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Abstract: Diamond is a semiconductor with a large band gap (5.48 eV), high carrier
mobility (the highest for holes), high electrical resistance and low capacitance. Thanks to its
outstanding properties, diamond-based detectors offer several advantages, among others:
high signal-to-noise ratio, fast response, intrinsic pulse-shape discrimination capabilities for
distinguishing different types of radiation, as well as operation in pulse and current modes.
The mentioned properties meet most of the demanding requests that a radiation detection
material must fulfil. Diamond detectors are suited for detecting almost all types of ionizing
radiation including X-ray and UV photons, resulting also in blindness to visible photons
and are used in a wide range of applications including ones requiring the capability to
withstand harsh environments. After reviewing the fundamental physical properties of
synthetic single crystal diamond (SCD) grown by microwave plasma enhanced chemical
vapor deposition (MWPECVD) technique and the basic principles of diamond-photon
interactions and detection, the paper focuses on SCD detectors developed for X-ray and
UV detection, discussing their configurations, construction techniques, advantages, and
drawbacks. Applications ranging from X-ray detection around accelerators to UV detection
for fusion plasmas are addressed, and future trends are highlighted too.

Keywords: synthetic SCD diamond; diamond detector; radiation detector; X-ray detector;
UV detector

1. Introduction

The excellent optical and infrared properties of diamond and its X-ray transparency
coupled to other outstanding properties such as its excellent semiconductor properties,
mechanical and radiation hardness, high thermal conductivity as well as chemical in-
ertness and singular strength, have long made this material attractive for scientific and
technological use in the field of optical, infra-red (IR), UV and X-ray detection in a large
range of applications including the ones in harsh environments [1-5]. Indeed, diamond’s
properties are already outlined by the root word for diamond which is the Greek term
“adapo (adama)”, meaning unconquerable and indestructible.

The diamond properties meet most of the demanding requests that a radiation de-
tection material must fulfil. Thanks to their outstanding properties, diamond detectors
feature several advantages, among others: low noise, fast response, high radiation hardness,
operation at high temperature, capability to discriminate among different types of radiation
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by intrinsic pulse-shape discrimination properties [6-9] as well as capability to operate
both in pulse and current mode. Last, but not least, the low atomic number of diamond
(Z = 6), close to that of human tissue, renders diamond very interesting and largely used in
radiation dosimetry and microdosimetry [10-13].

The interest in using natural diamond as radiation detector dates back to 1941, i.e., the
beginning of the nuclear era [14]. The earliest applications of natural diamond concerned
its photoconductivity [15] in which the physics underlying the use of natural diamond
as a radiation detector was observed. Natural diamond generated by geological process
is monocrystalline, but impurities are always present inside its lattice, of which the most
important being Nitrogen. Impurities form optical defects that modify the electronic
properties of diamond. Four different species of natural diamond are classified depending
upon the amount of Nitrogen, namely [1]: Type 1a (the most common diamond, 98% of the
total); Type 1b, Type 2a, and Type 2b. The one suitable for radiation detection is Type 2a
because the negligible content of Nitrogen allows for excellent electronic performances and
transmission of UV radiation. However, despite the advantages discussed above, natural
diamond resulted scarcely utilized for radiation detection owing to its scarce availability
and very high cost.

In the last decades, thanks to the development of proper growing techniques, artificial dia-
mond plates of excellent quality became available. The most effective method is the microwave
plasma enhanced chemical vapor deposition (MWPECVD) technique [1,2,16-18]. Using this
method, first polycristalline diamond (p-CVD) and, after the year 2000, single crystal diamond
(SCD) have been produced and made available on the market. The SCD monocrystalline
structure presents far superior performances as a radiation detector with respect to p-CVD,
resulting in the most largely used to this purpose [7]. Since artificial SCD diamonds are suited
for detecting almost all types of direct and indirect ionizing radiation over a very wide range
of energy, detectors were realized and used for a large number of applications encompassing
neutrons, charged particles and gammas detection and dosimetry, as well as X-ray and UV
detection [19-21]. Notably, they have played a crucial role in the development of innovative
detectors for high energy physics [22-24].

Diamond is transparent to electromagnetic radiation over a wide spectral range (from
180 nm to 100 pum); thus, it can play an exceptional role in optical technology. It is very
important to detect the UV /X-ray bands for various scientific and technological applications
like UV astronomy, plasma diagnostic, resin cleaning, combustion engineering, water
purification, flame detection, biological effects and many more applications. Synthetic
diamond could be applied to realize windows for IR thermal imaging for ‘dual band’
(Visible/IR) systems as well as in applications such as mirrors for high-power lasers or
optical windows/monitors for X-ray synchrotron radiation. SCD of high purity with high
integrity of crystalline structure is also an excellent candidate as a monochromator in
X-ray optics [25].

The UV and X-ray region (UV/X) of the electromagnetic (EM) spectrum was paid in-
creasing interest since the beginning of the 19th century, and a variety of UV /X detectors have
been developed, mainly Silicon-based and photomultipliers. These devices have significant
disadvantages: low quantum efficiencies, need filters to stop low energy photons (e.g., visible
and infrared light), while photomultipliers require external high voltage supply. Aerospace and
automotive industries, as well as various research activities (e.g., plasma diagnostic, accelerators,
free electron lasers (FEL), space and astrophysics), have continuously proposed and solicited
the development of fringe technologies tolerant also to harsh environments (chemical corrosion,
high temperatures and hostile radiation environment, etc.). As a result, the main efforts are
now directed toward a new generation of UV/X detectors fabricated from wide band-gap
semiconductors [26,27], the most promising of which is diamond. The need of reliable UV and
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X-ray detectors is a relevant issue, e.g., in X-ray dosimetry [28,29], UV /X-ray astrophysics [30],
and in fusion plasma experiments for detecting both X-ray and UV radiation emitted by the
plasma [31]. In the case of fusion plasmas, diamond detectors are also used to measure neutrons
emitted by the fusion reactions [22] and, together with X-ray and UV artificial SCD detectors,
have proven to work properly on the JET [31,32] and FTU [33] fusion tokamaks.

This paper focuses mainly on synthetic single crystal diamond (SCD) detectors for
(soft) X-ray and UV detection. After reviewing the fundamental physical properties of SCD
diamond, different types of synthetic diamond-based radiation detectors developed for X-ray
and UV detection are presented, discussing their physical properties and the realization
techniques as well as advantages and drawbacks. A selection of applications and results is
reported and, eventually, an overview of possible future developments is also addressed.

This work follows the one already published by MDPI Editor which was mostly
dealing with SCD detectors for neutron detection and included a discussion about the
behavior of diamond detectors operated at high temperature [9]. The present paper does
not discuss all the details related to the physics of diamond already reported in the previous
review and to which the reader is referred to along with the other excellent papers and
reviews referenced on it.

Following [9], also in this paper the term “film” will be used to indicate diamond of
up to few micron thickness, while the term “layer” will be used in all the cases in which the
thickness is not defined or not important for the sake of the discussion. The term “plate”
will mean thickness of several tens of microns.

After the Introduction, in Section 2 the paper presents a survey of basic diamond
properties, while in Section 3 the basic principles of diamond-radiation interaction are
reviewed. In Section 4, the principle of operation of photodetectors is recalled, while
in Section 5, diamond photodetectors are introduced and discussed with some details.
Section 6 deals with a selection of applications of diamond photodetectors to various
research fields. Eventually, Section 7 discusses some of the open issues for diamond
photodiodes and highlights some possible future developments and applications.

2. Survey of Diamond Properties

Diamond is the metastable allotropic form of carbon, characterized by a sp3 hybridiza-
tion resulting in a 3D configuration. The sp3 hybridization implies that diamond atoms are
arranged in a crystal structure (lattice) with bases of two atoms in which each carbon atom
has four nearest neighbors. This is the typical face-centered-cubic (fcc) cell structure with
eight atoms per unit cell (fcc tetrahedral arrangement). The nearest neighbor distance is
b =1.54 A, and the unit cell dimension, at 298 K, is a = 3.567 A. Diamond has the highest
atomic density of any material in the earth (1.77 x 10% atoms/cm?), and its density, at
298 K, is 3.515 g/cm? [2,3]. The lattice exhibits very strong bonding.

In natural diamond, carbon is present in two isotopes: '2C (98.9%) and 3C (1.1%). The
stable phase of carbon is graphite which has a planar sp2 hybridization. For this reason, if
diamond is strongly perturbed, it transforms into the stable phase graphite (the reverse
is not possible). This phase transition can be attained in several ways (e.g., by heating
diamond in an inert atmosphere), and the onset of graphitization is observed already at
1800 K. The rate of graphitization increases with temperature.

Diamond is also highly chemically inert, with two exceptions. First, at high tempera-
tures, it is susceptible to oxidizing agents (e.g., oxygen, for T > 900 K). Second, still at high
temperature, certain metals (e.g., iron, cobalt, manganese, nickel, chromium, and platinum)
can act as solvents for carbon, leading to chemical bonding with diamond. This property is
sometimes used for depositing electrical contacts on diamond detectors (see Section 5).
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This paper focuses on the homoepitaxial or single crystal diamond (SCD). As discussed
in the Introduction, the MWPECVD technique [1,2,34] results in the most suited method
for producing high quality SCD diamond plates because it allows for p-CVD or SCD
growth depending upon the growing substrate used. Typically, a p-Si substrate is used
for producing polycrystalline CVD, and SCD diamond of low quality (e.g., grown by high
temperature and high pressure (HTHP-type [18,35])) is used for growing high purity SCD-
diamond. The MWPECVD techniques requires the use of high purity CHs and H, gases
to avoid contamination and inclusion of impurities in the produced diamond. The high
purity diamond produced by MWPECVD technique and used for detectors fabrication is
also called “electronic grade” diamond to indicate its excellent electronics performances.
Usually, the most important doping material in electronic grade diamond is Boron (p-type
diamond) present in amount of a few ppb. Larger amounts of Boron can significantly alter
electronics performance, and sometimes Boron is added to one side of the grown diamond
layer to meet specific needs, such as creating an ohmic contact (see Section 5.2). Since
discussing diamond growing techniques is beyond the scope of this paper, readers are
referred to the specialized literature for further details, see for example [36,37].

Diamond, Silicon (Si) and Germanium (Ge), all belonging to group IV-A of the periodic
table of elements, share the property of being semiconductors. They have crystalline lattice
with allowed energy bands for electrons, the so-called valence and conduction bands,
respectively, separated by an energy gap Eg (Figure 1). Diamond with Eg = 5.48 eV shows
the highest Eg value compared to Si (Eg = 1.12 eV) and Ge (Eg = 0.67 eV) [38]. Asit is known,
the Eg value affects the electronic performances, as it is responsible for the higher or lower
magnitude of the dark current of the detector at room temperature. The wide band gap
together with its strong chemical bonding, which reflects in the high displacement energy
(Eq) of carbon atoms in diamond lattice (E4 = 43.3 eV, [39]), allows diamond to exhibit
good radiation tolerance as well as capability to operate at high temperature. The latter
property depends not only on Eg but also on the high thermal conductivity (o7) of diamond
(21.9 Wem 'K ~1), the highest among the natural elements. It is worth mentioning that most
of the properties of diamond depend on the working temperature and, when applicable,
on the external electrical field (e.g., carrier mobility). Table 1 summarizes some of the
mentioned physical properties of natural diamond at different temperatures [2,3].

Conduction Band

e o o o o Electrons

E;

® & 000 Holes

Valence Band

Figure 1. Scheme of an ideal semiconductor band structure. The band gap (Eg), the valence and
conduction bands as well as electrons (blue circles) and holes (red circles) are evidenced.

Table 1. Physical properties of natural diamond.

