoring of thickness during growth as
well. The light impinge on the substrate with normal incident and its reflection
is recorded. Either a light from white lamp with subsequent spectrum analyser
or, as in our system, monochromatic diode(s) can be used. Recording such re-
flected signal during growth, we acquire a harmonic response in time, where the
maxima-minima distances are given by d = 1/4 n, where n is the refractive index
and A the wavelength of the probing light. By a careful calibration of the refrac-
tive index for given materials through an iterative process with X-ray diffraction
data (see below in sec. [3.1.1)), the thickness, and thus the growth rates can be

monitored in-situ.

The quadrupole residual gas analyser (RGA) is a mass spectrometer analysing
composition of residual gas in the chamber. This tool is also used for leak-testing

the vacuum system through helium detection.

2.1.2 MBE growth process

In general, three different phases can be identified in the MBE process [28]]. The

first is the crystalline phase constituted by the growing substrate, where short- and

long-range order exists. On the other extreme, there is the disordered gas phase of the

molecular beams. Between these two phases, there is the near-surface region where

the impinging molecular beams interact with the hot substrate. This is the phase where
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the phenomena most relevant to the MBE process take place. Atomic or molecular
species get physisorbed or chemisorbed on the surface. There they can undergo dif-
ferent processes. The MBE growth of III-V semiconductors uses the so called three
temperatures method [28]], in which the substrate is kept at an intermediate tempera-
ture between the evaporation temperature of source materials of the group III (around
300 °C for As) and group V (around 800 °C and 1000 °C, 1100 °C, for In, and Ga, Al,
respectively). At the substrate temperature, the vapour pressure of group III species is
nearly zero; this means that every atom of the III species that impinges on the substrate
is chemisorbed on its surface; in other words group III atoms have a unit sticking co-
efficient. The high vapour pressure of the group V species favours, on the contrary, the
re-evaporation of these species from the sample surface. Due to the higher group V
species volatility with respect to group III, growth is usually performed with an V/III
beam flux ratio much higher than one. This flux imbalance does not affect the one-
to-one crystal stoichiometry between III-V species. In fact, as shown by [29,30], in
the case of homoepitaxial growth of GaAs, As atoms do not stick if Ga atoms are not
available on the surface for bonding. So, in the case of GaAs, the growth rate is driven

by the rate of the impinging Ga atoms on the substrate.

2.1.3 Growth rate calibration

The growth rates of GaAs and AlAs are calibrated by the intensity oscillations of
the specular spot of the RHEED signal during the growth of a GaAs or AlAs film
on a GaAs substrate. This technique employs a high energy (up to 20 keV) electron
beam, directed on the sample surface at grazing incidence; the diffraction pattern of
the electrons is displayed on a fluorescent screen and acquired by a CCD. Thanks to
the grazing incidence and the limited mean free path of electrons in solids, the electron
beam is scattered only by the very first atomic layers, giving rise to a surface-sensitive
diffraction pattern. During crystal growth the intensity of the zero order diffraction
spot (the specular spot) is recorded as a function of time. The intensity of the spot has
an oscillatory behaviour. This happens because a flat surface, present when a ML is
complete, reflects the electrons optimally while in a condition in which a half-ML has
been deposited the electron beam gets partially scattered by the rough surface. Start-
ing with a flat surface and proceeding with growth, the incident electron beam gets
partially scattered by the islands steps of the growing ML, thus reducing the reflect-
ed intensity. Scattering becomes maximum at half ML coverage, while as the new
ML completes the surface flattens again by coalescence of the islands, and the reflect-
ed intensity recovers its value. Thus, a period of RHEED oscillation corresponds to
the growth of one single ML. By measuring the time necessary to complete a certain

number of oscillations one can calculate the growth rate in ML/s for a fixed effusion

21



] T
T'“‘"“ shulteri open ] ! : mo:

_HW ; ' Gas shutteis clost_!d g :;5:::

\ m _JIIIIlm'ﬂl'u' [ Nﬁ; ”u*u’tﬁwwm 2=

RHEED intensity (Arb. Units)

J|<|C—JEHIJ|1

0 10 20 30
Time (s)

Figure 2.3: RHEED oscillations. In the left panel an actual measurement for GaAs
and AlAs grown on GaAs (001). In the right panel a schematic view of the relationship
between RHEED intensity and monolayer coverage 6.

cell temperature, and easily convert it to units of A/s knowing the lattice parameter of
GaAs or AlAs. An example of RHEED oscillations together with the illustration of the
principal is in fig. 2.3]

Reflectometry becomes reliable for layer thicknesses > 1/4, i. e. much thicker than
typical thicknesses of RHEED oscillations (a few to a few tens of ML), which makes
the former much less sensible to statistical fluctuations and to flux transients, and thus
more precise. Additionally, reflectivity probes a larger spot size (about a cm diameter)
than RHEED and can be used during sample rotation, making it less sensible to spatial

flux variations. An example of reflection oscillations is in fig. [2.4]

This calibration is performed almost daily, prior to sample growth, on a ad hoc
substrate. The day-to-day variation of Rg,as and Rajas , with constant cell temperatures
is ~ 1%; the long term behaviour of these rates, on the other hand is fairly predictable,
and is constant (within 1 — 2%) until the cell is almost empty, unless major changes to

the cell environment happen (like refilling, etc).

2.2 Fabrication techniques

In this section the methods of fabrication utilized during preparation of the devices
are described. We introduce here the general procedures and mechanisms which will

be applied in the fabrication process in section 3.1}
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Figure 2.4: A reflectivity measurement with two different wavelengths (1; = 950 nm,
A1 = 470 nm). The x-axes is time in seconds.

2.2.1 Photolithography

Many miniaturization methods start with lithography, the technique used to transfer
copies of a master pattern onto the surface of a solid material. The most widely used
form of lithography is photolithography. In short, by illumination through the mask
the mask pattern is transferred to the latent image in the photoresist deposited on the

surface of the sample.

Photoresist

A photoresist is a solution composed mainly by a polymer, a sensitizer and a cast-
ing solvent. The polymer changes structure when exposed to a radiation, the sensitizer
controls the photochemical reactions, the solvent allows the deposition of the resist on
the substrate and the formation of thin layers on the surface to be covered. The tone
of the photoresist describes its reaction to the exposure. When the photoresist is of the
positive tone, the photochemical reaction during exposure weakens the polymer caus-
ing disconnection of the main and side polymer chains, resulting in a higher solubility
of the exposed resist. The solubility of the exposed resist is faster than the development
rate of the unexposed resist. When the photoresist is of the negative tone, the exposure
causes the strengthening of the polymer by random cross-linkage of main or pendant
side chains, making the exposed parts less soluble. The principles of use of these two
basic and most general types of photoresists are in fig. [2.5]

Currently many other resists for particular applications are available on the mar-
ket. One interesting example is image reversal resists which are positive resists with
an additional amine, where depending on the manufacturing process, either positive or

negative images may be generated. Further available resists for special applications
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Figure 2.5: Positive and negative resist exposure, development, and pattern transfer
example on Si/S10, sample. Positive resists develop in the exposed region. Negative
resists remain in the exposed region. From [31]].
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Figure 2.6: Illustration of undercut created in the double resist structure of LOR
technique.

include positive polyimide resists (high-temperature applications 300°C), negative
PMMA photoresists (water-free development for sensitive substrates, polymer PMMA
and cross-linker), positive and negative two-layer photoresists (lift-off technologies,
polymer copolymer PMMA). In the last case, lift-off technologies, application of two
resists is performed subsequently. The first one, lift-off resist (LOR), directly in con-
tact with a substrate, is not photo-sensitive. This technique is employed when there is
a need to perform subsequent deposition of a layer which is meant to cover just a par-
ticular places of the structures, typically a metallization layer. The advantage of LOR
technique during these processes is the undercut created in LOR below the photoresist
(fig. [2.6). The material to be deposited does not reach the surface below this undercut,
which creates discontinuity in the layer and enables consequently the solvents to reach

and remove the resists from the surface of the sample. If only photoresist were used in

24



such processes, the resist strip becomes very problematic point.

Spin coating

One of the techniques used to cover a surface with a thin, homogeneous layer of
photoresist is the spin coating. The photoresist - a viscous solution - is dispensed onto
the sample, which is then spun at high speed. The spinner chuck, which can be either
mechanical or vacuum based, holds the sample in the place. The speed at which the
sample is spun varies from hundreds to thousands rotations per minute (rpm) depend-
ing on the viscosity and the target film thickness. At the optimal speed centrifugal
forces causes the solution to flow to the edges, where it builds up until the surface
tension is exceeded. The rotation at high speed causes the resist to deposit homoge-
neously. The resist thickness is a function of spin speed, solution concentration and
molecular weight and can be valued using the empiric expression [32]:

= kK @.1)

a)(lf

where K is a calibration constant, C the polymer concentration in g/100ml solution,
u the intrinsic viscosity, w the rotation speed in rpm and «, S, y parameters to be
determined. The quality of resist coating determines the density of defects transferred
to the final structure. After the a spin coating the resist still contains up to 15% of
the solvent and the layer can have inner tension: the coated sample is then soft baked
(this operation is also known as a pre exposure bake or post coat bake), to promote
residual solvent evaporation, surface adhesion and to reduce the inner tensions in the
layer of resist and consequently reduce the pattern distortion in the subsequent process.
Temperature and time of the soft bake are specific to every resist, can be found in the

data sheets and are crucial for optimal photo-sensitivity of resulting layer of resist.

Ilumination and development

After soft baking, the resist-coated sample is transferred to some type of illumi-
nation or exposure system where they are aligned with the features on the mask. The
photomask for UV lithography is composed by flat glass or quartz substrate, trans-
parent respectively to near and deep ultraviolet, and an absorber pattern metal layer,
usually consisting of chromium, opaque to UV. For any lithographic technique to be
of value, the alignment technique must be capable of a precise (a small fraction of the
minimum feature size) superposition of the mask pattern and the pattern on the wafer.

In the simplest case an exposure system consists of a UV lamp, illuminating the
resist-coated sample through a mask without any lenses between the two - contact

and proximity masks. These shadow printing techniques were very important in the
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pioneer times of microfabrication. Especially with the contact masks, it was possible
to get relatively good resolution with small technological demand. The drawback of
this method is high defectivity and rapid mask degradation. The projection printing
inserts imaging optics between the mask and the sample, prolonging the mask life
time, reducing defects and, considering reduction of the mask pattern by factor 4,5
or 10 by imaging optics, making mask fabrication less challenging [31]]. However
the projection printing is the nowadays technology of cutting edge in a microdevice
fabrication, in the presented work the contact mask was adequate choice considering
the microfabrication requirements.

The purpose of the illumination is to deliver light with the proper intensity, direc-
tionality, spectral characteristics, and uniformity across the wafer, allowing a nearly
perfect transfer of the mask image into the resist in the form of a latent image.

During the latent-image-forming reaction, the sensitizer in the resist usually bleach-
es; in other words, exposed resist is rendered transparent to the incoming wavelength.
This bleaching allows the use of thick films with high absorbency, since light will
reach the substrate through the bleached resist. The absorbency of the unexposed re-
sist should not reach 40% so as to avoid degradation of the image profile through the
resist depth, as too large percentage of the light is absorbed in the top layer. On the
other hand, with the absorbency far below 40%, exposure times required to form the
image become too long. The smaller the dose needed to transfer the mask features
onto the resist layer with good resolution, the better the resist sensitivity.

Post exposure treatment is often desired, because the reactions initiated during ex-
posure might not have run to completion. To halt the reactions or to induce new ones,
several postexposure treatments are in use: postexposure baking, flood exposure with
other types of radiation, treatment with reactive gas, and vacuum treatment. Postexpo-
sure baking and treatment with reactive gas are used in image reversal (negative resist)
and dry resist development.

The optical lithography (Karl Siiss MJIB3) at TASC-IOM-CNR clean room works
with spectral line of mercury lamp of 365 nm wavelength. A spatial resolution and an
accuracy of a mask aligner are 300 nm.

The next step in photolithographic process is development. It transforms the latent
image formed in the resist during the exposure into a relief image that will serve as
a mask for further steps. During the development process, selective dissolving of the
resist takes place. Two main technologies are available for development: wet devel-
opment, widely used in circuit and miniaturization manufacture in general, and dry
development, which is starting to replace wet development for some of the ultimate
line width resolution applications. Two main types of wet development setups are
used: immersion and spray development. During immersion developing, sample is

immersed for a limited time period in a developer bath and agitated at a specific tem-
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perature. During spray development, fan-type sprayers direct fresh developing solution

across wafer surfaces.

Resolution and minimum feature size

Correct feature size must be maintained during the transfer of the pattern from the
mask to the sample. The term critical dimension (CD) refers to a specific minimal
feature size and is a measure of the resolution of a lithographic process.

In the shadow printing mode, including contact and proximity arrangements of the
mask and the sample, an optical lithography has a resolution with limits set by a vari-
ety of factors. These include diffraction of light at the edge of an opaque feature in the
mask as the light passes through an adjacent clear area, alignment of sample to mask,
nonuniformities in sample flatness, and debris between mask and wafer. Diffraction
causes the image of a perfectly delineated edge to become blurred or diffused. There-
fore we define the theoretical, diffraction limited resolution R as half of the finest grat-

ing period and at the same time the minimum feature size transferable. For contact

3 Az
R==-,/—, 2.2
2\/2 (2.2)

where A is wavelength used for illumination and z is photoresist thickness. The theoret-

mask it can be written as [|31]]

ical maximum resolution is seldom achieved, however, as only the diffraction effects
were taken into account to derive equation [2.2] The other factors mentioned above

(wafer flatness, mask alignment, etc.) usually conspire to make the resolution worse.

2.2.2 Etching

Process of a controlled material removal from its surface is called etching. There
are two fundamental groups of etching - wet and dry. In the former the detachment
of material is happening in a liquid, while in the latter the material is transferred into
the gaseous phase. The use of wet etching techniques has a long history in treating
surfaces and materials. We can distinguish also chemical and physical etching. The
wet etching is always chemical since the process of removal of material is based on
chemical interaction between sample and etchant. Dry etching is realized by glow
discharge (plasma) or ion beam methods. Physical dry etching requires high kinetic
energy of ions, electrons or photons to etch off the substrate atoms. When the high
energy particles knock out the atoms from the substrate surface, the material evaporates
after leaving the substrate. Dry etching can be also of physical-chemical nature, where
impinging particles disturb the structure of the material being etched and the etching
gas reacts chemically with the activated surface creating volatile compounds which

are then removed by gas flux. In the fig. are schematics of important dry etching
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Figure 2.7: Important dry etching profiles associated with different dry etching tech-
niques. From [31]].

profiles associated with different dry etching techniques: (A) Sputtering and formation
of trenches (ditches) in physical ion etching. The mask is etched most rapidly in the
neighborhood of the mask corner. The slope becomes less steep and not all ions arrive
at the etch bottom parallel to the sides. (B) Chemical etching in a plasma at low power
and relative high pressure leads to isotropic etching (uniform in all directions) and
lateral undercuts. (C) Ion-enhanced etching: physical-chemical is the most perfect
image transfer as the undercutting is limited by the combined action of physical and
chemical etching. The low pressure and high power lead to directional anisotropy. (D)
Ion-enhanced inhibitor. Sidewalls are protected from undercutting by a surface species

(e.g., a polymer) which are being deposited on the sidewalls during the etching.

Nowadays the etching techniques have become a key process for the fabrication
of semiconductor micro-devices and micro-components since they allow a much more
refined removal from a solid surface compared to mechanical methods. This is very
important since in the modern microelectronics, the structures in the sub-micrometer
resolution are needed. The etching of semiconductors is in fact widely used at all the
stages of the microsystem technology, such as for removing contaminants from the
wafers, for creating three-dimensional structures, for revealing buried layers to define
electrical contacts, etc.
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Figure 2.8: The schematic of e-beam evaporator.

2.2.3 E-beam evaporation

Electron-beam evaporation is a form of physical vapour deposition in which a cru-
cible with material to be deposited represents a target anode and is bombarded with an
electron beam given off by a tungsten filament placed below the crucible. The beam
is on its pass focused and banded by magnets to reach the anode. The crucible is
positioned in a copper multi-pocket e-beam carousel cooled by water to suppress ther-
mal deposition and promote in this way the deposition caused by e-beam: the electron
beam causes atoms from the target to transform into the gaseous phase. These atoms
then precipitate into a solid form, coating everything in the vacuum chamber (within

line of sight) with a thin layer of the anode material.

The e-beam evaporation is high vacuum process with working pressures 107 —
1077 mbar. A scheme of a typical set-up is depicted in fig. Some evaporation
systems may contain many crucibles in order to perform multiple material deposition
without breaking the vacuum. They may contain a large number of wafers suspended

above the crucibles.

The thickness monitoring is done through quartz crystal microbalance (QCM), con-
sisting of a thin disc of quartz crystal into the chamber, placed where it is exposed to
the deposition. The resonance frequency is being continuously probed and read out. As
the material is sticking to the surface of the crystal, this resonance frequency is chang-
ing. For small masses of deposited material the change in the resonance frequency
is directly proportional to deposited mass. A calibration of this change of resonance

frequency to the thickness for each material to be deposited is needed.
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2.3 Dark characteristics

To check the quality of the devices the current-voltage (IV) characteristics and
capacitance-voltage (CV) characteristics are measured in the dark through a semicon-
ductor device analyzer BIS00A by Agilent (fig. [2.9). It supports measurement in the
ranges of 0.1 fA - 1 A and 0.5 uV - 200 V, spot and sweep measurement, time sam-
pling measurements (up to 5 ns sampling interval), pulsed measurements with mini-
mum pulse widths of 50 us, multi-frequency AC impedance measurement supports CV
, C-t (capacitance versus time) and C-f (capacitance versus frequency) measurement in
frequency range of 1 kHz to 5 MHz etc. [33].

(a) (b)

Figure 2.9: Semiconductor device analyzer B1500A by Agilent front (a) and from the
back (b).

Dark current characteristics

The dark current characteristics (IV dependences measured without presence of
light) are measured using the semiconductor device analyzer B1500A described above,
biasing the device always reversely and probing range of voltages from 0 V to break-
down voltage.

In the ideal case the only origin of dark current would be the thermal generation of
electron-hole pair. In such case the dark current is scaling with the area of the device.
To be able to compare devices with different areas A we define dark current density as

1(V)

J(V) = A (2.3)

where I(V) is the dark IV characteristic.

In reality the dark current has also other components created by crystalline structure
or interface defects.

Dark current has strong temperature dependence. Here presented measurements

were done at room temperature.
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Capacitance voltage characteristics

The measurements of capacitance in dependence on voltage were performed both
through the multi-frequency unit of BIS00A and through precision LCR meter (HP4284A).
The capacitance measurements are bringing us a knowledge about electric field distri-
bution inside of the device.

Considering for simplicity our device as an ideal parallel-plates planar capacitor

with relative permitivity €, we can write the depletion width as

£,6A
Ccwv)’

d\v) = (2.4)
where A is the area of the mesa, C(V) is the measured capacitance as a function of
reverse bias V, &, and gy = 8.854 - 10~!2 F/m are the equivalent relative permittivity of

the material and the permittivity of vacuum, respectively.

2.4 Light sources for detector tests

In this section, the light sources used for device tests are described. These include
both table-top laser sources and synchrotron radiation beamlines. A short outline of

the principles of synchrotron radiation is provided as well.

2.4.1 Green lasers

As the first light source for the testing of the SAM-APD detectors a green lasers
(4 = 515 — 540 nm) was chosen. This photon energy range was selected in order to
ensure, that photogeneration takes place entirely within the absorption region. In fact,
the absorption length in GaAs is about 140 nm for this wavelengths [34]]. This enables
us to study the pure multiplication effect, without having it combined with charges
generated in the multiplication region.

Three different lasers were used for different experiments:

e A continuous wave table top laser MILLENNIA 'V, all solid-state, diode-pumped
of wavelength 4 = 532 nm, power stability +1% (after 30 min warm-up), noise
< 0.1% rms (over a 10 Hz - 10 MHz bandwidth) [35]]

e An infrared (fundamental A = 1030 nm) ytterbium doped fibre laser of output
power 0.4 W, using its second harmonics of wavelength 4 = 515 nm with pulse

repetition rate 40 MHz and pulse width set on 10 ps

e A pulsed table top laser of wavelength 4 = 540 nm with pulse repetition rate

200 kHz and pulse width set on 100 fs, delivering an average power of 500 uW.
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2.4.2 Synchrotron beam-line setup

Synchrotron in general is a type of accelerator in which charged particles travel
in a closed path. Its fundamental parts are bending magnets enabling the path to be
closed and at least one cavity where particles gain energy by means of interaction with
alternating electric field the frequency of which is synchronized with their movement.
The largest synchrotrons were built to produce high energy particles. A different ap-
plication of synchtrotrons is to generate electromagnetic radiation in a large range of
energies up to those of X-rays. This radiation is produced when a charged particle (in
this case electrons) is accelerated, by changing speed, but in the case of synchrotron
more likely by changing its trajectory. The mechanism of x-ray emission by electron
acceleration is essentially the same as that of bremsstrahlung radiation. Originally
this ’synchrotron radiation” was considered parasitic at the beginning, but devices op-
timised for its generation are being used and built all around the world. They should
be correctly called "synchrotron light sources’ but since their number and importance
is so big they are often simply referred as synchrotrons. They are sources of radiation
of high flux, brilliance and special collimation, polarization and timing properties.