300 K 500 K 600 K
Atomic number 6 6
Density (g cm™3) 3.515
Fusion Temperature (°C) 4100 4100

Thermal conductivity (W em~! K1) 21.9 11.2 9.6
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Table 1. Cont.
300K 500 K 600 K
Resistivity (€2 cm) 1013
Dielectric constant 5.7
Break-down voltage (V cm™ 1) >107
Band gap (eV) 5.47 542 5.38
Intrinsic carrier density (cm~3) <103
Energy to create e-h pair (eV) 13
Electron mobility (cm?V~1 s~ 1)1 1800-2200
Hole mobility (cm?V—1 s~ 1)1 1200-1600
Saturation velocity vsat (cm s7h) 2.7 x 107
Energy to displace an atom (eV) 2 433

! Depending on diamond’s type and temperature; 2 Averaged value.

In diamond, at room temperature (300 K), electrons remain in the valence band bound
to the outer atomic shells of the carbon atoms forming the lattice. When external energy is
supplied, such as an increase in temperature, external radiation, etc., electrons (e™) can be
promoted to the conduction band. A vacancy (or hole, h*) is produced in the valence band
and e/h pairs (EHP) are formed. Under the influence of an external electrical field, these
EHP pairs (also called charge carriers) move in opposite directions, generating a current.

3. Diamond-Radiation Interactions

As previously mentioned, diamond can detect neutrons, photons and charged particles.
Regardless of the type of radiation impinging on the diamond, the interaction radiation-
diamond begins with the production of ionizing particles. In the case of photons, these
are electrons (e~) and for photon energy (E ) greater than 1.02 MeV also pairs of e~ and
positrons (e*). Charged particles (p, d, «, 7, etc.) produce direct ionization (pairs of
e~ /h) when passing through diamond, while neutrons are detected through the nuclear
reactions produced by direct interactions with carbon nuclei, which yield ions and/or
recoiling carbon nuclei [40]. Neutron interactions with diamond are addressed elsewhere,
see e.g., [9,40], while discussion of charged particles interaction with matter can be found in
many excellent books and papers, see e.g., [41]. In this paper, we focus on the interactions
with UV and low energy X-ray photons (E, < 100 keV). It should be noted that neutrons
and charged particles can also be present when measuring UV or X-ray (e.g., from fusion
plasmas) and should be considered as a disturbing “background” producing a signal
overlapping with that due to UV and X-rays [30].

3.1. Photon Interactions

The effects of photon interactions with matter are largely indirect, occurring via
electrons (e™) or positrons (e*) set in motion as a result of the photon-matter interaction.
These charged particles dissipate their kinetic energy in the medium until they come to rest.
The energy transfer from photons to electrons (and vice versa) results in a complex chain of
events with feedback which can be described in terms of photon cross section. The latter
depends upon the photon energy (E) and the atomic number (Z) of the medium.

The dominant photon absorption processes on an atom A are (in the following we will
use the Greek letter v to indicate a photon, regardless of its energy):

1. v+ A — A*(excitation)
2. v+ A — v+ A(Coherent or Rayleigh scattering)
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Y + A — v’ + A* (Incoherent or Raman scattering)
v+ A — A" + e~ (Ionization or Photoelectric effect)
Y+A —=7v +A* +e” (Incoherent or Compton scattering)

AN

Y+A = A+(e” +e*) (pair production)

(A* indicates an excited atom; A* an ionized atom).

The excitation process leaves the atom in an excited level from which it can return
to its original state by emitting one (or more) photons with energy depending on the
excitation level. Another interaction, not listed above because not of direct interest to us, is
the so-called inverse bremsstrahlung which typically occurs in plasmas and is used as a
mechanism for heating it by laser [42]. It is worth mentioning that an atom does not need
to be neutral and/or in its ground state to interact with a photon.

There are three major types of photon-matter interactions: photoelectric absorption,
Compton scattering (coherent and incoherent), and pair production. Each one of these
interactions predominates in a given photon energy range.

For E, < 100 keV the predominant interaction is the photoelectric effect. For
100 keV < Ey <2 MeV coherent (Rayleigh) and incoherent (Compton) scattering become
more important. If the energy of the photon exceeds twice the rest-mass energy of an
electron (Ey > 1.02 MeV), the process of e™ /e™ pair production dominates. In this case,
the conversion of photons into e~ /e* pairs is constrained by the momentum conservation
and requires the field of an atom to happen. This is a combined relativistic and quantum
mechanical effect. Thus, pair conversion only occurs in matter, and its probability of occur-
rence strongly depends upon the atomic number Z of the medium as its cross section (oee)
is proportional to Z2. Strictly speaking, pair production is possible also in the electric field
of an electron, in which case the cross section is proportional to Z [43]. Pair production is
practically of no interest for UV and X-ray detectors.

Unlike absorption and/or luminescence processes, scattering of photons does not
necessarily involve electronic transitions between energy levels in atoms (or molecules).
After the scattering, a randomization in the direction of light radiation occurs. Particles
whose dimensions are small compared to the wavelength of optical radiation give rise to
Rayleigh scattering, which is exhibited by all atoms and molecules. Rayleigh scattering
is called “coherent” because the photon is scattered by the combined action of the whole
atom. The event is elastic because the photon does not lose energy and the atoms recoil
just enough to conserve momentum. Photons are scattered by bound atomic electrons, and
the atom is neither ionized nor excited; the scattered photon is usually redirected through
small angles. For photon frequencies well below the resonance frequency of the scattering
medium, the amount of scattering results proportional to 1/A* where A is the photon
wavelength (e.g., blue color is scattered much more than a red color as light propagates
through air, which is why the sky is blue). Another important point to mention is the effect
of the atomic number Z on the Rayleigh scattering since its cross section (og) per atom is

proportional to Z? [44]:
2

OR & % (cmz/atom> 1)

7

To note also the inverse dependence from the square of the photon energy, this means
that at low photon energy (<a few keV) Rayleigh scattering could not totally be negligible.
Just as an example, for Carbon and photons of 10 keV, the ratio between the Rayleigh cross
section and the total cross section is around 5%.

The incoherent or Raman scattering is similar to Rayleigh scattering, but the scattered
photon can have either a lower or higher energy than the incoming one, and the collided
atom is left excited. The second difference is that Raman scattering is observed at high
photon intensity since this is a “week” effect. Summarizing, despite the processes occur
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mostly at low photon energy, the dependence of the cross section from Z? means it is more
relevant for high Z materials, so it is scarcely relevant for diamond. Furthermore, both
Rayleigh and Raman scattering are more probable with molecules [44].

Compton scattering can be discussed considering two aspects: kinematics and cross
section. From a kinematic point of view, a photon of energy E, hitting an electron of an
atom assumed as free (binding energy Ey, << E,, Klein-Nishima (K-N) hypothesis [45])
transfers part of its energy to the electron which is removed from the atomic shell and
put into motion with kinetic energy Te while the photon is scattered. The energy of the
scattered photon depends on the scattering angle 6 (Figure 2). Under the K-N hypothesis,
the relation between photon deflection and its energy loss is determined from conservation
of momentum and energy between the photon and the recoiling electron [46]:

E
[1 + (n]fzz)zl - cos@)}

Er, =

)

where E’,, is the energy of the scattered photon, mc? the rest energy of the hit electron,
and cos# the scattering angle of the photon (Figure 2). Introducing the so-called Compton
wavelength: Ac = mc?/E,, it can be demonstrated that after the collision the Compton
wavelength N ¢ is [46]:

Nc=Ac + (1 — cosb) (3)

so that the maximum shift in wavelength is for 8 =180° (back-scattered photon). As far as
the Compton differential cross section (doc/d(}) is concerned, it is given (for the case of
un-polarized photons) by the well-known K-N formulae [45]:

doc  [(EN*(Ey | Ev . 5
a 2|\g ) (g Tm, om0 @

where 7y = € /mc?, e is the electron charge and E’, is given by Equation (2) and the other
quantities are defined as in Equation (2). Integrating the differential cross section over all
photon scattering angles, the total K-N cross section o is obtained. It is important to note
that both differential and total K-N cross sections are independent from the atomic number
Z because the electron binding energy was neglected, thus o, results proportional to Z. As
a consequence, the K-N Compton cross section for an atom with atomic number Z is given
by [47,48]:

Ug: Z x0¢ (cm2 / atom) (5)

L
e
Electron, #

AN 4
’ z

’

Incoming Photon
Scatterd Photon

Figure 2. Schematic view of Compton scattering with a free electron at rest. 0 is the scattering angle
of the photon and 1 is the scattering angle of the electron.

Equation (3), and by consequence Equation (4), is limited toward both high and
low photon energies. At a few keV photon energy, E;, is no longer negligible, while at
high photon energy (>few MeV) there could be probable emission of an additional photon
(double Compton effect) and also radiative emission, the latter associated with emission and
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re-absorption of virtual photons for which other more appropriate formulae are used but
not discussed here [49]. Furthermore, at low energy, the already discussed onset of Rayleigh
scattering (mainly for high Z materials) and, even more, the presence of photoelectric effect
are dominating the photon-matter interactions.

In the photoelectric process [41,50], the atom loses one electron as a consequence of
the photon collision with one of the electrons bound in a given energy level (e.g., K, L, etc.)
of the atom. The condition to be fulfilled by the incoming photon to remove the electron
is that its energy (E,) is at least slightly greater than that of the binding energy E,, of the
electron in the given level of the atom. The kinetic energy Te. of the removed electron is
then given by:

Te- = E"y —Ep (6)

Once the electron is removed, the atom usually emits X-rays with energy depending
on the level occupied by the electron. The most energetic X-rays are those emitted by the
most internal shell, namely the K shell. As far as the photoelectric cross section (o) is
concerned, it is found that it depends on the photon energy as well as on Z, resulting, by
far, the most important interaction for X-ray radiation. The interaction cross section per
atom, integrated over the solid angle can be written as [41]:

n
Ope  f (Ez)m (cm2 / atom) (7)
r

where f is a constant. As far as n and m are concerned, it is found:

n~ 4 at E, < keV, however n slowly increases up to 4.6 for E,, = 3 MeV;

m ~ 3 at E, < keV, however m is slowly decreasing to about 1 at E,, =5 MeV.

Concerning the shape of the oy, cross section, it is worth mentioning that if E,, < E,
the electron cannot be ejected from the atom. Hence, a plot of the o, versus E, exhibits the
characteristic “absorption edge” structure [48] (see Figure 3).

10*

— = Carbon|
s ] =
10° H NN F--Cr
«‘\ WX Pt
102+
o
5 105
Q
3
100_
107" 4
“J&';:;.
10‘2 T T T T
10° 102 10" 10° 10'

Energy (MeV)

Figure 3. g,/ p for diamond compared to Al, Cr and Pt. It is worth noting the characteristic
absorption edge structures for the three metals which are among the most used for depositing
electrical contacts on diamond.