The core of a synchrotron light source is a storage ring with a ‘racetrack’ design
with straight sections and curves. In a storage ring electrons are kept at constant ener-
gies with their speed very close to the speed of light so they are relativistic. Charged
particles emit electromagnetic waves when they are being accelerated. So traditionally
the bending magnets controlling the closed paths were used to generate radiation.

One of the main figures of merit of the the x-ray sources is “brightness” (often
called “brilliance”), which takes into account number of photons produced per second
N/t [numeber/s], the angular divergence of the photons, or how fast the beam spreads
out Q [mrad?], the cross-sectional area of the beam A [mm?] and the photons falling
within a bandwidth (BW) of 0.1% of the central wavelength or frequency and relates

them as
N-s!

Q-A-0.1%BW

With the need to increase mainly the energy and brightness of emitted beam wigglers

brilliance =

were designed. They consist of magnets with alternating polarity inserted into the
straight sections. Here electrons move generally straight except small wiggles where
they are highly accelerated and the appropriate radiation is emitted.

Instead of wigglers most modern machines preferentially use so-called undulators,
since they are the most powerful generators of synchrotron radiation at storage rings.

Like wigglers, they consist of periodic arrangements of dipole magnets generat-
ing an alternating static magnetic field which deflects the electron beam sinusoidally.
The special properties of undulator radiation arise from the fact that due to the small

amplitude of the oscillations the radiation cones emitted during each oscillation period

32



radiation sources: radiation user

T T T T T
" =
J B
B : e |\ N,~N,
synchrotron |
N, is the number of °
electrons in the beam 2
it
— H e ) N-nw C
; y

wiggler N, is the number of

radiated photons

A : [“"k N~NN 5 Blending Irnagnet
—— ! -:M : = e
: 5 10 15 20 25 30
undulator N is the number of
the undulator periods Photon Energy [keV]
(a) (b)

Figure 2.10: Schematic of different x-ray radiation sources illustrating principles
and reasons of different brilliance [36] (a) and qualitative comparison of brilliance
of banding magnet, wiggler and undulator (b).

overlap and interfere. This means the series of N magnets acts similarly to a diffraction
grating, generating a spectrum of peaks due to constructive and destructive interference
of the radiation cones. A comparison of the different types of X-ray sources is in fig.
2.10

a.

Figure 2.11: Simplified representation of the structure of a third-generation syn-
chrotron; forms, scales and composition are indicative; 1) beamline from undulator
; 2) beamline from bending; 3) experimental hutch; 4) optical hutch; 5) bending mag-
net; 6) quadrupole magnet; 7)sixfold magnet; 8) magnet steering; 9) vacuum chamber
of the storage ring; 10) RF cavity; 11) device insertion; 12) linear accelerator (linac);
13) booster; 14) transfer line.

Thanks to the higher photon flux given off by undulator together with smaller solid
angle into which the radiation is emitted the brightness of an undulator beam can be
10° times that of a conventional x-ray tube or of a bending magnet. A qualitative

comparison of brightnesses of bending magnet, wiggler and undulator is shown in fig.
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2.10b.

The places where synchrotron radiation is emitted from the storage ring are con-
nected to the beamlines dedicated and optimized to use it for particular methods. A
schematic of a third-generation synchrotron source is in the fig. 2.11] The Elettra -
Sincrotrone Trieste S.C.p.A. where some of the experimental data for this thesis were
acquired has 28 beamlines with various technique specializations as electron emission,
imaging, scattering, reflection/emission, absorption, diffraction and lithography. The
machine is equipped by booster which performes the top-up injection of 1 mA every
6 and 20 min in operations modes 2 GeV and 2.4 GeV, respectively. In the following,
a brief description of the Elettra beamlines used for his experimental thesis work is

provided.

BEAR beamline

Sagittal focusing  Manochromator
parabolic

s
Oy,
Sop i,
Sagittal collimating L Tor oy
parabolic
mirrar (P1)

Typical spot size
30 x 100 mm’

Figure 2.12: Layout of the BEAR beamline [38]].

The optical layout of the BEAR beam line is based on the PMGM (Plane Mirror
Plane Grating) configuration. Any movement of the beam is monitored by a photon
beam position monitor (BPM) installed at the beginning of the beamline (fig. [2.12).
After this, the beamline is equipped with a device for selecting the polarization of light
(from nearly linear to elliptical). The PMGM configuration is based mainly on a first
parabolic mirror, collimating the light emitted by the bending magnet source without
any entrance slit, a monochromator working in parallel light at variable deviation angle,
a second parabolic mirror focusing the dispersed beam onto the exit slit, and finally an
elliptical mirror focussing the beam on the sample. The layout has been conceived to
be theoretically aberration free and to have the non plane optics in sagittal focusing.
The bending magnet light is collimated on the monochromator by a platinum coated
mirror, working in sagittal focusing. The mirror is placed at 12059 mm from the
source. Eventual movements of the source are monitored by a Photon Beam Position

Monitor. The monochromator is based on two different channels working in parallel
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light: the grazing incidence channel working in the 40-1600 eV energy range, and the
normal incidence channel working in the 3-50 eV energy range. Both channels are
mounted on the same mechanical stage, whose horizontal translation allows to select
the different channel. A second paraboloidal mirror P2 collects the radiation coming
from the monochromator focusing it onto the exit slits. The divergence of the beam is
less than 20x20 (h x v) mrad>. The beam is focused on the sample by an ellipsoidal
mirror. The intensity of the light on the sample is monitored on the monitor section.
The experimental apparatus is mainly based on two end stations and the transfer
stage. The spectroscopy chamber is mainly dedicated to the synchrotron analysis of
samples, the preparation chamber to the preparation of samples. The transfer stage
allows to insert samples and to transfer them between the two chambers, always re-

maining in UHV environment (10~!° mbar).

XRD2 beamline

This variable energy beamline (8 to 35 keV) is complementary to XRDI1 [39]
and is dedicated to high throughput macromolecular crystallography (MX) experi-
ments: large tunable energy range for SAD/MAD experiments, maximal photon flux
2-3 x 10'3, beam size 280 um X 292 um, angular divergence 2.3 mrad x 0.3 mrad, au-
tomated sample mounting in cryogenic environment and high speed large area detector
are some of the important features of this beamline.

The XRD2 project is developed in partnership with the Indian scientific community

and administered through Elettra and the Indian Institute of Science (IISc), Bengaluru.

Figure 2.13: Illustration of XRD2 beamline arrangement [40].
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3. Preparation and set-ups of

experiments

3.1 Fabrication

This chapter is describing the processes of fabrication of SAM-APDs. The process
consists, in sequence, of the growth of the structure using MBE apparatus, fabrication

of the mesas and placing and bonding sets of devices to the printed circuit board (PCB).

3.1.1 Sample growth

The prototypical epitaxial structure is shown in the fig. and in table It
follows the SAM-APD concept proposed by Capasso at.al. [24], described in section
[[.4] The particular modifications to this original structure investigated in this thesis are
presented and described in chapter 4]

Growth of the graded composition AlyGa;_xAs layer required special attention, as
it would imply a continuous linear gradient of either the Ga or the Al flux. This is
not practically achievable by realign the cell temperatures in MBE, especially in the
region x — (. For this reason such layers are grown under the form of a digital alloy,
where very thin layers of GaAs and Alj45GagssAs are alternating. The thickness of
each GaAs/AlGaAs bilayer is constant (in our case 1.5 nm), but the thickness ratio of
individual GaAs and AlGaAs in each bilayer is changing so that averaged composition
of the bilayer is decreasing stepwise from 0.45 to 0. Since the thickness’s are smaller

than the mean free path of electrons (aprox. 80 nm [41]) which are being multiplied

Table 3.1: Layer description of grown structure.

Material X Dopant Dopant Thickness Doping density Repet.
type [nm]

GaAs C p 150 6 x 10" cm™

GaAs 4500

o layer C p 2.5 % 10" cm™2

GaAs 35

Al,Ga;_xAs 0—045 20

Al Ga;_xAs 0.45 25 }xl2

GaAs 35

GaAs Si n 100 2x 10% cm™

GaAs (001)

substrate Si n 5100 2x10%cm™
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Figure 3.1: Sketch of the fabricated avalanche photodiode with absorption and mul-
tiplication regions (a), scheme of epitaxial structure (b) and illustration of working
mechanism (c).

in this part of device, the electrons feel the potential of the digital alloy as a constant
gradient. Illustration of the digital alloy is in fig. 3.2}

To start the growth, a 2-inch GaAs n-doped substrate is first mounted into a sample
holder either by gallium bonding or mechanical fixation, and inserted into a preparation
chamber, where it is degassed to evaporate air ambient impurities. Prior to growth,
GaAs and AlAs growth rates are calibrated on a dedicated GaAs substrate by RHEED
oscillations or reflectivity (section[2.1.3)). Typical growth rates are 0.22 to 0.28 nm/sec
for GaAs (in the multiplication and absorption layer, resectively) and 0.18nm/sec for
AlAs. The wafer to be grown is then than transferred to the growth chamber, where it
is heated up to 580 °C in order to remove the surface oxide layer. After this, epitaxial
growth starts at the same temperature through a computer-controlled routine:

After the deposition of a 100-nm-thick highly n-doped (2 - 10'8cm™3) buffer lay-
er onto a (001) n-substrate, a 1 um thick intrinsic multiplication layer was grown..
This layer includes a staircase structure. Each step consists of 35 nm GaAs, 25 nm
Alp45GagssAs and 20 nm of a linearly graded region formed by a digital alloy (where
the aluminium content is reduced from 45 % to 1 %). Devices with 12 steps were
grown first, following the protocol of [27]. Later also device with 6 and 24 steps were
fabricated. Above the staircase structure, a 35-nm-thick GaAs spacer was grown, fol-
lowed by a ¢ p-doping layer of carbon atoms. Such layer ensures that after applying
a reverse bias the vast majority of the potential drops in the multiplication region (il-
lustrated in fig. [3.1] c). On the top of the delta layer, the intrinsic 4.5-um-thick GaAs
absorption layer was deposited. Finally, the sample was capped with a 200 nm highly
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Figure 3.2: Aluminium concentration profile in part of the staircase structure (bottom)
and detail of a single step (top). In gray is the actual concentration, in red is the
effective concentration i.e. how the electrons percept it.

p-doped (6 - 10'8cm™) GaAs contact layer. The overall thickness of the active part is
5.5 um.