Photon Attenuation

An important consequence of photon interactions with matter is the attenuation they
suffer when passing through it. Using a collimated beam of photons impinging on a
material (absorber) of thickness T, it is observed that the beam is attenuated by a simple
exponential attenuation law. Each one of the interaction processes mentioned in Section 3.1
contributes to remove photons away from the initial beam direction. Each removal process
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can be characterized by a probability of occurrence ; per unit path length (Lp;) in the
absorber (the path length is defined as the average distance travelled by a photon between
two collisions). The sum of all these probabilities is the total probability, per unit path
length, the photon will be removed from the beam [48]:

BTot = ) K = Hpe + He + Hee + MR (8)
j

In Equation (8), the various y; are identified with the same notation used for indicating
the cross sections for photoelectric, Compton, pair production and Rayleigh (and Raman)
effects. The number I(x) of transmitted (uncollided) photons at distance x is then given in
terms of the initial number Iy of photons, as:

I(x) = Ip exp(— k1ot X) ©)

LTyt is called total linear attenuation coefficient and is measured in (cm~!). The quantity
ATot = 1/ Hrot (cm) is called mean free path and represents the average distance travelled by
a photon between two collisions. Equation (9) can be re-written as:

I(x) = Io exp(—=x/A1ot) (10)

The total (p1ot) and partial (i) linear attenuation coefficients defined above are pro-
portional to the absorber density p (g/cm?®) which, usually, can vary depending upon the
physical status of the material. This is why the attenuation coefficients (both total or partial)
are normalized to density so removing this dependence. The new quantity, the so-called
1/ p, is measured in (cm?/ g). Furthermore, |1/ p results proportional to the cross section o
per atom defined in Section 3.1 [48]:

_atoms_ b
E[CI;T - GLACS;} T\:[[ggtmmﬂ = iL;TJ_Tf a1

g*xatom

where Ny is Avogadro number (6.02252 x 10?% atoms/g*atom) and M is the atomic weight
of the absorber material; the latter are tabulated (see e.g., [51]). Equation (11) applies to
(n/ p);j for each one of the j-th interaction processes discussed in Section 3.1 as well as the
total (11/p)tot = Zj (1/ p);-

To conclude, it is worth mentioning that, due to the low atomic number (Z = 6),
diamond is a highly transparent material for gamma and X-rays. However, it is a favorable
detector material for X-ray not only in synchrotrons and FEL facilities, but very thin
diamond films are applied in medical dosimetry to measure intense gamma/X fields (flash
detectors, [52]). Figure 3 reports (1/p)tot Versus photon energy for diamond compared to
Platinum, Chromium and Aluminum (three metals often used for realizing the electrical
contacts). The typical absorption edge structures are well evidenced for the three metals.

3.2. Optical Photons Attenuation

Equation (9) is a general attenuation law valid over the whole range of the EM spec-
trum and it applies well to photons of energy greater than a few hundred eV for which the
photoelectric effect is still governing the radiation absorption. Therefore, when the energy
of photons goes down to the range of a few tens of eV or less (Table 2), the process which
underlies the absorption of photons involves also intrinsic optical physical properties of
solids, including junctions, whether present. Let us recall that in diamond (and semicon-
ductors), UV absorption provides enough energy to promote electronic transitions from
valence to conduction band (if Ey > Eg).
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Table 2. Wave length (nm) and photon energy (eV) range from IR to X-ray.
Spectral Region Wave Length (nm) Photon Energy E (eV)

Infra Red >780 E, <175

Visible 750 + 400 1.75<E, <31

UV-A* 400 + 320 3.1<Ey <3.85

UV-B 320 <280 3.85<E, <443

UvV-C 280 =+ 200 443 <E, <6.20

Far UV 200 + 10 6.20 <E, <120
X-Ray <10 E, > 100

Note: * Usually the UV spectral region is divided into four sub-regions: A, B, C and Far UV.

When considering low energy photons (assuming photons of intensity Ij incident on a
material of thickness d), the intensity of the transmitted photons at a distance x is given
approximately by the Beer’s law:

I(x) =1y x exp (—ad) (12)

where « is an absorption constant. Equation (12) is formally the same as Equation (9) with
« measured in (cm~!) playing the role of pr,. Therefore, its physical meaning is quite
different since « is depending upon the optical properties of the material and it is related to
the extinction coefficient k defined by:

e = (n +ik)? (13)

where ¢ is the dielectric constant and n and k are the refraction index and the extinction
coefficient, respectively [3,53]. To note that k is the imaginary part of the dielectric constant
and it is related to absorption while the real term (n) is related to reflection/transmission.
The relation which relates « to k is [54,55]:

47tk
= —

1 (14)

where A is the photon wavelength. Figure 4 shows n and k for diamond versus photon
energy. To note that k tends to zero both for photon energy decreasing toward zero and
for photon energy increasing above 35 eV. For diamond, in the UV region, k is almost zero
while both n and k are influenced by the CH4 /H, ratio used in the gas growing mixture [53]

in the CVD process.
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Figure 4. n and k for diamond versus photon energy (eV). It is worth noting that the UV region is comprised
in the plotted data (see Table 2) since 35 eV photon corresponds to about 35.4 nm wavelength.

Thanks to its wide band-gap and lack of first-order infrared absorption, CVD diamond
results in one of the most broadly transmitting of all solids, rendering it very suitable, e.g.,
for windows. The transmission spectrum for diamond is almost flat for wavelengths longer
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than approximately 225 nm (« < 1 cm~! for A > 235 nm), apart from a moderate absorption
in the range 2600 < 6200 nm (Figure 5). It is a characteristic of the Group IV elements
(e.g., Siand Ge) that there is no absorption in the long-wavelength limit. The wavelength
dependence for transmission is mainly governed by UV-edge absorption, infrared lattice
absorption, and Fresnel reflection [56].
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Figure 5. Typical transmission spectrum for a Type IIA diamond window.

4. Photodetectors

Photodetectors are optoelectronic devices that convert the incident photon energy into
electrical signal over a given range of the electromagnetic (EM) spectrum defined mainly
(but not uniquely) by the material properties (e.g., band-gap). The type and material
of photodetectors are selected based on the requirements and constraints of the given
application: wavelength range of photons to be detected, detector sensitivity and response
time. Typically, photodetectors exhibit an almost uniform response within a specific range
of the EM spectrum.

UV/X-ray detectors based upon wide band-gap semiconductors such as diamond are
increasingly studied because they are insensitive (blind) to the visible region of the EM
spectrum avoiding the use of filters.

This section presents a short but comprehensive discussion of the basic theory of CVD
diamond UV /X-ray detectors. Further considerations, restricted to advanced diamond
UV /X detectors, their state-of-the-art, and applications, will be presented in Section 5.

4.1. Photodetection in Semiconductors: Sketch of Theory

As already stated in Section 3, photo-detection in semiconductors operates on the
general principle of creating electron-hole (e-h) pairs when the semiconductor is illuminated
by photons of energy E, > Eg. The absorbed photons promote electrons from the valence
band into excited states in the conduction band. These electrons behave like free electrons
and under the influence of an intrinsic or externally applied electric field E can travel
long distances across the crystal structure. Additionally, due to the electric field, the
positively charged holes left in the valence band contribute to electrical conduction by
moving from one atomic site to another in opposite direction to the electrons. The e-h
pairs generate a photocurrent whose intensity, at a given photon wavelength, is a function
of the incident photons intensity. A photocurrent can also result from thermal effects,
called dark or leakage current. Typically, the dark current increases exponentially with the
absolute temperature T and, in a large band-gap semiconductor, represents a negligible
“background” compared to the photon-induced current. Typical diamond photodetectors
dark current values are below the fempto-ampere. The dark current is a good indicator of
the detector quality.
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The probability to promote an electron from the valence to the conduction band at a
given absolute temperature T is given by [38]:

—E
— 3/2 —tg
p(T) =Sy *T eXP(ZKgT) (15)
where Kp is the Boltzmann constant and Sy a constant depending on the material, Eg is in V.
Semiconductors are usually classified for presenting direct or indirect band gap, see Figure 6.
Table 3 shows a not complete list of direct and indirect band-gaps semiconductors [55].
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Figure 6. (a) Absorption of a photon (black arrow) which promotes one electron (blue circle) from the
valence band to the conduction band. One hole (red circle) is left in the valence band; (b) Absorption
of a photon (black arrow) aided by the simultaneous absorption (or emission) of a phonon (pink
dotted arrows).

Table 3. Direct and indirect band-gap semiconductors (data from Appendix 4 of Reference [55]).

Material Direct/Indirect Band-Gap Band-Gap at 300 K (eV)
Diamond Indirect 5.47
Ge Indirect 0.66
Si Indirect 1.12
GaAs Direct 1.42
GaP Indirect 2.26
«-SiC Indirect 2.99
ZnO Direct 3.35
ZnS Direct 3.68

In a direct band gap semiconductor, for which the top of the valence band and the
bottom of the conduction band occur at the same value of momentum k [38] (Figure 6a),
photon absorption occurs if an empty state in the conduction band is available. The energy
and momentum of the empty state must equal that of an electron in the valence band plus
that of the incident photon [38]. Photons have little momentum compared to their energy
(ky = E,/c) since they travel at the speed of light. Therefore, the electron makes an almost
vertical transition on the E-k diagram (Figure 6a).

In an indirect band-gap semiconductor, such as diamond, the top of the valence band
and the bottom of the conduction band occur at different values of momentum k [38],
meaning the conduction band is not vertically aligned with the valence band (Figure 6b).
An electron must also undergo a significant change in momentum for a photon of energy
E¢ to produce an e-h pair. This is possible if the electron interacts not only with the photon
to gain energy but also with a lattice vibration (phonon) to gain or lose momentum. Since a
phonon has a relatively low velocity, close to the speed of sound in the material, it has a
small energy but large momentum compared to a photon, compensating for the missing
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momentum. Thus, energy-momentum conservation in the e-h production can be achieved
if a phonon is created or an existing phonon participates in the e-h production. To note
that the minimum photon energy E. that can be absorbed is slightly below the band-gap
energy Eg in the case of phonon absorption, while it must be slightly higher than Eg in
the case of phonon emission. Furthermore, since the absorption process in an indirect
band-gap semiconductor involves also a phonon (three body interaction), the probability of
interaction will be lower than in the case of a simple electron-photon interaction in a direct
band-gap semiconductor. As a result, absorption is much stronger in a direct band-gap
material [56]. The phonon and non-phonon assisted absorption processes are illustrated in
Figures 6a and 6b, respectively.

4.1.1. UV Absorption in Diamond

The UV absorption edge for diamond begins at 227 nm corresponding to photon energy of
5.46 eV, slightly lower than the bottom of its energy band-gap (5.48 eV). The band gap is indirect;
this requires the excited electron to gain momentum in one of the <100> crystal directions. The
absorption near the UV edge results in a three-body interaction, requiring either the absorption
or emission of a lattice phonon. Close to the gap, the UV absorption is also influenced by
the created electron-hole pairs which interact among themselves by a weakly attractive force,
forming an exciton with a binding energy E, = 0.07 eV, at room temperature. The exciton also
acts to slightly reduce the energy required to span the band-gap [56] (Figure 7).
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Photon

4

Hole /@ k, <100> direction
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Figure 7. Diagram showing the electronic band structure of diamond with illustrated both the direct
(Eq) and indirect (Eg) band-gaps and showing the absorption mechanism of a photon having E, < Eg.
Ey is the binding energy due to exciton (see text). The other symbols are the same as in Figure 6.

The UV absorption is also temperature dependent. It has been observed [57] that with
increasing temperature the absorption edge is influenced by the thermally excited phonons
and the downshift in the phonon energy due to lattice expansion (e.g., in the temperature
range 126 K < T < 661 K the shift corresponds to less than 0.1 eV [57]). For temperatures
above 300 K, increased absorption at wavelengths longer than 236 nm (corresponding to
photon energy < 5.26 eV) is observed, attributed to the increased density of thermal phonons
and the onset of absorption events involving two or more phonons. For T < 300 K, reduction
in absorption relying on single-phonon absorption is observed, shifting the absorption
edge progressively towards the 226 nm threshold (E = 5.482 eV) corresponding to phonon
emission [57].
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4.1.2. Carriers Production and Recombination

In a real semiconductor, due to the presence of imperfections (e.g., impurities), the
band-gap is not completely empty, and there could be energy levels between the valence
and conduction band (Figure 8). Consequently, once a free electron (or a free hole) is
produced, it may be captured at an imperfection (see e.g., Figure 8d,e) for electrons and
holes, respectively). The capture process is described through a capture coefficient 3 and
the rate of capture R¢ of a species with density n (either e or h) by an imperfection with
density N; is given by [58]:
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Figure 8. Major transitions and phenomena associated with photoelectronic effects in homogeneous
semiconductors. (a) intrinsic absorption, (b,c) extrinsic absorption, (d,e) capture and recombination,
(f) trapping and de-trapping.