Thickness, composition and uniformity of the layers were assessed post growth
by X-ray diffraction. A (004) rocking curve (measured with a high resolution X-
ray diffractometer equipped with a four-crystal Ge (220) monochromator, using Cu-
Kalradiation) from a SAM-APD with the structure of Table [3.1]is shown in fig. 3.3]
(red trace). Appearance of sharp superlattice interference fringes up to high order con-
firms the thickness uniformity and interface quality of our layers. An analysis of fringe
spacings and of the average alloy composition over a single step gives a step thickness
of 80 + 1 nm and x ~ 0.47 for this particular sample.

Hall measurements were performed to calibrate the effective acceptor density. The
free carrier concentration at room temperature was measured in a series of bulk GaAs
samples containing either a ¢ (i.e., a 2D sheet of C atoms deposited during a growth
interruption of the host GaAs material) or a 50 nm p-doped layer, with different planar
densities of C atoms (Fig. [3.4h), obtained by varying the current through the graphite
filament of our carbon sublimation source.

The planar density expresses actual 2D density in the case of a ¢ separation layer.
In the case of a finite thickness layer is calculated as an integral of density over the
thickness. For example a 50 nm thick layer of C-doped GaAs with acceptor density
5 x 10'7 cm™ has a planar density 2.5 x 10'2 cm~2. This notation was chosen to make
the amounts of acceptors in the two types of separation layers easily comparable. In
the following text are the planar densities referred as densities of unit cm=2.

It was found that ¢ p-doped C layers are highly compensated, likely owing to atom-
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Figure 3.3: XRD spectra of a SAM-APD structure with 12 repetitions in multiplica-
tion layer grown on (001) GaAs n-doped substrate.

ic pairing [42]]. Compensation takes places in the thin GaAs:C layers as well, although
to a lesser extent. Maximum achievable acceptor density in ¢ p-doped C layers and in
the thin (50 nm) GaAs:C layers were 2.5 x 10! cm™2 and 1.2 x 10'3 cm2, respective-
ly (Fig. [3.4p). In the same plot it can be seen that in the § doping case, the dopant
concentration p drops below its maximum by further increasing the source current. To
study effects of higher concentration of dopant in the separation layer, the 50 nm thick

layers has to be used.

3.1.2 Fabrication of APD diodes

Devices were fabricated in the cleanrooms (CR) of the nanofabrication facility in
IOM-CNR, Trieste, Italy [43]. The cleanrooms are of class ISO 3 (maximum 1000
particles/m?).

After MBE growth, prior to the fabrication, the back side of the wafer has to be
cleaned (in case of gallium bonding to the MBE sample holder) and polished (in case

of one-side polished wafers). Then the fabrication itself follows.

Mesa litography

First step in the device fabrication is preparation of mesa through a photolithogra-

phy, as described in 2.2.1] First the sample surface is coated with a photoresist layer
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Figure 3.4: (a) Schematics of the structures used for calibration of the p doping
density, (b) acceptor density in the C-doped layers as a function of the 2D density
of C atoms, showing that the effective 2D doping density is much lower than the 2D
density of deposited C atoms. The dash lines are just to guide the eye.

as follows:

e The sample is placed into the spinner hood where it is first cleaned by acetone
and subsequently by isopropanol, applying this solvents on the surface of the

spinning sample. Subsequently the sample surface is blown by nitrogen flow.

e The positive photoresist S1818 thermalized to CR temperature is applied to the

cleaned surface of the sample by pipette in a homogeneous layer.

e The sample is span for 1 min at the rotation speed 2500 rpm which results in the

fininal thickness of the coating about 2 ym.

e After spinning the resist bakeout has to be performed. The coated sample is

placed on the hotplate heated up to 115 °C for 1 min.

After the coating with the resist, the sample is going to be exposed for 15 s through
photomask using a Suss mask aligner with a mercury I-line of 365 nm. There were
several mask designs used during optimisation of the process. The diameter of the
mesa for most of the measurements was chosen to be 200 um. An example of one
of the mask designs used for fabrication is shown in fig. [3.5] and the details of the
structures are in fig. 3.6

After the exposition the latent image created in the photoresist by illumination is
developed using the MF-322 developer. This first steps are illustrated in fig[3.7]a, b.

Etching mesa

For AlyGa;_4As the etching solution H;PO, : H,O, : H,O (3:1:50) is used. The

sample has to be submerged in it for a certain period of time taking in consideration that
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Figure 3.6: Details of the mask shown in fig. [3.5] The mask for mesa etching (top left);
structures for lift-off process of opening in the the dielectric layer (bottom left) and for
preparation of top p-contact (bottom left for metallization of full circle, top right for
metallization with an opening in the center (D-opening)); detail of the D-opening.

the etching rate is approximately 100 nm/min. However, this value is not stable as it
depends on the concentration of the peroxide solution (H,O,), which is decaying over
the time of its storage so its concentration is decreasing. For this reason, a calibration
of the etch rate is needed every time. However, in the case of the staircase structure
there is one more criterion to estimate the optimal moment for etching to be stopped.
An effect of interference on the multilayer staircase structure is employed. At a certain
point of the etching process a interference pattern appears on the etched surface. This
means, that the etching already reached the multiplication region, which is the last
one to be etched. When the interference pattern disappears again it means that the
n-substrate has been reached and that the etching process has to be terminated. At this

point, the sample is removed from the etching solution and rinsed with water. This
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fabrication step is illustrated in fig[3.7c.

Dielectric layer

It is necessary to coat the sample with a dielectric layer to provide an electric
isolation of the structures. There are many different types of dielectric layer and many
different ways how to prepare them. In the case of silicon the best option is usually
silicon dioxide, since it can be grown thermally and such layer has usually very good
quality. In the case of GaAs thermal growth is not possible. Two solutions for the
dielectric layer have been considered: magnetron sputtering of silicon dioxide from
Si0, target and e-beam evaporation of SiO, and alumina (Al,O3). The first option has
disadvantage that during the magnetron sputtering, the tool dedicated to this process
was heating up above secure temperate after depositing few tens on nanometres of
Si0O,. The plasma had to be stopped for at least 5 min and only then the process could
continue. This was causing bad quality and low reproducibility of layers prepared in
such way. Therefore, the second option has been selected. By e-beam evaporation of

of both SiO, and Al,O; layers of 250-500 nm thickness can be prepared in continuous

process. However, in the case of SiO, a creation of defects was observed (fig. @,b)
unlike in the case of Al,O; layers (fig. [3.8k).

Figure 3.8: bonded device with SiO, as passivation layer (a) detail of defects created
in the SiO, layer on the device (b) device with Al,O3 passivation layer (c)

The deposition of dielectric is preceded by lift-off lithography. The lift-off resist
LOR-3B and photoresist S1818 are used. The coating by LOR-3B has the same pro-
cedure as the one of S1818 described above, except the spinning speed and bake out
which are in the case of LOR-3B 2500 rpm and 180 °C for 5 min respectively.

The resist needs to coat the sample everywhere except the top part of mesa where
an opening is left to allow the photon beam to enter to the device. For this reason we
use a mask which leaves covered by the resist just a circular part on the top of the mesa.
(fig. 3.7 d.e).

After the lithography and immediately before the dielectric deposition an oxygen

cleaning is performed.
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After the dielectric deposition (fig. [3.7] f)both the resists are striped, first with
acetone to strip photoresist S1818 and then with MF-developer to strip LOR-3B. After
the resist strip the sample is in the stage depicted in the fig. g.

Metal evaporation

A multilayer of upto 4 different metals can be grow without breaking the vacuum

in the e-beam evaporator of the IOM-CNR nanofabrication facility.

P-contact metallization: Prior to the evaporation of metal contacts the lift-off lithog-
raphy is performed, same as for deposition of dielectric layer. This is in order to create
the p-contacts just in the circular area on top of the mesas.

Since the devices are made to be used in the reverse bias mode, the ohmicity of the
p-contact is not crucial. Even if the contact were rectifying, in the operational mode
the device would be connected to the circuit in the open direction.

For this reason we are using a very simple coating composition: 5 nm of chromi-
um for better adhesion of a subsequent gold layer of 50 nm.The process of p-contact
creation is illustrated in fig. 3.7 h,i.

Two different types of mask were used to create a top metallization. First, the full
area of the opening was covered by the metallization (mask detail in fig. [3.6] bottom
left). Later a design of so called D-opening was prepared, where a blank area in D-
like shape (to leave one part of the metallization with a big enough area for the wire-
bonding) was left on the top of mesa. This design improves significantly the behaviour
of the device for low energy photons as shown in section [4.2.3|for green laser, since it
increase the fraction which reach the absorption region and create the charge carriers
to multiply.

The two resists of lift-off lithography are left on the sample even during the next

step in order to protect the front side during the process.

N-contact metallization: Unlike for the p-contact metallization the composition of
the n-contact has to be selected in a way that an ohmic contact is created. In fact,
the n-contact is in the operational mode of the device, connected so that it would be
used in closed direction. In literature [44]] multilayer of GeAu (eutectic alloy)/Ni/Au
was suggested to obtain well performing ohmic contacts on n-GaAs. The ratio of
the thickness of GeAu and Ni layer should be between 4 and 5 to obtain the optimal
behaviour of the contact [45]].

The n-contact metalization doesn’t need to be performed with a mask because it is
done on the whole back of the sample. After deposition of the multilayer GeAu/Ni/Au

of respective thickness’s in nanometres 40/10/50 the resists from the previous process
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are striped by acetone (to strip photoresist S1818) and then with MF-developer (to strip
LOR-3B). After completing this step the sample is in the final stage of the fabrication

depicted in fig. 3.7];.

3.1.3 Placing of diodes and wire-bonding

When fabrication is finished, the wafer is cut to sample sets each consisting of 12
devices. Such device arrays are then glued by conductive paste to the PCB, so that the
back side n-contact is connected to the biasing pin of the PCB as shown in the previous
chapter in fig. [3.11] The top p-contacts are bonded to the pads of PCB by aluminium
wire of thickness of 25 um(fig. [3.9,b).