Rc = BnN; (16)

The capture coefficient 3 can be expressed as:
B = (S(E)u(E)) =Sv (17)

where S(E) is the capture cross section and v is the velocity of free carriers and the average
is over the whole electron energy range. The capture of an electron (hole) leads to recombi-
nation with a hole (electron), and before the free carrier recombines it survives for a lifetime
T given by:

T=1/pN; (18)

Comparison with Equation (16) shows that the rate of capture (or recombination) is
equal to n/T. At the steady state, the rate of recombination must be equal to the rate of
excitation Rexc (per unit volume per second), thus:

N = RexeT (19)

Equation (19) is a fundamental relationship for all photo-electronic phenomena.

A charge carrier (e~ or h'), apart from recombining with a carrier of opposite type
as described above, can also be thermally re-excited to the nearest energy band before
recombination occurs. In this latter case, the imperfection is referred to as a trap and
the capture and release processes are called trapping and de-trapping, respectively (see
Figure 8f). While the trapping rate can be described by Equation (16), the de-trapping rate
R4 depends upon the absolute temperature T:

R4 =n¢t Sesc X exp(—Ea/KgT) (20)
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where n; is the density of trapped carriers, Kp is the Boltzman constant, Sesc is a material
characteristic “attempt to escape frequency”, and E, is the activation energy for de-trapping.
The imperfections in the lattice act like a recombination centre if Rc > Ry but as traps if Rc < Ry.

The electrical current flowing under illumination, as depicted in Figure 8, involves two
additional considerations: (a) the effect of the electrical contacts (see Section 5.2); (b) the
nature of the transport of free carriers. The latter can be explained by the Drude model [59].
An electron moving inside a solid in the presence of an electrical field E experiences a force
F given by [38]:

dv m*

The first term represents the drag term of the electron charge q and it is due to the
driving force of the electric field E, while the second term is a damping force resulting from
the collisions of electrons within the material. m* is the effective mass of the electron in the
solid, . is the time in between two consecutive collisions (collision time) suffered by an
electron, and v, is the so-called drift velocity. If v, is constant, its derivative with respect to
time is zero, thus:

W:%%E:WE 22)

u is the mobility (cm?/Vs) (in diamond e and h present different y values). Notably,
u depends upon m* and T which are intrinsic physical properties of the material. Equation
(22) shows that v, increases with the electrical field; therefore, contrary to what it might seem,
the increase is not linear versus E. This is because L, in turn, is a non linear function of E (see
Equation (24)). Concerning diamond, for E > 1.4 + 1.5 V/um, v, tends to saturate up to
reaching the saturation drift velocity (vys) [60]. The drift velocity versus the electric field

can be written as [60,61]:
vy = HoE (cm/s) (23)
1+ Wt

Uds

where pg is the low field mobility of carriers (for E < 0.1 V/um). Fitting the data of the
measured vy versus E by using Equation (23), Pernegger [62] derived the saturation drift
velocity for electrons (v se = 9.6 X 10° cm/s) and holes (v4g, = 1.4 x 107 cm/s), respectively,
at room temperature for diamond. It is worth noting that the mentioned saturation values
for E are just above those typically used for operating diamond (and semiconductor)
detectors (E < 1 V/um). At low electrical field value (E < 0.1 V/um), the drift velocities of
electrons and holes tend to be the same [62].
Concerning the mobility, by combining Equations (22) and (23), we obtain:

Hen = (1:125)'3) (sz/ VS) (24)

This is the so-called effective mobility. Equation (24) is valid in the same range for
E where Equation (23) applies. According to Equation (24), the charge carrier mobility is
the highest at low E field strength and decreases as E increases, which was experimentally
observed [62]. For diamond at room temperature, the hole mobility is the highest among
semiconductors. For E < 0.1 V/um, values of . = 1714 cm?/Vs and pgp, = 2064 cm?/ Vs for
electrons and holes mobility, respectively, were reported [62]. Furthermore, when operating
a semiconductor detector in the region of low-field mobility, p is independent of E and only
in this case Equation (22) is linear and the current flows according to Ohm’s law. At high
electrical field, the scattering process becomes dominant so that the average kinetic energy
of the charge carriers does not increase. This leads the drift velocity (v;) to be independent
from E and thus pec 1/E (see Equation (24)).
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The current density ] of electrons flowing in a material with drift velocity v is related
to the mobility p by [38]:

J = nqug = nquE = oE (Coulomb/(cm? s)) (25)

where n is the electron density (cm~2). The proportionality factor o between the current density
and electric field strength is called the electron conductivity and, using Equation (23), can be
written as:

2
o= % (Coulomb / cmg) (26)
m

In a semiconductor, since electrons and holes have opposite charge and thus opposite
drift velocities, the total current density is therefore obtained by adding the electron and
hole current density Je and Jj:

J =Je +Jn = q(nepte +nppp)E (27)

The linear relationship between | and E is valid only if the electric field is lower than a
specific value related to semiconductor type (E <1 V/um).

4.1.3. Charge Carriers Transport and Ramo-Shockley Theorem

The operation of a photodetector involves three steps: (I) carrier generation by the
incident light; (II) carrier transport and/or multiplication by any current gain mechanism
present; and (III) charge induction on electrodes producing current on an external circuit,
providing the output signal. It is worth noting that to obtain the signal output, it is not
necessary for the carriers to actually reach the electrodes to generate the induced current.
This is due to the Ramo-Shockley’s theorem [63,64], which applies to semiconductors
and thus also to diamond. Furthermore, according to Equation (27), since both e~ and
h* generate the induced current at the electrodes, the total current flowing in the external
circuit is the sum of the electron and hole induced currents.

In the case of a diamond detector of thickness L made with two plane parallel elec-
trodes, by applying the Ramo-Shockley’s theorem, the instantaneous charge dQ induced at
the electrodes by a charge g generated at a distance dx from one of the electrodes can be
calculated as [63,64]:

dQ = idt = qdfx (28)

Considering the case of a minimum ionizing particle (MIP) passing through a diamond
detector, it produces, in diamond, 36 pairs of e~ and h* per micron. Calling this quantity g,
the charge produced by a MIP in a distance L is thus Qg = goL; this is the maximum total
charge produced in a (perfect) diamond detector of thickness L by a MIP. However, it could
happen that the charges are trapped in the defects present in the detector after moving a
distance L. < L. L. is called the charge-collection distance (ccd). In this case, the effective
collected charge Qc is:

Lc
Qe = Qo (29)
from which we get:
Qe
L.=L= 30
Qg ) (30)

Thus, by measuring Qc, we can determine the ccd of the detector. The ccd is directly
correlated to the diamond film quality (amount of impurities and defects and thus of
trapping levels). For a more detailed analysis of the charge induced in diamond detectors,
see references [25,65].
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A different definition for L. can be provided in terms of the drift velocity vy and drift
time T4 of the charge carriers:

Lo = (vg*15) = w(E) *x Ex 13 = (UeTe + ppTh)E [pm] (31)

where T is the mobility-lifetime product of the e or h* carriers, respectively, and E is the
electric field. Equations (30) and (31) are equivalent.

4.2. Performance Characteristics of a Photodetector

A high-performance photodetector should satisfy five requirements (5R rule): high sensitivity,
high signal-to-noise ratio, high spectral selectivity, high speed, and high stability [66—68]. This
5R rule defines the performance characteristics of the detector. In some cases (e.g., flame detection
for a hot engine, plasma physics), thermally stable detectors are also required.

The response of the photodetector should be high at the wavelength range to be detected
and negligible outside it. The additional noise (and/or dark current) introduced by the
detector should be small compared to the generated photoconductive current (high signal-
to-noise ratio). The photodetector must have fast response time so that the time-dependent
variations of the input optical signal can be detected and reproduced real-time. The main
performance characteristics of diamond photodetectors are briefly summarized below.

Quantum efficiency: it is defined as the ratio of countable events (photoelectrons
or e-h pairs) produced by the incident photons to the number of incident photons. The
quantum efficiency is generally expressed in a percentage and is another way of measuring
the effectiveness of the incident energy to be converted into electrical current. It can be
either internal or external.

The internal quantum efficiency (nin¢) is the number of e-h pairs created per absorbed photon.

The external quantum efficiency (next) is the number of photons detected or counted
by the device; it is given by [69]:

Ion b
q Pinc

where I, is the photocurrent; Py is the incident optical power; hv = E, is the photon:

MNext = (32)

energy and q is the electron charge. The next depends on a number of factors such as the
absorption coefficient « of the material and thus on the photons” wavelength A and the
thickness d of the absorbing region (cfr. Section 3.2), thus:

Next X (1 — efo‘d) (33)

It is worth mentioning that Nyt >> Next. For diamond, in the UV energy range,
Text Tesults greater than unity at about 35 eV [70].

Responsivity (R): it is defined as the ratio between the number of incident photons
and the incident optical power [69]:

bh _7q

R= P~ hv (A/W) (34)
It gives a measure of photodetector sensitivity to incident optical energy, thus measuring
the effectiveness of the detector in converting EM radiation into electrical current. Responsivity
depends upon wavelength, bias voltage and temperature. Since reflection and absorption
properties of detector materials change with wavelength, responsivity is wavelength dependent

and it depends upon the type of electrical contact and the detector structure.
For diamond, typical responsivity curves versus the incident photon wavelength show
a flat response with mean value of about 0.1 A/W up to 100 nm wavelength, after which
there is a decrease of about one order of magnitude, suggesting a dead layer located at the
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diamond surface, likely related to the recombination of photo-generated carriers close to
the interface between diamond and contacts. For wavelengths greater than 100 nm the
diamond responsivity returns to plateau value, drastically dropping at 225 nm due to the
band-gap amplitude, rendering diamond insensitive to visible photons in the 225400 nm
range (the so-called visible blindness of diamond) [71-73].

For UV detectors, the UV /visible rejection ratio is defined as the ratio between the peak
responsivity and the responsivity at 400 nm (the latter is representing the limit between
visible and UV region, see Table 2). The higher the rejection ratio, the better the UV detector
selects the UV photons.

Spectral Response: it is given by the absolute responsivity versus wavelength plot.
The cut-off at long wavelengths of the spectral response is determined by the absorption
coefficient or the bandgap of the semiconductor. The cut-off is observed also at short
wavelengths because now the value of the absorption coefficient « is very large for most
semiconductors (cfr. Equation (14)), and all the incident optical energy is absorbed already
near the surface [73]. The spectral response curves for an ideal and actual photodetector
are shown for comparison in Figure 9.
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Figure 9. Example of ideal (black) and real (red) spectral response.

Last, but not least, photodetectors must have linearity of the photocurrent response
versus the intensity of the incident photons, in a given wavelength range of the incident
radiation. If the responsivity changes with the incident radiation wavelength, then the
linearity of the detector changes too. A further point to mention is that since noise will
determine the lowest level of detectable incident radiation, its presence can determine a
variation in the slope of the linearity curve.

4.2.1. Response Time

The response time of a photodetector is a fundamental parameter and depends mainly
on the physical properties of the used semiconductor material. Regardless of the material it
is made of, a photodetector does not respond to the incident radiation instantaneously; it
takes a finite time (called rise or response time) for the induced current to reach a steady-
state value. Considering a pulsed light source, the detector rising time is considered as
either the rise (or fall) time required for the output signal to change from 10% to 90% of its
final value (or vice versa).

The response time is determined by the transit time of photo-generated carriers within
the detector material and the intrinsic capacitance and resistance associated with the
device. The transit time can be defined as the time required for charge carriers to move
(drift) toward the electrodes under the applied electric field E. The response time of a
photodetector also changes with impedance of the detector load and the impedance of
the display device and may be limited also by capacitive effects, trapping/de-trapping
effects, and the saturation speed of carriers in the semiconductor (which, in turn, depends
on the external electrical field (cfr. Section 4.1.2)). In the past, especially using p-CVD
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diamond, the slow rise time was representing a limiting factor; it was overcome by using
SCD diamond.
Summarizing, in a photodetector, three components participate in the total rise time:

e the charge collection time (T¢c), which is the time required for the electric field to
sweep out charge carriers generated inside the semiconductor sensitive region;

e the diffusion time (7p), which is the time needed for charge carriers to diffuse inside
the semiconductor volume;

o  the rise time associated with the RC time constant (Tgrc), which is the time required to charge
or discharge the photodiode’s junction capacitance through the external load resistance.

The total response time is equal to the square root of the sum of the squares of the
three components mentioned above, and it is governed by the largest of them [69].

It should be noted that, despite the response time of diamond is intrinsically
“very fast” (hundreds of picoseconds), in most UV /Xray diamond detectors the response
time is limited by the electronic readout chain, typically to values lower than 1 ms. The
response time of a diamond detector depends also on its geometrical configuration. Indeed,
as it will be discussed in Section 5.1, two main configurations are usually used for electrical
contact deposition on diamond photodetector, which are the planar and transverse con-
figurations. Considering just the diamond photodetector, typical values of the intrinsic
response time are of the order of hundreds of picoseconds for the planar configuration and
tens of nanoseconds for the transverse configuration.

5. Diamond UV and X-Ray Photodetectors

As discussed above, diamond is blind to visible radiation, making it well suited to UV
and soft-X ray detection. Furthermore, SCD diamond meets the 5R requirements, offering
the highest figure-of-merit for high-performance deep UV detectors [26,71]. In addition,
diamond UV and X-ray photodetectors have small size, may not require cooling even
when operated at high temperature, and have high radiation hardness, resulting ideal for
application in harsh environments.

Historically, several attempts have been made to realize photodetectors from natural
and synthetic p-CVD or single crystal CVD diamond. One of the earliest attempts was a
UV photoresistor [74,75] featuring a planar structure and consisting of a photoconductive
diamond film with metal electrodes placed on the top and bottom surfaces. An external
voltage was needed to operate the detector. Therefore, the current signal was affected by
secondary electrons emission, which is known to impact detection properties in the UV
and EUV spectral regions.

An alternative design reported in the literature [76,77] is based upon a CVD polycrys-
talline layer sandwiched between one electrical contact deposited on the diamond growth
surface and another backside contact deposited on the silicon substrate. However, the
performance is limited by the polycrystalline structure [28,78], which affects the charge
carriers transport and thus the detection characteristics. On the other hand, detectors based
upon HPHT single crystal diamonds have their performance strongly worsened by the
large number of defects and impurities [79] present in this type of diamond, while detector
grade single crystal natural diamonds are extremely rare and expensive.

To overcome these limitations, in the last decades, great effort has been devoted to
producing device-grade single crystal diamond (SCD) layers by homoepitaxial MWPECVD
growth on low-cost single crystal diamond substrates, usually of the HPHT type [72,80].

In the following sections, we will detail the fabrication process and the underlying
physics of CVD single crystal diamond photodetectors. Since the fabrication process is
basically the same, we will not distinguish between UV and X-ray detectors unless this is
necessary (see, e.g., Section 6).
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5.1. SCD Diamond Photodetectors

A diamond photodetector is made of an intrinsic SCD diamond layer with contacts
deposited in either planar or transverse configurations (Figure 10).

Metal interdigitated Metal contact
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Figure 10. (a) Schematic representation of a planar configuration with interdigitated contacts (PIC)
photodiode; (b) Metal-intrinsic-metal (MIM) photodiode in transverse configuration.

In the planar configuration, two sets of interdigitated conductive fingers are placed on
one of the surfaces of the intrinsic SCD layer (Figure 10a). In the transverse configuration,
the contacts are placed on both surfaces of the intrinsic SCD layer (Figure 10b). The different
configurations result in different detection performances and the choice between the two is
made to better suit the application requirements. The planar configuration with interdigitated
contacts (PIC photodetector) is better suited for UV detection, while the transverse configu-
ration or metal-intrinsic-metal, MIM in the following, can be used either for UV or X-rays
detection depending upon the thickness of the intrinsic diamond layer. The latter is usually
0.5-2 pum thick for UV and up to several tens of microns for X-rays, respectively.

Metal contacts are deposited by evaporation or sputtering technique making use of
proper masks realized using photolithographic technique. Different metals (e.g., Cr, Ti,
Ni, Ag, Au, Pt, W) can be used to deposit the contacts (metallization procedure [81]); the
deposited layer has typical thickness in the range 5-200 nm. Often, two (or even three)
layers of different metals are deposited to form a contact (e.g., Ti/Pt, Cr/Au, etc.) with
the metal on top usually used to avoid oxidation of the lower one (e.g., Ti/Ag), which
is forming the actual electrical contact. Depending upon the fabrication procedure, the
metal-diamond junction forms either Schottky or ohmic contacts resulting in different
behavior and performances for the photodetector. To this end, production of high-quality
electric contacts is of paramount importance for diamond photodetectors” applications, as
will be discussed in Section 5.2.

The transverse configuration (MIM) provides a homogeneous electrical field across
the intrinsic diamond region, but the metallic contact deposited on the top surface acts as a
filter for the radiation impinging on it. For this reason, it is important to properly choose
the metal and optimize its thickness (see Section 6). This is much more relevant for UV
radiation, and the effect of the metal contact can be mitigated using the planar configuration
but, in this case, the electrical field inside the diamond is not homogeneous. For planar
configuration, the thickness of the diamond layer is not relevant since the carriers are
transported on the diamond surface in the very first few atomic layers. Usually, a very thin
intrinsic diamond layer is used (0.5-2 pm).

The application of an electric field to the diamond volume will cause a current to flow,
and, for a beam of photons that is fully absorbed in the diamond, the photoconductive
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signal Iph, defined as the difference between the current measured under photon irradiation
and the dark current (i.e., current measured without radiation exposure), is given by:

Lpn = a¢pnnG (A) (35)

where g is the elementary charge, @, is the photons-flux intensity on the detector surface
(photons/s), 77 is the internal quantum efficiency (i.e., the ratio between the number of e-h
pairs and the number of photons absorbed by the semiconductor, 0 < 7 < 1, see Section 4.2),
and G is the photoconductive gain. G is the number of carriers detected per e-h pair
generated per photon and it is defined as the ratio between the ccd (L) and the distance

between the two electrodes, d:
L¢
d

G can be >1, which can be interpreted in terms of electrons flowing round the circuit

G= (36)

several times before they recombine with photo-generated holes. Using Equation (31) per
L. and Equation (36), Equation (35) can be rewritten as:

Lo = a¢pn] {(V etk hTh)E} (A) (37)

5.2. Ohmic and Schottky Electrical Contacts

Schottky contacts are formed when a metal layer is deposited on top of a diamond
surface. At the metal-diamond interface, a rectifying junction is formed with physical
dimensions of a few atomic layers. The junction characterizes for a typical electrical
potential V,,, also called built-in potential or Schottky barrier. V;, is due to the difference
between the work functions of metal ®y; and diamond, ®p. If &\ < Pp, holes diffuse
from diamond to metal and, as a consequence, the metal side becomes slightly positively
charged, and the diamond side slightly negatively charged, forming a junction for which
Vin = @y — &p. The magnitude of the Schottky barrier depends on the used metal,
@y typically ranges from 0.5 eV to 1.2 eV [82], while for diamond ®p ranges from 4.8 eV
to 5.8 eV, depending on type, termination of surface, etc. (see e.g., Table 2 in [9]). Detailed
analysis of the Schottky barrier properties is in [83-85].

The study of barriers is usually performed by analyzing the I-V and C-V characteristics
of the detector. For a Schottky contact, the I-V curve results in that of a rectifying diode,
which allows the current to flow only in one direction. Therefore, for a MIM configuration
such as that of Figure 10b, a typical double-diode curve is obtained (Figure 11a) because of
the two Schottky contacts formed at the two diamond /metal interfaces.
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(a) Measured I-V characteristics of a MIM device with double Schottky contact;

(b) Measured I-V characteristic of MIM device with ohmic contacts.

Ohmic contacts exhibit a linear current-voltage characteristic (Figure 11b). The general
requirements for ohmic contacts can be summarized as follows [81]: low contact resistivity,
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good adhesion, high thermal stability, high corrosion resistance, bondable top-layer, about
zero voltage drop. After the metal deposition on diamond, to obtain an ohmic contact,
the diamond sample must be annealed in vacuum or inert atmosphere. Annealing time
and temperature (T) depend on the type of metal. Usually, 300 °C < T < 600 °C, and the
annealing time is in the 10-60 min range. During the annealing, metals react with diamond
forming carbides [86,87] and resulting in a final ohmic contact [88], which characterize the
formation, at the interface diamond/metal, of a thin film (1-3 nm) called diamond-like
carbon (DLC) [87]. It is worth noting that some metals (e.g., Ag, Cu) keep the rectifying
properties up to temperatures of about 800-900 °C, forming high temperature diodes which
are studied for applications other than radiation detection [89,90].

There is another method to produce ohmic contacts without using annealed metals
but just a thin layer of CVD-SCD properly heavily doped with boron. To discuss this,
we must remember that most contacts to common semiconductors (included diamond)
are depletion contacts whose resistivity varies exponentially with the Schottky barrier
height [38]. The ohmic behavior of the depletion contact can be achieved either when the
barrier height is negligible (®\; ~ ®p) so that the charge carriers can easily overcome the
barrier (thermionic emission, [38,91]), or when the charge carriers are able to overcome
the depletion region by quantum-mechanical tunneling [38]. The depletion layer width
(W) of a metal /semiconductor contact is proportional to the square root of the reciprocal
semiconductor doping concentration Ny (Wp~N A Y2)[82]. Consequently, Wy, decreases
by increasing the doping concentration while the tunneling probability increases. This
technique was first proposed in 1988 by K.L. Moazed and co-workers [92] and soon after
developed by other authors [93,94]. The realization of the detector is completed by CVD
deposition of an intrinsic layer of SCD diamond (that will act as the active volume of the
detector) on top of the boron-doped one. Eventually, a metallic contact is deposited on
the top face of the intrinsic layer forming a Schottky contact. In the original procedure
discussed in [92], the Schottky contact was replaced by an ohmic contact by annealing of
the metal contact at high temperature. It is worth noting that the metal contact can also be
of the interdigitated type (see Section 5.3.2).

These detectors are called multilayered p-type/nominally intrinsic diamond /metal
layered structures, in short PIM or layered detectors. They characterize for having an
internal built-in potential due to the presence of the Schottky contact and one ohmic contact
due to the borated layer.

5.3. SCD Layered Photodetectors

Photodetectors based on the layered or PIM structure have been produced for more
than two decades at the laboratory of Industrial Engineering of Tor Vergata University of
Rome (TVU) in both transverse and planar configurations. These detectors are particularly
well suited for UV and X-ray detection because of the built-in potential which renders
them easy to install and operate under a wide range of conditions, especially in harsh
environments. In the following, we will discuss these detectors with some examples of past
and future applications.