(b)
Figure 3.9: Set of 12 devices bonded on the PCB (a) detail of single device (b).

3.2 Experimental setup for detector tests

In this section the experimental setups of the light sources used for device tests,
which are described in the section 2.4] are detailed.

Since the devices had to be tested under several different sources with different
purposes, a universal PCB (fig. [3.10) was designed in order to have the device bonded
on one board compatible with all the experimental setups. The sets of 12 devices are
attached to the center of the board by conductive epoxy glue so that the back n-contact
is then connected to the biasing pin (in fig. [3.10c on the right center of the board).
Then 12 wire-bondings connect each device with one pad leading to U.FL connector
(a miniature RF connector for high-frequency signals up to 6 GHz).

In many setups which were used for the device characterization the UHV compat-
ible stainless housing (fig. [3.11)) was used. The stage to which the device is mounted
is connected to 2 stepper motors which enable the remote control of x-y movement.
The housing includes a flange with 4 SMA connectors (SubMiniature version A semi-

precision coaxial RF connectors) which can be connected through coaxial cables to 4
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(a) (b)

Figure 3.10: PCB design of the top side (a), back side (b) and PCB with devices
bonded on it (c). A pin for connection of bias is at the right center of the picture (c).

Figure 3.11: Schematic picture (a) and photo (b) of the vacuum compatible stainless
housing for detectors.

selected U.FL connectors on the PCB. The voltage is brought to the biasing pin through
a SHV (safe high voltage) connector.

There are 2 important quantities being measured in most of the experiments, so we
define them here: Measuring the photo-current /,;, under the illumination and having

measured the dark current /,,,,, we define net photo-current 7, as

Lo = Iph — Laaric - (3.1)

However, the net photo current (which is carrying the information about internal multi-
plication) varies with the active area size of the device, intensity of illumination, photon
energy and others. To extract information about the internal multiplication, so that it
is comparable through different devices under the illumination from different sources,

we define the gain M as
e (V)

T La(V(M = 1))

where I,.,(V(M = 1)) denotes the value of the net photo-current at the reverse bias

(3.2)

voltage at which the device already reached full charge collection but is not yet inter-
nally multiplying. In other words, the gain is telling us how many times, in average, is

each charge carrier generated by photon absorption multiplied within the device.
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3.2.1 Laser setup

As a first light source for the testing of the SAM-APD detectors a green laser was
chosen because its photon energy ensures that photogeneration takes place entirely
within the absorption region. Section [2.4] reports the parameters of 3 different laser
sources which were used in different setups for the device characterization. Here the

setup of those experiments are described.

Noise measurements set-up

To extract a quantitative information about the noise related to the multiplication
process and consequently to extract the excess noise factor F defined in section [I.4]as
a function of the gain M, the setup schematically depicted in fig. [3.12] was assembled.

The system is based on a transimpedance amplifier (TIA), which converts the current

‘ i} Spectrum Analyser (50 Q)
Voar 15U 100 » 470 F
ini APD Oscilloscope (1 MQ)

Figure 3.12: The block diagram of the setup for noise measurements.

of the photo-detector into a more convenient voltage signal. In particular, the set-up
to measure both F and M was realized by feeding simultaneously the output of the
TIA into a spectrum analyser (Agilent EXA Signal Analyzer N9010A) and into an
oscilloscope (LeCroy HDO6104), whose input resistance was set to R;n = 50 Q and
1 MQ, respectively. The spectrum analyser was fore-run by a 470 nF capacitor to
avoid any issue with the DC compliance of the instrument input. The TIA features a
resistance Ry = 10k and a frequency cut above 1.5 MHz. The power supply Keysight
B2962A was used to bias the devices through a CR filter.

We defined the excess noise factor F of the APD in equation [I.5] Taking into the
account that equation [I.5]neglects the dark current, we replace the photocurrent /,;, by

a net photocurrent 7., (3.1) and we write the excess noise factor F as

) @)
" 2el (VM = DYM)

(3.3)

Now we need to plug into this equation the quantities which we acquire with the
described setup. The mean values of the net photo-current and of the gain are obtained
from the signal of the oscilloscope - after dividing the acquired voltage by the resis-
tance of TIA we obtain the photo-current which after subtraction of dark current give
us the net photo-current. The gain M is then given by the net photo-current through

the equation [3.2] To access the mean value of the power of the noise of the device

48



(i*) we use the power of the noise S iipn measured by spectrum analyser, which is the
power of the noise of the total signal which is being acquired including the noise of
the instrumentation. The floor of this noise S ;o given by this instrumentation has to

be therefore subtracted to get (i*). Then the excess noise factor F can be written as

S iiph — S iioo

F = >
e Ry La(V)?
Rint Tt (V(M=1))

(3.4)

where B is the resolution bandwidth of the spectrum analyser.

For these measurements the device was kept in the UHV compatible chamber de-
scribed at the beginning of this section. However the measurements where not carried
out under vacuum, the easy mounting on a optical table and the possibility of x-y move-
ment control were used with advantage. The continuous table-top laser MILLENNIA

(of parameters listed in section [2.4)) was used for illumination. A neutral density filter

was set on the optical path to regulate the impinging power. A photo of the optical
setup and the housing is in fig. [3.13]

Figure 3.13: Photos of the setup for noise measurements.

Time response measurement setup

The time response of the devices was tested under the laser sources. The device
was biased through the power supply Keysight B2962A and CR filter. The aim of
the measurements was to record the response of the device to the ultra-short laser
pulses (10 ps). The signal of the device was read out by the oscilloscope (Tektronix
DPO71254C) through 1 dB attenuator. The oscilloscope has an analogue bandwidth
12.5 GHz with sampling frequency 50 GS/s.

The devices were tested with the ytterbium doped fibre laser, whose parameters are
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listed in section[2.4] The optical arrangement and housing of the devices was identical

to the one for the noise measurements.

Spectroscopic measurements setup

The preparation of this setup for spectroscopic measurement aims at the final target
of resolving the K-beta from the K-alpha lines of Fe-55 spectra, 6.49 keV and 5.9 keV
respectively. Considering pair generation energy ¢ = 4.2 eV [46], the separation of
these two lines is expected to be in order of one 100 electrons. Considering a modest
value of the internal gain of the device to M = 10, the rms noise should be around
1000 electrons, to be able to distinguish these two energies.

Because of this requirement we have decided to use, as central component of our
analogue electronics, the CUBE - a charge sensitive amplifier (CSA) developed by
XGlab for radiation detectors. The model PRE 039 which is the most compatible with
the SAM-APD here reported (designed for devices with a capacitance 3 - 10 pF) has an
equivalent noise charge (ENC) of 20.2 ¢~ at 1 pm [47]]. A dedicated PCB was designed
(fig. [3.14p) where the CUBE was wirebonded as shown in fig. [3.14p.

(b)

Figure 3.14: PBC dedicated to accommodate and connect the CUBE to the rest of the
electronics (a) microscope view of the bonded CUBE (b).

The measurement setup (fig. [3.15)) consists of a low-noise power supply (Keysight
B2962A), the main board where the PCB with the device was mounted together with
the CUBE PCB, the CSA bias board, a shaper and an oscilloscope (LeCroy HDO6104,
analogue bandwidth 1 GHz, sampling frequency 2.5 GS/s).

Preliminary measurements, focused on the setup testing were performed so far. A
pulsed table top laser of wavelength 4 = 540 nm of pulse width 100 fs was used for

this purposes to emulate high energy photons.

3.2.2 Synchrotron beamline setup
BEAR beamline

An additional PCB was designed in order to interface the sample holder on the

BEAR beamline adapted to the load-lock system of UHV chamber and to ensure com-
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Figure 3.15: Block diagram of the setup for the spectroscopic measurements.

triaxial cable Keithley 6430
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Figure 3.16: Design (a) and illustrative photo (b) of the PCB prepared in order to
interface the sample holder used at the BEAR beamline and the PCB used to carry the
devices.

patibility with the PCB on which the devices are bonded. The design picture and an
illustrative photo are shown in fig. [3.16,b.

The measuring circuit (fig. [3.16f) was designed to ensure that no drain currents
originating from surface charge compensation that has high probability at this photon
energy (500 - 1000 eV), will be summing up with the photo-current from the device.
As power supply and amperometer Keithley 6430 was used.

XRD2 beamline

For tests under X-ray illumination the same PCB with the devices as for the noise
measurements was mounted on the UHV-compatible chamber, which was placed down-
stream in the focal plane of the XRD2 line. The photocurrents generated in the devices
were measured by utilizing the aforementioned picoamperometer AH501. Also in this

setup the power supply Keysight B2962A was used to bias the devices through CR
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filter.
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4. Results and discussion

In this chapter the experimental results and their discussion are described. The
experiments carried out in order to optimize the doping concentration in the p-doped
separation layer are presented and discussed in Sectiond.1] The influence of the num-
ber of steps in the multiplication region on the APDs performance is shown in Section
4.2 In particular, noise measurements, time response and spectroscopic measurements
will be presented. Finally, in Section 4.3]the response of the devices to hard X-ray ir-

radiation is shown.

4.1 Delta doping concentration effect

As suggested in section [I.5] the p-doped separation layer plays a key role in func-
tionality of the SAM-APDs. For this reason we performed experiments focused on

effects of the doping level of this separation layer.

We calibrated the effective acceptor density as described in section [3.1.1] It was
found that ¢ p-doped C layers are highly compensated, likely owing to atomic pair-
ing [42]]. To study effects of acceptor concentration in the separation layer higher than
2.5 % 102 cm™2, we had to therefore employ the 50 nm thick GaAs:C layers. Com-
pensation takes places in such thin GaAs:C layers as well, although to a lesser extent.
Maximum achievable acceptor density in ¢ p-doped C layers and in the thin (50 nm)
GaAs:C were 2.5 X 10" cm™ and 1.2 x 10'3 cm™, respectively. In the 6 doping case,
the dopant concentration p drops below its maximum by further increasing the source

current.

We studied the effects of acceptor concentration on the prototypical SAM-APD
structures consisting of a 4.5 um-thick absorption region and a multiplication region
made of 12 steps (see fig. [3.I] [I1,[I3]]). Concentration was changed in the range
8.8 x 10'°cm™ 6 x 10'>cm™ and a set of six samples (see table {.1). Samples A to
E were delta-doped, while the in the with the highest density (F) the 50 nm GaAs:C

layer was used.