5.3.1. PIM Schottky Photodetector in Transverse Configuration

PIM diamond photodetectors in transverse configuration are produced at TVU by a
two-step deposition process:
1.  aconductive boron-doped diamond homo-epitaxial layer, used as a backing contact, is
deposited by MWPECVD technique on a commercial low-cost synthetic HPHT <100> type
Ib SCD substrate (typically of 4 x 4 mm? in size and approximately 300400 um thick),
Figure 12a,b. Boron doping is achievedby adding dyborane-hydrogen gas mixture
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(100 ppm ByHjg in hydrogen) to the CHy/H; source gases mixture routinely used for
growing the intrinsic diamond (the purity of CHs and Hj gases are 99.9995% and
99.9999%, respectively). P-type conductive diamond with an activation energy of
0.37 eV, is obtained. The boron concentration in the p-type diamond is estimated by
fitting the resistivity-temperature curve obtaining values > 102 cm 3. Depending on
the application, the boron concentration can be varied as well as the thickness of the
p-doped layer (0.5-2 nm).

In a second step, a nominally intrinsic diamond layer, which will act as the detecting
region, is homo-epitaxially grown on top of the p-doped layer (Figure 12c). This
process is performed in a separate growing apparatus to avoid boron contamination
of the intrinsic SCD layer. The thickness of the intrinsic SCD layer can be varied
from 0.5 pm up to a few hundred of microns. For UV photodiodes, owing to the
small penetration depth of the UV radiation, the detecting region has a thickness of
approximately 0.5-2 um [95]. In the case of soft X-ray detection, a higher thickness of
the intrinsic SCD, usually >15 um, can be chosen. After the intrinsic diamond growth,
the PIM photodetector is oxidized by isothermal annealing at 500 °C for 1h in air to
remove the Hj surface conductive layer formed during the growing phase. Eventually,
a metal electrode, about 2-3 mm in diameter or side length is deposited by thermal
evaporation on the top intrinsic diamond surface while an annealed silver paint is
used to provide an almost ohmic contact to the boron-doped SCD layer (Figure 12d).
Figure 13 shows two SEM pictures of a PIM photodetector.

b)

& “‘osna“’-

Slver contact
paint/

o ”\%‘Q
e
§ \\T‘““%\M“
V”’:“ s“\)s“a‘e y 9“§ su‘cs“a‘e
! W

Figure 12. Scheme of the production process of a PIM photodetector: (a) the HPHT growing substrate;
(b) as Figure (a) but with the borated layer grown on top of the HTHP substrate; (c) as Figure (b) but
with the intrinsic diamond layer grown on top of the borated layer; (d) PIM photodetector in the final
configuration (see also Figure 13b).

Silver painted ohmic contact

(@) (b)

Figure 13. (a) SEM picture showing detail of the layered structure of a PIM photodetector;
(b) SEM picture of the whole detector with indicated the metal and silver painted contacts (see
also Figure 12d).

Concerning the active (intrinsic) SCD layer, its actual thickness depends on the applied

external bias voltage. At zero Volt external bias, the electric field is due to the Schottky
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junction only. This field is sufficient to form a thin depletion layer (1-2 um) and to drive
a current when photons absorbed in the depletion layer create e-h pairs. This is the case
of UV photodetectors which are usually operated without the external bias. For intrinsic
diamond layers thicker than a few microns (e.g., X-ray detectors), a bias voltage of the order
of 0.7-2 V/um is applied to enlarge the depletion region and ensure uniform electrical field
and detection across the entire intrinsic diamond volume.

In the PIM photodetector, the Schottky junction acts as a drift-layer and the p-type layer
as holes injector. This configuration determines the unipolarity of the device under direct
polarization, thus PIM photodiode operates in the reverse biased mode with a negative
voltage applied to the boron-doped contact and the metal top contact (Schottky contact)
grounded (Figure 14a). A typical I-V characteristics for a PIM photodiode, measured in
vacuum, is shown in Figure 14b. This is the one of a rectifying diode with a very high
rectification ratio (e.g., about 108 at + 3 V external bias). To note the so-called turn-on
voltage (TOV) that in Figure 14b is about —1 V (comparable to the Schottky potential). For
the external voltage | V| < |TOV |, the forward current is due to generation-recombination
effects and leakage superficial current and it is similar to the reverse current. Increasing
the forward bias (Vg), in the range between approximately —1 V and —1.6 V, the current
rises exponentially with Vi and the forward current is well represented by the thermionic
emission (TE) [72,91,95-97]. This is evidenced in Figure 14b by the red straight line (named
TE) which is the fit to the experimental data for the TE current (Jr). The fit was calculated
using the following equation, reported in [96]:

eVF
Je=]s {GXP(nKBT) - 1} (38)
with: ®
_ 2 _ 2B
Js=AxT exp( KBT> (39)
and A*=0.7 A

where: Jg is the saturation current density; A is the Richardson’s constant (A = 120.173 Acem 2K 2, [98)),
n is the ideality factor, T the absolute temperature, Kp the Boltzmann constant, ®p is the
Schottky barrier height, e is the electron charge, Vr is the applied forward voltage. From
the fit, it is possible to obtain Js and thus, from Equation (39), to extract ®p for the metal
used for the Schottky contact. In the case of the measurements discussed here, for the Al
contact of the used PIM detector, ®p = 1.8 eV. A detailed analysis of the physical properties
and performances of PIN photodiodes is in [95,97].
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Figure 14. (a) Lay-out of a PIM photodetector with external biasing voltage; (b) Typical I-V curve of
the PIN photodetector (in blue) polarized as in (a). It is worth noting the very high rectifying ratio
(~108) between the forward and reverse bias junctions. The I-V curve for a ITD-PIM (see Section 5.3.2)
is also shown for comparison (red curve). Both I-V characteristics were measured in vacuum.
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It is worth noting that a dead layer of about 5 nm thick was experimentally found just
below the metal-diamond interface. Its presence is only relevant for low energy photons
(UV) and it must be taken into account to reproduce the experimental responsivity curves
of the PIM photodetector at energies below 30 eV [99] (see Section 6).

5.3.2. PIM in Planar Configuration and Interdigitated Finger Electrodes

PIM structure can also be produced with interdigitated contacts directly on the growth
surface of the SCD intrinsic layer. A key difference compared to the planar diamond
photodiode described in Section 5.1 (Figure 10a) is that now one set of fingers is made of
metal (aluminum) and the second set is made of p-type diamond. This detector is called
interdigitated finger electrodes or IDT-PIM photodetector.

The fabrication process involves a two-step standard photolithographic technique
(Figure 15). The reported production procedure is the one in use at Tor Vergata University
of Rome (TVU). Once the intrinsic diamond layer is homoepitaxially grown on the HTHP
substrate by MWPECVD, p-type SCD interdigitated fingers are selectively grown on the
top of the intrinsic SCD layer by using a patterned Chromium plasma-resistant coplanar
mask (Figure 15a—d). After removing the Cr mask by wet etching, an interdigitated Al
electrode is fabricated by using a second mask, aligned to the previously obtained pattern
(Figure 15e,f). The Al fingers are patterned by standard lift-off photo-lithographic technique
and deposited by thermal evaporation onto the CVD-grown intrinsic diamond surface. The
width of the pattern and the gap between two fingers are both of 20 um (customizable).
The final configuration is shown in Figure 15g. A SEM picture of a IDT-PIM device is in
Figure 16.

g IDT-contacts

Figure 15. Figures (a—f) show the standard photolithographic technique as discussed in the main text;
Figure (g) shows the IDT-PIN photodetector with metal /borated-diamond interdigitated contacts.

Figure 16. SEM image of the IDT-PIM device: (1) p-type diamond, (2) intrinsic diamond and (3) Al contact.
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The I-V characteristics of the IDT-PIM photodiode as well as the rectification ratio
(about 108) are similar to that of a PIM photodiode as it could be seen from Figure 14b
(red curve). The current measured under forward bias follows the one expected from
thermo-ionic emission. In this case, the fit to the experimental data was calculated using
Equation (38) and the ®p value for its Al contact derived via Equation (39), resulting equal
to 1.65 eV.

The measured photocurrent of a PIM or IDT-PIM photodetector is the sum of both
photoemission current and photoconductive current [100]. The former contribution con-
tains secondary electron emission (see Section 5.4.1) arising from metal and, for IDT-PIM,
also from p-type SCD fingers (Figure 14a).

The IDT-PIM detector discussed above is just an example of what can be realized
thanks to the photolithographic technique. Other configurations for the electrical contacts
can be realized, allowing, for example, to obtain multi-pixel detectors that can be used as
position-sensitive (or imaging) sensors (see Sections 6 and 7).

A very important feature of both PIN and IDT-PIN photodetectors is the signal-to-
noise (S/N) ratio. Figure 17 shows the measured S/N ratio as function of the external bias
voltage for both PIN and IDT-PIN photodetectors [95]. In both cases, the measurements
were performed irradiating first the detectors with UV from a He-Ne lamp and then
selecting a specific UV energy using a monochromator. As clearly shown in Figure 17, the
S/N ratio gets the maximum when the external bias voltage is zero, which is when both
detectors are operating solely on the built-in potential of the Sckottky contact. This is one
of the main reasons to operate these detectors without external bias, at least for UV.
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Figure 17. Measured S/N ratio for PIM and IDT-PIM photodetectors exposed to UV radiation with
forward and reverse polarization. It is worth noting the maximum S/N value at zero bias voltage
and the decrease of the S/N ratio with the increase of the external bias voltage.

Another important feature of photodetectors is their spectrometric performances. As
an example, Figure 18a shows some UV lines measured by a PIC photodetector when
exposed to UV radiation produced by a He-Ne lamp with wavelengths in the range
20-120 nm. The lines were selected by means of a monochromator [95]. The reported
data were measured operating the PIC detector in the unbiased mode. Figure 18b is a
magnification of Figure 18a in the extreme UV (EUV) wavelengths (22-28 nm) and shows
the excellent spectrometric performances in terms of energy resolution of the detector at the
EUV range. Figure 18b shows also the effect of the external voltage on the energy resolution
(red dotted line). The measure at 10 V was performed by means of the same He-Ne lamp
and monochromator used for the data measured at zero Volts [95].
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Figure 18. (a) He-Ne emission spectrum measured with the PIN photodetector in the 20-150 nm
range; (b) Magnification of the He-Ne emission spectrum in the 20-28 nm range to emphasize the
effect of the bias voltage.

The spectral response of a IDT-PIN photodetector operated at zero bias and exposed
to a He lamp is shown in Figure 19. The He* 25.6 nm and 30.4 nm as well as the
He** 58.4 nm emission lines are clearlyresolved, showing also in this case very good
detection capability even in the EUV spectral region. However, compared to the PIM
detector, a lower energy resolution is observed as indicated by the lack of the less intense
lines, compared to Figure 18b. Therefore, a very high S/N ratio is observed.
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Figure 19. He-lamp UV spectrum measured with the IDT-PIN photodetector operated at zero external
bias in the 20-60 nm EUV range.

5.4. Characterization of Layered Photodetectors

High quality Schottky contacts play a significant role on the overall detection perfor-
mance of SCD photodetectors. The presence of the metal contact affects the responsivity of
the detector especially for EUV photons. Therefore, the metal-type and its thickness need
to be optimized for each specific application.

In the case of X-ray SCD detectors, the use of proper filters of variable material and
thickness, usually located in front or on top of the detector, is a straightforward method to
cut and tailor the responsivity curve to the need of each specific application.

The discussion above explains why photodetectors need to be characterized before each
specific use in terms of responsivity versus photon energy but also in terms of temporal response.
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5.4.1. Responsivity of Layered Detectors

Concerning soft X-ray detectors, at photon energies greater than 1 keV the responsivity
can be either calculated or measured e.g., at syncrotrons [99,100]. As an example, Figure 20
shows the responsivity (A/W) of a pair of soft X-ray SCD detectors having the same layered
PIM structure with 30 pum thick intrinsic layer, but different metal contacts (Cr and Pt). To note
the large difference in the responsivities between the detectors. This reflects the difference
in the interaction between X-rays and different metals. In particular, the responsivity using
Pt contact is higher than that using Cr contact. This is due to Pt higher atomic number than
that of Cr, which leads to increased production of photoelectrons and knock-on secondary
electrons that substantially contribute to the energy deposition in the diamond layer.
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Figure 20. Experimental and calculated (see main text) absolute spectral responsivity (points) in
(A/W) and theoretical (lines) spectral responsivity in the range from 6 keV to 20 keV for two X-ray
detectors (30 um intrinsic diamond layer): (a) with Cr; (b) Pt metal contacts, respectively.

The responsivities shown in Figure 20 were measured at Diamond Light Source
(DLS) in the UK, line B16 [100]. The solid (red) lines curves are the results of fits to
experimental data calculated by the attenuation law discussed in Section 3. The dashed
curves correspond, in both cases, to 3-D Monte Carlo (MC) simulations performed using
the MCNP5 code [101] with a very detailed model of the two detectors, which includes the
dead layer. The MC simulation shows a good agreement with measurements owing to the
more accurate representation of the physics processes compared to exponential law.

In the case of UV photons, for determining the responsivity, we must rely on calculation
based upon the literature data [98,102,103] and, in some cases, also on measurements using
lamps emitting in the UV region [104]. As an example, Figure 21a shows responsivity
curves for PIM detectors of different thickness, with or without filters of different materials
(Be or Mylar), calculated from tabulated atomic scattering factors [102] for energies above
30 eV, and from refractive index data [103,105] below this value. The calculation takes into
account a Pt metal contact 5 nm thick, and includes also a 5 nm thick dead layer (made of
intrinsic diamond) below the metal contact [99]. Filters serve the purpose of cutting off
all the low energy radiation to highlight the soft X-ray signal, but the detector response
remains highly non-linear in this region. On the other hand, in the absence of filters, the
detector responsivity is modulated mostly by the metal contact transmission properties up
to about 1 keV, but it can be considered relatively constant down to about 60 eV.
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Figure 21. (a) Calculated responsivity curves of PIM photodiodes of different thickness, for UV and
soft X-ray. The calculation includes the Pt 5 nm thick contact layers and the 6 um Be or mylar filters
for soft X-ray detectors; (b) Effect of 7 nm dead layer on the responsivity of a PIM photodetector
made with 10 nm thick Al contact, the 10-60 eV UV energy region. The black points are measured
data (see main text), the blue curve is the calculated responsivity using Equation (40) but without
considering the correction due to the dead layer. The red dotted curve is the calculated responsivity
accounting for the dead layer.

Figure 21b illustrates the effect of the dead layer on the responsivity of a UV photode-
tector with an Al contact, 10 nm thick. The black points in Figure 21b are experimental data
obtained in the 10-60 eV UV photon energy range exposing the UV detector to light emitted
from a He-Ne DC gas discharge and using a toroidal grating vacuum monochromator
(Jobin Yvon model LHT-30) with a 5 A° wavelength resolution [104]. The experimental
data were compared to the theoretical curve obtained by calculating the fraction of energy
deposited in the diamond layer and by taking into account absorption losses in the Schottky

metal electrode.
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where E,, is the mean electron-hole pair creation energy (13.2 eV for diamond), & ;5,,(A)

R(A/W) = (40)

is the absorption coefficient of diamond (depending on the wavelength, A), Dy, is the
active SCD thickness and d,,; is the thickness of the metallic contact. The transmission
values in Equation (40) are calculated from the material thickness and the known optical
constants [98,102]. The continuous blue curve plotted in Figure 21b is the result of the fit to
the experimental data calculated according to Equation (40). The thickness of the tested
metallic contacts and the effective thickness of intrinsic diamond (1.84 pm) estimated by
the C-V curves [106] were taken into account. The fit does not reproduce the experimental
data, indicating that other contributions to the responsivity must be considered. Since
the UV-induced charges are generated at the metal /diamond interface, such contribution
could be related to the diamond surface properties. In the investigated photon energy
range, the penetration depth of photons in diamond shows a deep minimum at about
16 eV [98,102] whose trend is qualitatively similar to the responsivity curves observed in
Figure 21b. This suggests the existence of a dead layer (already suggested in [107]) located
at the diamond surface probably related to the recombination of photo-generated carriers
close to the metal-diamond interface [107]. In the dead layer the photogenerated carriers
could be trapped efficiently by the defects of the diamond surface scarcely contributing
to the photocurrent. Under this assumption, in the first approximation, Equation (40)
must be multiplied by the additional term exp(—aipmd4ead), Where a iy, (A) is the diamond
absorption coefficient (depending on wavelength) and d 4., is the thickness of the dead
diamond layer. In this case a figure of §4,,y = 7 nm was assumed. The red dotted line in
Figure 21b is the results of the calculation corrected for the dead layer [100].
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One of the most relevant processes affecting the spectral responsivity in the EUV
range, especially for interdigitated devices, is secondary electrons emitted from the device
when photons impinge on the metallic contact and on the diamond surface [104]. These
secondary electrons produce an additional current known as a photoemission current. This
current depends on the experimental conditions (e.g., external electric field, pressure, etc.)
and sums up to the photocurrent due to e-h pairs modifying the detector response [104].
Concerning photodetectors in the transverse configuration they can be shielded in such a
way to avoid secondary electron current contribution and therefore provide a more correct
and reliable response. An effective method is to ground the metal electrode and to measure
the photocurrent between the p-type diamond layer and ground, for details see [104].

5.4.2. Time Dependent Response of Layered Detectors

As discussed in Section 4.2.1 the response time is of main importance to qualify the
response of a photodiode. Typically, the response time is measured (at room temperature)
by recording, using a pico-ammeter, the current produced by the photodetector under UV
or X-ray pulsed irradiation, versus time [95,97,104]. As an example, the normalized time
response under illumination of He-Ne DC gas discharge at zero applied voltage is reported
in Figure 22 for an UV-PIN photo-detector made with a 2 pm intrinsic SCD layer. The
detector response is plotted for the same detector equipped with different metal contacts
(Cr, Pt, Au) of variable thickness (depending upon the metal) [100]. Only the detector
metalized with Au shows a slow component during the rising phase of the current and a
slow exponential decaying of the current when the UV signal is off. The photodetectors
metalized with Cr and Pt, instead, show a very fast rising (about 60 ms) and decaying
time which are totally ascribed to the used electrometer (Keithley 6517 A) amplifier time
constant [100].
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Figure 22. Normalized time dependent response of UV-PIN detectors to UV radiation emitted from a
He-Ne lamp. The used detectors were made with Cr, Pt and Au metal contact, respectively (see main text).

Concerning the time response to X-rays, the results summarized in Figure 23 refer to
two different PIN photodetectors each made with 30 pm thick intrinsic SCD but the first
with a Cr (20 nm thick) and the second with an Au (22 nm thick) metal contact, respectively.
The test was performed at the beam line B1 of the Diamond Light Source (DLS) in the UK.
For the rising time measurement, 10 keV photons were used and the detector was mounted
on a mechanical chopper rotating at 3.9 kHz, placed in front of the beam line [100]. The data
were acquired by an oscilloscope and a rising and falling time of 50 um sec was observed
regardless of the used metallic contact. This time is comparable to the full opening time of
the used mechanical chopper demonstrating the intrinsic fast response of diamond [100].
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Figure 23. Time dependent response of two X-ray detectors with Cr and Au metal contacts, respec-
tively, exposed to 10 keV X-rays. Measurements performed at the Diamond Light Source (DLS), with
the X-ray beam chopped at 3.9 kHz.

6. Applications

The high-sensitivity detection of vacuum-ultraviolet (VUV) light and X-rays is of great
significance for synchrotron radiation monitoring, free electron lasers (FEL), space science
(e.g., astrophysics, satellites, etc.), the electronic industry and basic science. Below is a
brief overview of some applications of UV and X-ray diamond detectors. Please note that
this selection is not exhaustive and does not cover all topics. Readers are encouraged
to refer to the extensive literature available for a more comprehensive understanding
(see e.g., [106-120]).

6.1. Plasma Physics

Single crystal diamond photodectors are highly suitable for VUV and soft X-ray (SX)
radiation diagnostics of fusion plasmas due to their very fast response time, which helps
detect the onset and follow the time evolution of several fast events and instabilities occurring
in laboratory plasmas. Additionally, SCD can withstand the intense neutron/gammas field
produced in fusion reactors. Past experiments using thick SCD detectors (500 um) have shown
that they can withstand neutron fluences up to 2 x 10" n/cm? [121,122]. It is worth mentioning
that the neutron damage of diamond depends on the inverse of the thickness of the intrinsic
SCD layer [9]. Recent experimental tests on photodiodes produced at TVU [123] and performed
at the 14 MeV FNG neutron source at ENEA Frascati [124] demonstrated the capability of these
detectors to meet the requested operational performances under neutron fluences relevant to
next-generation fusion machines.

The first ever application of UV and soft X-ray SCD photodetectors concerning plasma
physics was performed between 2007 and 2010 at the Joint European Tokamak (JET) [125], a
European plasma physics facility in the UK, and the detectors remained in operation till the
end of the machine lifetime in 2023. The goal was to measure UV and soft X-ray emission
from the magnetically confined fusion plasmas [30] and compare the results with those
from the standard silicon-based detectors used at JET. Detectors fabricated at Tor Vergata
University of Rome were used. The SCD photodetectors were installed in the KS6 chamber
of JET (Figure 24a), which was routinely used for measurements with silicon detectors. The
diamond photodetectors directly viewed the plasma chamber through a 20 m long vacuum
beam line. For UV detection a PIN-type detector made of 1 pum thick intrinsic diamond
layer and 5 nm thick Pt metallic contact was used.
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Figure 24. (a) Experimental set-up at JET for the UV and X-ray photodiodes. The KS6U chamber
which hosted the diamond detectors is evidenced as well as the 20 m long beam line through which
the diamond detectors directly view the plasma; (b) Picture of the two detectors used at JET. To note
that the two diamond plates were located inside a copper shield 1 mm thick. Both detectors used a
pin hole 1 mm diameter as collimator and a polyethylene layer, 10 um thick, put on top of the X-ray
detector to filter photon < 1 keV.

The X-ray detector (Figure 24b), in turn, was made with 26 um thick intrinsic SCD
and 100 nm Al contact, with a measured (by C-V method) active layer at zero volt bias of
3.7 um. A 10 um thick polyethylene film was used as filter to cut photons with less than
1 keV energy [31]. Both UV and X-ray detectors were routinely operated at zero volt in
reverse bias mode, with the current signal measured from the borated contact, this to avoid
the effect of the photoemission signal (cfr. Section 5.4.3). The current signal was amplified
by a FEMTO Model DPLCA-200 current amplifier and 10 kHz sampling rate ADC. The
measured signals were acquired and stored for off-line analysis on the JET data acquisition
system (CODAS).