Table 4.1: Areal acceptor densities in the 6 (A-E) and 50 nm thick (F) p-doped layer

as measured with Hall effect
device A B C D E F

density [cm™] | 8.8- 10" | 5.0- 10" | 1.3-10" | 1.6-10"* | 2.5-10" | 6- 10"
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4.1.1 Characterization in dark

The devices were first tested in dark by measuring their current-voltage (IV) and
capacitance-voltage (CV) characteristics. The IV measurements allow us to select de-
vices with the lowest leakage, while the CV measurements provide information about
the electric field and potential distribution inside the device. In particular, we studied
the effect of the acceptor concentration in the ¢ p-doped layer on the CV characteristic.

As we said in the introduction, we are aiming to keep the absorption region without
strong electric field and we want most of the potential drop to happen in the multipli-
cation region. In other words, we want mainly the multiplication region to be depleted.

The left part of fig. [4.1] shows the capacitance per area as a function of the ap-
plied voltage, while the right part shows the depletion width calculated from the C(V)
according to the equation [2.4]

It can be seen that for the two highest carbon concentrations (samples E and F)
the capacitance keeps constantly high over the entire range of the reverse biases, up
to the breakdown voltage which was evaluated by measuring dark IV characteristics.
Example of a typical dark current density is in fig. #.2] In these conditions, the deple-
tion width corresponds to the thickness of the multiplication region. This means that
this amount of carbon atoms is able to prevent the formation of a large electric field
in the absorption region by confining the main drop of the applied potential inside the

multiplication region.
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Figure 4.1: Capacitance (left) and corresponding depletion width (right) versus re-
verse bias for the different devices.

Conversely, in the samples with lower doping levels the capacitance starts to drop at
a certain bias, meaning that the applied potential starts to deplete beside the multiplica-
tion region also the absorption region. In particular, the depletion region of most of the
devices with lower doping reached at some voltage a depletion width of 5.5 um, which
is the full thickness of the grown structure confined within the n-p contact layers. The
voltage at which this drop occurs increases with the doping dose in the ¢ p-doped layer.

To confirm this interpretation, we reproduced the CV curves of samples C, D, E and
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Figure 4.2: Typical dark current density values showing the break down voltage at
38 V.

F with TCAD simulations [48H50]. Fig. [4.3] shows that experimental and simulated
data are in good agreement; in particular, the concentration of acceptors in the p-doped
separation layer obtained from simulations fairly approximates the values measured by
Hall effect (tab. d.T)). The background doping in the absorption region that best fits our
experimental CV curves (around 5 x 10'* cm™) is in qualitative agreement with the
fact that MBE-grown GaAs layers have generally a low residual p-type doping in the

103 — 10" cm™ range [51], although it seems slightly overestimated.

Fig. [.4] shows the band profiles simulated at different biases with sim32 soft-
ware [52] for samples A, C, E and F to illustrate the dependence of the band profiles
throughout the absorption and multiplication regions on the acceptor level in the p-
doped separation layer and on the applied bias from zero up to breakdown voltage. At
0V the valence band is completely pinned at the Fermi level in correspondence of the
p layer for devices C, E and F. However, for device A pinning is incomplete, which
means that the inbuilt potential slightly depletes the absorption region even in the ab-
sence of an external bias. This explains why the CV characteristics (fig. . 1)) of the
devices with low doping do not start at a capacitance value corresponding to a 1 um-
thick depleted zone (i.e. the multiplication region), but they are affected by the partial
potential drop in the absorption region already at O V bias. This effect is more evident
with 1 V external bias: while in devices C, E and F the band profile in the absorption
region still keeps flat , in device A it starts to deplete significantly. At a reverse bias of
20 V device A is fully depleted including the absorption region. At this voltage a slight
slope of the band profile in the absorption region of device C indicates that is starts to
deplete in this device too, while for devices E and F it is still flat. At 33 V device C is

almost fully depleted , with a significant potential drop in the absorption region, with

55



\ ‘ I f \ I f
N 1.2e-4 - ® Measurements iy f= 1 MHz

E —— Simulations 4

3_ 1.0e-49-

= NV t

8,065 |4 Measurements

) 8-layer dose = 1.06e12 em’ Simulations

8 6.0e-5— p-background = 5e14 em” L

8
= ,

g 4.0e-5— | &-layer dose = 2e12 cm

% p-background = 7e14 em”

© 2.0e-51- f=1MHz -

! | \ \ | | | \ |
0 10 20 30 40 10 20 30 40
reverse bias [V] reverse bias [ V]
E F
— T T I I \
o 1284 f=1MHz || f=1MHz

E pLTT e

E— 1.0e-4 — “uu“"\\,\ TI[¥2940000040000000000000000000200000000 |
= 8.0e-5— ?easil rements \\ — + Measurements —
8 — >imulations \ —— Simulations

S 6.0e-5— \ -

- \
5 2 \

S 4.0e-5— d-layerdose =2.77e12 cm \ - >

%‘ p-background = 7e14 cm” \ S_Layir dose; 6;1124““ 4

o p-background = 7e14 cm

2.0e-5—
_ | | | \ \ | I \ \ |
0 10 20 30 40 10 20 30 40
reverse bias [ V] reverse bias [V]

Figure 4.3: Comparison between experimental and simulated CV curves. In the sim-
ulation the d-layer dose is equal to the actual concentration of acceptors put in the
sample, while the p-backgrounds is the residual acceptor concentration present in the
absorption region.
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Figure 4.4: Band diagrams of devices A, C, E and F for 5 different reverse bias-
es. Conduction band (red), valence band (black), electron and hole quasi-fermi levels
(green and blue).
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Figure 4.5: Values of voltage drop (a) within the absorption region as function of
reverse bias voltage and this drop as a fraction of the applied bias (b) for devices A, C,
Eand F.

devices E and F still keeping this region flat. Finally, at breakdown voltage (38 V), a
very small potential drop is observed even in the absorption region of sample E, while
flatband condition is maintained only for sample F.
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To quantify the depletion of the absorption region, we have plotted in fig. 4.5p the
potential drop between the top p contact and the p separation layer as a function of
the reverse bias, as they result from the simulations. For device A this drops increases
linearly with the bias starting from 0 V, which means that the doping of the separation
layer is ineffective in shielding the external bias at all voltages. For device C the drop
is zero up to a value between 10 and 20 V suggesting that the effectiveness of the p-
doped layer disappears at this voltage. Finally, for devices E and F there is no potential
drop in the absorption region for all the biases, except for a small increase in device E
close to breakdown. Fig. 4.5b shows these voltage drops as a fraction of the applied
bias, i.e., the portion of total voltage which is distributed within absorption region.

The influence of the small difference in band profiles of devices E and F on the
high-bias capacitance can be also appreciated with a closer look at the CV curves of
samples E and F. Data for these two samples taken from fig. [4.1] are shown again in
fig[4.6] It can be seen that the CV profiles coincide up to about 25 V, above which a
small but appreciable capacitance drop is observed for sample E. This corresponds to

an increase of about 40 nm in the depletion width, with respect to sample F.
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Figure 4.6: Experimental CV characteristics (a) of samples with ¢ separation layer of
acceptor density of 2.5 x 10'2 cm~2 (E) and 50-nm separation layer of acceptor density
of 6 x 10'2 cm™2 (F) and their respective depletion width (b).

The shape of the CV curves in fig. [4.6]can be used to calculate the profile of dopant
concentration inside the device, N(d), by using the equation for general nonuniform

distributions [53}/54]

/ey 2
AV eseoN(d) “.1)

where C, is the capacitance per unit area of the mesa, V is the applied bias and
q 1s the elementary charge and d is the depletion width, related to C, through the
data of fig. 4.6 Since we are probing values of d in the proximity of the depletion
width, we are sensitive to the charge distribution around the p-doped layer. From these
analyses (fig. it follows that in the case of the 50-nm separation layer (F) the dopant
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Figure 4.7: Dopant concentration profile as a function of depletion width for devices E
(a) and F (b). The blue dots represents the measured values, while the red continuous
curve are the results of a polynomial fit of the inverse of the capacitance optimized with
the least squares method, both obtained by using Equation[4.1] The fitting polynomials
were introduced in order to obtain (after differentiation) noiseless reference curves
which show the profiles also where the measured data becomes noisy.

concentration as a function of the distance below the junction between the p-layer and
the intrinsic layer (which corresponds to the depletion region) grows monotonically.
This trend testifies how the layer shields the absorption region in a way that the field
has no measurable effect beyond the p-layer, at least within the voltages of operation.
On the other hand, in the ¢ case the carrier concentration has a bell shape due to the
drop in capacitance, which starts to occur in the devices with a just sufficient carbon
concentration (E), meaning that in this case we start depleting beyond the d—layer in

the absorption region, as seen in fig. 4.6|b above.

4.1.2 Response to the light

Selected devices were tested under light to assess their response to incoming pho-
tons. Two different light sources were used: the IOM-CNR BEAR beamline at the
synchrotron Elettra (Trieste, Italy) in the energy range 500-800 eV and a green (4 =
532 nm) tabletop laser. Both sources and measurement setups are described in the
section 2.4l and

For both light sources, dark current and photocurrent were measured as a function
of the applied reverse bias. The net photo-current was calculated as the difference
between these currents. To compare the response under different light sources and
different fluxes, the gain was defined as the signal normalized by its value at 20 V,
where multiplication does not take place yet (equation [3.2)).

Devices B, C and E were tested at the BEAR beamline. Fig. (a) reports the
photocurrent for different energies of the beam and the dark current of device E. The
plot shows that in the experiments with higher photon energy, the photocurrent is larg-
er. Fig.[4.8|(b) reports the gains calculated from the data plotted in the left part: gains
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Figure 4.8: Dark current and photocurrent for three photon energies of the BEAR
beamline in the 500-800 eV range of device E (a); gain for the same photon energies

(b).

for different photon energies are overlapping. This is reasonable since all the photo-
generated carriers are created in the absorption region, as mentioned above, and sub-

sequently multiplied in the multiplication region in the same way.

- B
- f—
a0 FE —— 1 <10
=) - 15
© pe
3 3
5 z
[++] Q
; :
g ‘=
oA ‘ 80
1 - L L - 1 1 L L :
20 25 30 35 40 20 25 30 35 40
reverse bias [V] reverse bias [V]

(a) (b)

Figure 4.9: Gains of devices with different areal density of the ¢ p layer measured
at the BEAR beamline averaged over seven different energies in the 500-800eV range
(a); and with the green laser (b). The brakedown voltage of device E (38 V) is marked
by a dashed line.

Fig. @ (a) the gains of devices B, C, E characterized on the BEAR beamline are
plotted. Curves are averaged over seven different energies in the 500-800eV range. It
can be noticed that the multiplication for the low-doping structures is minimal, while
with doping in the device E the multiplication effect is clearly visible and reaches a
value of 13.1 at 37.5 V. The gain of the devices C, E and F was measured under laser
light. These data (right part of fig. 1.9) show the same behaviour for the device C and
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Figure 4.10: Currents for device E (red curves) and device F (blue curves) as a func-
tion of the applied reverse bias. The power of the photon fluxes during the acquisition
of the photocurrents for E and F were 1400 uW and 1600 uW, respectively.

E as the one observed on the BEAR beamline, with a gain of the device E of 11.8 at
37.5 V and a maximum gain of 21 at 38 V of reverse bias. In the case of device F, we
can see that the gain is of 8.5 at 38 V.

The curves of photo-currents and dark currents of samples E and F, as shown
in fig. [.10] reveal that the absolute values of the photocurrent are higher in the
case of device E even though the photon flux during acquisition was slightly lower
(1400 vs. 1600 uW). This could be explained by the fact that device E has a small
residual field in the absorption region whose presence is suggested by the capacitance
measurements (fig. and simulations (fig. {.4). This residual field makes the
created electrons drift towards the multiplication region, providing a better charge col-
lection above 25 V, where a difference in the CV curves starts to be observed (fig.
4.6). At lower biases, in the absence of this field, the charge carriers move just by
diffusion; however even in this regime device F exhibits a smaller charge collection
efficiency and subsequently a smaller photocurrent. One additional factor that possible
contributes to the charge collection efficiency could be the different potential barrier
created by the p-doped separation layer in the conduction band. In fact, it can be seen
in the simulated band profiles of fig. . 11| that for higher p doping (device F) , electrons
have to overcome a larger potential barrier with respect to lower doping (E). This can

be observed for all biases.

From the discussion above it can be concluded that 2.5 x 10'> cm™ doping in &
p-doped separation layer is the optimal one. It is enough to confine the potential drop
mainly in the multiplication region and enable in this way the multiplication. At the

same time, it appears that, in contrast to higher doping, the depleted region extends
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Figure 4.11: Simulated conduction band profile, at different bias voltages, of the SAM-
APD device structure in the surrounding of the layer dividing the absorption and the
multiplication region (position of the layer is indicated by vertical line). The red curve
(device E) results always higher compared to the blue one (device F), which means
that the electrons encounter more difficulties in reaching the multiplication region in
the first case compared to the latter one.

slightly beyond the p layer for the highest applied biases, creating a mild residual field
in the absorption region. This field seems to be beneficial for the collection efficiency
of the devices as shown by comparing the absolute values of the photocurrent, while
it does not influence significantly the multiplication process. Moreover, the higher
concentration results in an obstacle for the electrons which are less likely to reach the
multiplication region as shown in fig f.11] We will employ therefore samples with

2.5 X 10'2 cm™2 doping density in the experiments presented in the rest of this thesis.

4.2 Variation of the number of steps in the multiplica-
tion region

After setting up the optimal separation layer, the focus was put on the influence
of other structural parameters on the behaviour of the SAM-APDs. In particular, we

studied the variation of the number of the steps in the multiplication region. The sim-
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ulations suggested that with increasing number of steps the noise associated to the
multiplication, described by excess noise factor F, is lower for a given gain M. Cal-
culations were carried out for devices with 6, 12 and 24 steps in multiplication region
(fig. B.12) by using an energy balance history dependent model (EBHDM) [55]]. The
same set of devices was fabricated using the ¢ p-doped separation layer with doping

concentration 2.5 X 10'? cm™2 and mesas of 200 um in diameter.
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Figure 4.12: Simulated excess noise factor as a function of gain for the SAM-APDs
with 3 different numbers of steps in the multiplication region.

4.2.1 Characterization in dark

The tree devices were tested in dark with the setup described in section[2.3] Capacitance-
voltage curves per unit area and the the corresponding depletion widths calculated ac-
cording to the equation [2.4] are plotted in fig[d.13] According to table [3.1|the thickness
of one step is 80 nm, meaning that the thickness of the multiplication region for the
devices with 6, 12 and 24 step is 480 nm, 960 nm and 1920 nm, respectively. This

corresponds well to the values of the depleted width which we obtained from the CV
measurements (fig. 4.13pb).

4.2.2 Noise measurements under laser illumination

The measurements were performed under the illumination of the CW Millennia
laser with the parameters listed in section [2.4] and with the setup described in section
dedicated to the noise measurement. The photo- and dark currents, together with
the power of noise at biases from 0 V to biases near to the breakdown voltages were
acquired for each type of device. From the currents the gain M (fig. {.14] (b)) was

calculated following equation [3.2] The excess noise factor F was extracted from the
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Figure 4.13: Capacitance (a) and corresponding depletion width (b) as a function of
a reverse bias for the different devices. The dashed horizontal lines in (b) mark the
thickness of the multiplication regions for the three devices.

acquired powers of noise according to the formula[3.4]and the origin of the curves was
moved by applying a multiplicative factor so that the excess noise factor is 1 where
the gain M is equal to 1 as it must be according to the definition of F. The need of
this additional normalization comes probably from the fact that the shot noise is not
the only noise which is being amplified by the multiplication process, as we assume
in the equation [3.4] One possible additional source of a noise which enters to the
multiplication process is the fluctuation of the laser. So far we did not find a way to

measure this contribution simultaneously with data acquisition.
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Figure 4.14: (a) excess noise factor calculated from the measured powers of the noise
plotted as a function of the gain (solid lines), simulations for the same types of devices
(dashed lines with the same colors) and simulation for ideal limit case of a device in
which the multiplication of holes is completely suppressed (green dashed line); (b)
gains as a function of the reverse bias.

Although the quantitative agreement is poor, with the simulations largely under-

estimating F especially for the samples with 6 and 12 steps, both experimental data
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and simulations confirm that the excess noise factor for a given gain decreases as the
number of steps is increased.

The results for the device with 24 steps follow the simulation for gains up to ~ 7.
At higher gains F reaches maximum and drops afterwards. This could be related to
more efficient suppression of the hole multiplication as the field in the multiplication
region increases and the gain grows. In fact, a simulation made for an ideal case where
only electrons are multiplied shows an analogous non-monotonic trend (fig. #.14] green
line, [S5])). In the case of the device with 12 steps, a less pronounced maxima can be
observed as well. In the data acquired on the device with 6 steps we don’t observe any
maxima suggesting that the regime of significant suppression of hole multiplication is

not reached in this type of devices.

4.2.3 Time response

The same set of devices was also compared regarding their time response. The
devices were illuminated by the 2nd harmonics (1 = 532 nm) of the infrared fiber
ytterbium doped laser (specification in section[2.4]) and mounted on the setup described
in section [3.2.1] For readout the oscilloscope Tektronix was used with an analogue
bandwidth of 12.5 GHz and a sampling frequency of 50 GS/s.

The response to the laser pulses was acquired for each device for a set of reverse
biases from 0 V to voltages close to the breakdown. We recorded the time response
of two devices from each set, as shown in fig. 4.I5] From these response curves the
rise time was calculated as the time in which the device changes the amplitude of the
response from 10 % to 90 % of the maximum. Values of the rise time as function of
the reverse bias are plotted in fig. {.16]

The devices with 6 steps have rise time around 1 ns. The devices with 12 and
24 result to have rise times of 100 ps and 80 ps, respectively. This values are not
much higher than the maximal rise time of the oscilloscope which is 28 ps (calculation
based on the first order approximation model). This limitation can be higher due to
the cables (the U.FL cables have guaranteed reliability upto 6 GHz) and other setup
non-idealities. There is also the fact that the values were calculated based on 4 - 5
points laying within the range of 10 % to 90 % of the maximum. For this reasons we
conclude that the measurements are on the limit of possibilities of the instrumentation
and that the values of rise time for devices with 12 and 24 steps can be considered only
as an upper limit of the rise time.

The areas of the responses from fig. were integrated for each bias and the gain
was calculated by using equation [3.2] but with these integrated areas instead of the
currents. The dependence of this gain on the reverse bias is in fig. The values of

the gain are in qualitative agreement with the one obtained from measurements under
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Figure 4.15: Time response of the devices with 6, 12 and 24 steps. Two devices of
each kind are shown in panel (a), (b) and (c) respectively. The color scale from violet
to red shows increasing reverse bias from 0 V to the voltage near to the breakdown.
The black line in the case of the device with 24 steps (c) shows the time response at
the bias at which the second broader peak starts to dominate.
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Figure 4.16: Rise times of the devices with 6 (a), 12 (b) and 24 (c) steps as a function
of the reverse bias at which the given time response was acquired.
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Figure 4.17: The block diagram of the setup for noise measurements.

continuous laser in the sense that with increasing number of the steps in the multipli-
cation region, the maximum gain increases. If we compare the values quantitatively in
table 4.2] we can see that the resulting gain from the time response is systematically
smaller than the one obtained from measurements under continuous laser. A possible
reason for this discrepancy is the worse collection efficiency of electrons generated
by the ultra-short laser pulses. In fact, they are generated in a very short time range
(10 ps), which makes them also near spatially. This dense bunch of electrons is travel-
ling through the multiplication region where it is multiplied. At some bias the electric
field created by this dense bunch of electrons become so significant that it effective-
ly shields the external bias and in this way partially prevents further increase of the
multiplication effect.

Table 4.2: Table summarizing the effect of the number of steps in the multiplication
layer on device capacitance, on maximal gain obtained under CW illumination, from
time response and from spectroscopic measurements, and on the rise time of time
response.

#of | capacitance max gain max gain max gain rise time
steps | [107'F/um?] CW laser pulsed laser QUBE
6 2.2 31@ 19V 27@195V [ 414 @20V I ns
12 1.1 504 @372V | 207@37.5V | 11.1 @ 32V | <100 ps
24 0.55 928 @59V |391 @582V | 341 @54V | <80ps

4.2.4 Spectroscopic measurements

As it was explained in the section this experimental setup aims to resolve
the K-beta from the K-alpha lines of Fe-55 spectra. For this reason the CUBE - a
charge sensitive amplifier (CSA) developed by XGlab for radiation detectors (model
PRE 039) was used.
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In order to test the setup in well defined conditions a measurements under illumina-
tion of the pulsed green table-top laser (pulse width ~ 100 fs, repetition rate 200 kHz,
A = 540 nm) described in section [2.4] were carried out. This source was selected for
the possibility to emulate an X-ray single photon source and to adjust the amount of
deposited energy and created charge carriers by setting the power of the laser. In such
setup it is also possible to use an external trigger obtained by diverging part of the
laser beam to a comertial silicon based photodiode. The other, already mentioned ad-
vantage, is the fact that photons of this wavelength are absorbed within few hundreds
of nanometres in the absorption layer, so no effects of absorption in the deeper layers
of the device are present, unlike in the case of Fe-55 source.

The incident power of the laser during this measurements was 28 wW. The response
of each type of device (with 6, 12 and 24 steps) to this ultra-short pulses was measured
at several biases. Five hundreds single responses for each reverse bias voltage were
collected. The area below the curve of this single response is proportional to the charge
deposited by a single event (in this case a single pulse). The histogram of the areas

calculated from the five hundreds single responses for each reverse bias is plotted in

fig 4.18]
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Figure 4.18: Histogram of the areas under the response curves of the CUBE setup for
each type of investigated devices. For each reverse bias 500 responses were recorded.

For each distribution of the pulse area at a given reverse bias the mean value was
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calculated. From the mean values the gain M as a function of reverse bias voltage
was calculated (fig. .19%) using the mean value of the area below the response curve
instead of current. The unity gain was set at the reverse bias voltage at which the
dependence of the area on the reverse bias saturated, the full charge collection regime

was reached, but the multiplication did not start yet.
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Figure 4.19: Gain as a function of reverse bias of the devices with 6, 12 and 24 steps
in the multiplication region derived from the histograms of response areas acquired by
CUBE.

The gain M increases with the number of steps. This trend is in agreement with the

results obtained from two previous types of measurements (sections 4.2.2] and @.2.3).

The maximal values of gain measured by the setup for the spectroscopic measurements

are compared with such previous values in table 4.2

4.3 Response to hard X-ray

To assess the response to high-energy photons, the devices with 12 steps in the mul-
tiplication region and 6 p-doped separation layer with dopant concentration 2.5 x 102 cm™
were tested under irradiation with hard X-rays generated by the XRD2 wiggler beam-
line at the Elettra Syncrotron in Trieste described in section [2.4.2] Photons of energy
12.4 keV with a maximum flux of 1.7 x 10'* ph-s™! over an area of 300 um x 90 um
were available for the measurements. The devices were mounted in the UHV chamber
which is described in section[3.2.2

Owing to the incorporated perpendicular movement stages it was possible to per-

form remotely controlled spatial mesh scans of the devices through the beam. The
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beam-size was for this purpose reduced to 100 pm X 900 um and a typical photon flux
was of the order of 10'? ph - s~!. The scans were acquired with a step of 30 um. Two of
these maps acquired under different reversed bias voltages are shown in fig[4.20] The
area of lower efficiency (bottom left of the circular mesa) is caused by the absorption
of the wire bond. Such photocurrent maps were used to align the center of the device
with the incident radiation to record position-invariant measurements of the photocur-
rent. These were carried out by using an oscilloscope (KEYSIGHT DSOS404A) with

""and a 10-bit resolution. In

a 4 GHz analogue bandwidth, a sample rate of 20 GSa-s~
order to avoid radiation damage to the device, the power provided by the synchrotron
beamline was kept on values at least one order of magnitude lower than the powers

used at the experiments with laser sources described above.

0.3 mm

Figure 4.20: XY scans performed in air, with a hard X-ray source (12.4 keV) and with
two different reverse bias voltages.
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Figure 4.21: Measurements performed in the air with a hard X-ray beam provided
by the XRD2 beamline : black line, dark condition; green line, 1% of transmitted
beam through an Al filter; red line, transmission 4%. (a) measured current; (b) gain
calculated according to eq. 3.2

Figure [4.21p reports both the dark current and the photocurrent measured under
illumination with different photon fluxes, which were controlled by means of alumini-

um absorbers. In figure d.2Tp reports the gain calculated from these photocurrents and
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dark current according to the formula[3.2] As expected, the gain is independent of the
particular incident photon flux. However, under illumination with 12.4 keV photons
and at 36.5 V of reverse bias, the gain is only 7.3. The fact that this value is smaller
compare to all other results from tests under the laser illumination can be due to much
higher energy of photons used in this experiment. As opposed to the case of photons
of the laser of energy 2.3 eV which are absorbed in few first nanometres of absorption
region, photons of energy 12.4 keV can with high probability be absorbed also in the
multiplication region. The charge carriers created in the multiplication region don’t
go through entire multiplication region and can not therefore multiply so effectively.
Taking into account that the transition of the absorption region ( 4.5 um of GaAs) is
70 % [23]], we expect only up to 30% of 12.4 keV photons to multiply with maximum

gain.
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Conclusions

This project was driven by the necessity of the synchrotron radiation community
to reduce the continuously widening mismatch between the ability of new generation
light sources to develop high energetic, high brilliance radiation and the relatively mod-
est ability of available detectors to record results of experiments where such sources
are used. The aim was to develop fast and sensitive detector for X-ray radiation of
energies where the existing commercial silicon detectors cannot provide the required
performances, mainly due to intrinsic limits of the material. The choice was to em-
ploy GaAs/AlGaAs material to develop such detectors. The material of choice was the
GaAs/AlGaAs system. The higher atomic number of GaAs elements compared to Si
results in a higher absorption cross-section which offers the possibility of employing
thinner absorption regions, which in turn results in faster devices. One additional ben-
efit is the possibility to tailor the material properties by changing the composition x in
Al Ga;_4As alloys. In contrast to the GaAs-based pixelated detectors which are already
commercially available, our devices have a fine inner structure in the multiplication re-
gion. Such band gap engineering is needed in order to overcome the intrinsically high
noise characteristics of GaAs due to the similarity of electron and hole impact ion-
ization coeflicients. By taking advantage of the possibility to change the Al,Ga;_ As
composition, a band gap modulation is realized under the form of a staircase structure
under an external reverse bias. In this way, multiplication of electrons is promoted
while multiplication of holes is suppressed resulting in remarkably higher signal to
noise ratio. To make the multiplication process even better defined, hence less noisy,
a p-doped layer is introduced between absorption and multiplication regions. In this
way the first part is shielded from the strong electric field under reverse bias and most

of the potential drop happens in the multiplication region.

During the first year we developed a technology platform to fabricate and test a
device prototype that allowed us to benchmark our procedures against the state of the
art. This induced optimization of the growth/fabrication process of the device and de-
velopment of experimental setups for detector test. After reaching these benchmarks,
we focused on fine tuning of some of the features of the epitaxial layer system which

could affect the detector performance.

First, we studied the influence of the p-doped layer separating absorption and mul-
tiplication regions on the APD electrical characteristics and their response to light.

Six SAM-APD samples with different p-doping level in the separation layer were
fabricated. For five samples with doping up to 2.5 x 10'>cm™ the separation layer
was realized in the form of ¢ p-doped layer. In order to increase the doping above such

value, a thin (50 nm in our case) GaAs:C layer is needed, instead of the ¢ doping. This
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doping scheme was employed to grow the sixth sample with doping 6 X 10'>cm™2 .

First, a characterization in dark was carried out and the influence of the p-doped
separation layer on the CV curves was investigated. An acceptor density of 2.5 -
10'? cm~2 was found to be necessary to keep the absorption region with a small enough
electric field over the whole range of reverse biases, up to the breakdown voltage. For
the devices with a lower doping level, a drop in capacitance occurred at specific volt-
ages within the measured range. Such voltage was found to decrease with decreasing
doping levels. TCAD simulations are able to reproduce the measured CV curves for
doping densities very close to the experimental ones. The analysis of simulated po-
tential profiles confirms the interpretation above, thus indicating the device with the
highest doping is the best suited for applications as a radiation detector.

The photoresponse of the devices was measured by utilizing light sources with en-
ergies low enough to ensure that the photogeneration occurs entirely within the first
few 100 nm of the absorption region. It was noticed that for low doping levels the
multiplication of generated charges is rather low (up to a gain of 2). On the other hand,
when the doping level is 2.5 X 10'> cm~2 or more, we observe a multiplication at re-
verse biases up to the break down voltage. A virtual absence of gain for lower doping
levels is due to the failure to establish an adequate potential in the staircase region
that would lead to electron multiplication. Therefore doping at least 2.5 x 10'> cm™2
is necessary to confine the potential drop mainly in the multiplication region. Further
analysis reveals that with 2.5 X 102 cm™ doping the depleted region extends slight-
ly beyond the p layer for the highest applied biases, thus creating a residual field in
the absorption region. For the doping 6 X 10'> cm™2, the measurements show that the
potential drop is confined strictly in the multiplication region and the residual field is
negligible, if any. This field seems to be beneficial for the collection efficiency of the
devices as shown by comparing the absolute values of the photocurrent, while it does
not influence significantly the multiplication process. Moreover, the higher concentra-
tion of dopant in the p-doped separation layer could result in being an obstacle for the
electrons which are less likely to reach the multiplication region.

After the optimal p-doping concentration in the separation layer was found, we
studied the influence of the number of steps in the multiplication region of the APD
on the detector characteristics. Three samples with 6, 12 and 24 steps were fabricated
and tested first in the dark. The measured capacitances, which are compared in ta-
ble [4.2)), confirm the establishment of the whole potential drop in the multiplication
region. Noise characteristics and time response were assessed for the tree samples, to-
gether with preliminary spectroscopic measurements. The gains extracted from these
different types of experiments and under different light sources are compared in table
M.2] In all the three cases , as predicted by simulations, the maximum gains increas-

es with increasing number of steps. Time response experiments showed that the rise
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time decrease with increasing number of steps, and in devices with 12 and 24 steps
they are faster than 100 and 80 ps, respectively. For more accurate measurements an
oscilloscope with higher analogue bandwidth and better sampling frequency is needed.

Last but not least, the devices with 12 steps in the multiplication region and ¢ p-
doped separation layer were tested under irradiation with hard X-rays. A multiplication
process for reverse biases near to break down voltage was observed in this photon
energy range too, however, the measured gain was smaller than the one obtained in the
tests under laser and soft X rays. This is likely due to the fact that the transmission
of the 4.5 um thick absorption region for this energy is about 70 %, thus the charge
generation occurs with high probability in the multiplication region too and this leads

to significantly a less efficient multiplication.
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