It is beyond the scope of this paper to detail the plasma physics investigation made
possible by the UV and X-ray diamond detectors at JET. However, we can summarize
the results [31,32] by noting that the data demonstrated fast response time, good signal
to noise ratio, insensitivity to the background radiation (e.g., y-rays) and good reliability
during long-lasting operation. Regarding neutron background, it was found the UV
detector to be insensitive to the neutron flux [31], while the X-ray detector signal exhibited
spikes during the highest neutron rate pulse (neutron rate 10'° n/s), corresponding to a
neutron flux of about 10° n cm~2 s~! on the detector. These spikes were due to the (n,p)
reactions with the polyethylene film located in front of the X-ray detector, and used to
cut the response below 1 keV [32]. This led to dedicated study for optimizing the type
and thickness of filters for X-ray photodiodes that are now realized in Tor Vergata by
matching the metal contact thickness with proper layers of other materials (e.g., mylar),
but not longer polyethylene. The results evidenced that soft X-ray SCD detectors appear
promising for magnetic hydrodynamics (MHD) studies of plasmas [31]. The UV SCD
detector showed good response also when measuring the edge localized modes (ELMs)
activity and the impurities influx during laser blow-off (ablation) experiments [32]. Thanks
to these promising results, the two SCD photodetectors have been left working till end 2023
(shut down of JET machine) to compliment and supplement the existing suite of impurity
monitoring diagnostics on JET.

The success of this first test at JET paved the way for installation of similar detectors
on the high field, high density FTU tokamak (ENEA Frascati, Italy) some years later.
Several different configurations for both types of detector were tested during the FTU last
experimental campaign, which lasted about six months. The final selected configuration
consisted of a UV detector made of a 2.0 um thick intrinsic SCD and a soft X-ray detector
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15 pum thick intrinsic SCD layer and 2.2 mm? of effective collection area, and a soft X-ray
detector with a 15 um thick intrinsic diamond layer and of same area, both operating
in reverse biased mode. Since the effective depletion thickness is limited to about 4 pm
when no external bias is applied, the X-ray detector was occasionally biased to increase
the generated photocurrent. The Schottky junction for both detectors was formed by a
5 nm metal layer (Pt and Cr, for UV and X-ray, respectively) deposited on the top intrinsic
diamond surface. The detectors were hosted in a vetronite plate and encapsulated by a
copper shield 1 mm thick. A 6 um thick mylar filter was also positioned in front of the
X-ray detector to cut off the radiation below 1 keV. Both detectors were placed in the FTU
high vacuum, viewing the plasma through one of the large equatorial ports available,
at about 2.5 m distance from the plasma, and were operated in current mode with low-
noise current preamplifiers as front-end electronics, which allowed acquisition rates up to
500 kHz. Typical transimpedance gains of 10°~10” V/A were used, providing an excellent
signal-to-noise ratio [99]. Figure 25 shows both detectors as installed inside the vacuum
flange at FTU.

UV Detector

X-ray Detector

Figure 25. Picture of the UV and soft X-ray detectors installed at FTU. The detectors were hosted
in a vetronite plate and encapsulated by a copper shield 1 mm thick. To note the 1 mm diameter
collimators (pin-holes) opened in front of the detectors in the copper shield to limit the radiation flux
impinging on the detectors.

The measurements at FTU allowed recording a number of different plasma phenom-
ena [33,99] such as runaway electrons (RE) beam driven instabilities, pellet ablation, core
plasma MHD activity, electron cyclotron (ECH) power modulation and observations of
ELMs and of the so called MARFEs (Multifaceted Asymmetric Radiation From the Edge),
a very interesting plasma instability occurring at the plasma edge. To conclude, the per-
formances achieved at JET for both detectors were not only confirmed at FTU but further
improved, highlighting new applications of diamond detectors for next generation fusion
machines (see Section 7), possibly also as a complement to bolometers [33,99].

6.2. Syncrotrons, FEL and Space

Most X-ray applications in synchrotrons (SR) and accelerators require an accurate
determination of the beam characteristics such as energy, intensity, time structure, shape
and size. The best solution is to measure these characteristics using a semi-transparent
detector that allows simultaneous synchrotron radiation (SR) experiments in transmission.
Due to its excellent transparency to low energy photons, diamond emerges as a very good
candidate as radiation monitoring in SR/accelerator experiments [126].

Preliminary tests of a PIM layered X-ray detector produced at TVU concerning the
study of linearity, responsivity, time dependent response and stability during long-lasting
measurements, were performed in the year 2008 at Diamond Light Source (DLS) syn-
chrotron using the B16 beam line in the X-ray energy range 6-20 keV [127]. The experi-
mental data from the diamond X-ray detector were compared to those of a PTB calibrated
Silicon detector and to the ionization chamber available at B16. The PIM detector used was
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made of 400 um thick HPHT substrate, 15 um of borated SCD and 26 um of intrinsic SCD,
for a total thickness of 441 um. Among the others finding, it was observed that the steady
state detector response was linear with the photon flux impinging on it, and many of the
problems that affected diamond photodetectors in the past, especially the memory effect,
resulted overcome. This test showed for the first time that SCD layered detectors were
mature for use as X-ray beam intensity monitors [127]. Other studies at DLS-B16 aimed
to improve the detector performance, considering the effect of the type of metallic contact
and the effect of the total thickness of the detector [100,128]. To make the detector more
transparent to X-rays, its total thickness was reduced to about 60 um by wet etching the
HTHP substrate, while both the borated and intrinsic SCD layers were reduced to about
1 pm thick. A metallic Aluminum contact (50 nm thick and 3 mm diameter) was deposited
on top of the intrinsic diamond layer. This Al contact was divided into four sections with
an inter-electrode distance of 150 um so to obtain a four-electrodes beam position monitor
(Figure 26a,b).

tbdiagY
(@) (b)
40x10™ ,
Scan X (mm)
", % #s-,-."
3.0x10"° L W S ANV
2.0x10™
1.0x10™ r st Ean
»”
Rosp”
L L
-23p2 230 -22'8 -22%6 -224 5 = Experimental data
4.0x10™° av Scan Y (mm) o g 0.6 - = -Theoretical curve
2 Y Lo
(NS RS canty g
3.0x10™°[ S, \ ‘ ov EO‘
: N (R N Y
s
| | 02
l: .. \ i
2.0x10"° \ |
" I \ 0.0 L L L . N N
\ 8 10 12 14 16 18 20
- \‘. . g Energy (keV)
1.0x10™"° ol et
A1 Seesecniie, 1
20.4 20.6 208 21.0 21.2
Scan X (mm)
(c) (d)

Figure 26. (a) Picture of the four-electrodes beam position monitor with evidenced the four Al
contacts; (b) Two-dimensional scan of the X-ray detector as measured by a raster scan of the detector
surface with 10 keV micro-focused X-ray beam; (c) One-dimensional scan between the Al inter-
electrodes of the detector in both vertical (Y) and horizontal (X) directions; (d) Plot of the measured
transmissivity of the device versus the X-ray energy compared to the calculated one.

The device was characterized under monochromatic high-flux X-ray beams from 6 to 20 keV
and a micro-focused 10 keV beam with a spot size of approximately 2 pm x 3 pm square. Time
response, linearity and position sensitivity were investigated. Device response uniformity
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was measured by a raster scan of the diamond surface with the micro-focused beam
(Figure 26¢). Transmissivity (Figure 26d) and spectral responsivity versus beam energy
were also measured, showing excellent performance [128]. The tested detector allows real-
time synchrotron X-ray beam monitoring with good position and profile measurements,
together with low attenuation of X-ray photons. Moreover, good short time stability and a
high repeatability in spectral responsivity, along with an excellent linear behavior versus
photon flux, were observed. The responsivity variation among the four electrodes resulted
lower than 0.8% over the whole X-ray energy range (6 = 20 keV) investigated [128].

It is worth mentioning that other authors produce excellent diamond-based X-ray
beam monitors, some based on innovative ideas, see e.g., [129-139]. These monitors are
realized using different production techniques, e.g., a pixelated detector with embedded
graphitic electrodes is reported in [131], while another pixelated detector in which the pixel
density is achieved by lithographically patterning vertical stripes on the front and horizontal
stripes on the back of a SCD plate is discussed in [132]. Other authors tested diamond X-ray
detectors made with position-sensitive resistive electrodes in a duo-lateral configuration,
reporting excellent performances in terms of intensity and flux monitoring [133]. All these
detectors performed well, achieving high quality beam position measurement. Diamond
based X-ray monitors are presently used in many synchrotrons/accelerators.

Before to conclude this section, it is important to mention that X-ray diamond detectors
are also used under the very challenging conditions of free electron laser (FEL) beams, see
e.g., [108,139,140]. FELs deliver X-ray pulses of a few tens of femtoseconds duration with
extreme peak intensities, which show strong pulse-to-pulse intensity fluctuations due to the
stochastic nature of the self-amplified spontaneous emission (SASE) process. In many FEL
experiments it is mandatory to monitor the intensity of each individual pulse. In particular,
with very hard X-rays, diamond sensors become a useful complement to gas-based devices
because the latter lose sensitivity at hard X-ray energy due to significantly reduction of the
gas cross-sections. Furthermore, very fast response and high transparency is required for
FELs beam position and intensity monitors, properties which are met by diamond.

Recently, at the European X-ray FEL (EuXFEL) facility, diamond sensors with position-
sensitive resistive electrodes in a duo-lateral configuration were tested [138]. The diamond
sensors delivered pulse-resolved X-ray beam position data at 2.25 MHz with an uncertainty
of less than +1% of the beam size, resulting in the first demonstration of pulse-resolved
position measurements at the MHz rate using a transmissive diamond sensor at a FEL
facility [138]. These results envisaged the possibility of enabling applications such as
beam-based alignment and intra-pulse train position feedback at FEL facilities [138].

Due to the huge energy deposited on the detector by FEL, a problem arises with the
metallic contact, which can be damaged during long-lasting operation (a problem already
observed in harsh environments [9]). At the EuXFEL facility, pulse intensity and position
measurements were obtained using a new type of all-carbon SCD detector developed at
Diamond Light Source (DLS) [131,140]. Instead of traditional surface metallization, the
detector uses laser-written graphitic electrodes buried within the bulk diamond (an early
version of all-carbon detector was proposed in 2016 by De Feudis and co-workers [141]).
The graphitic electrodes are more transmissive to X-rays than an equivalent thickness of
metallic electrode material (e.g., Al, Ti, Pt), reducing the already mentioned impact of
metallic contact on responsivity. The resulting instrument is an all-carbon transmissive
X-ray imaging detector without surface metallization that could absorb X-rays, and no
surface structures that could be damaged by exposure to intense synchrotron X-ray beams.
The fabrication process, based upon laser-carbon interaction [131], also allows for the
production of pixel detectors that can be used as position-sensitive detectors. The prototype
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detector tested at EuUXFEL demonstrated the feasibility of all-carbon diagnostic detectors
for use with FELs [141].

The capability of diamond VUV detectors to meet the outstanding requests for space
applications was also recognized by many authors since the early development of diamond
detectors, see e.g., [142,143]. In 2009, a VUV SCD detector was used in a space mission
for the first time on the European Space Agency’s PROBA2 satellite [144-146]. The VUV
detectors used, based upon PIN structure, are described in [145]. Furthermore, in the same
mission, a new photoconductor detector based upon a Ti/Pt/Au multilayer structure with
interdigitated electrodes deposited on top of a 0.8 um intrinsic diamond layer was tested
(called SMS detector). The active area of the detector was defined by a circular metallic ring
enclosing the interdigitated electrodes. Both PIN and SMS detectors were encapsulated in a
ceramic matrix (see Figure 1 in [145]). This on-board test first demonstrated the application
potential of diamond-based VUV photodetectors in solar physics research. Work is in
progress in many laboratories to further improve and extend these results to allow new
applications in future space missions.

7. Open Issues and Future Developments

The potential of chemical vapor deposited SCD as photodetector to detect UV and
X-rays was discussed in this paper. However, despite the many outstanding properties of
these detectors, some issues still limit their applications. Among these, the issue with the
electrical contacts needs to be considered because the type of metal and its thickness affects
the responsivity at low photon energy (UV). This necessitates determining the responsivity for
each metal and for each detector configuration. Furthermore, the already mentioned presence
of a dead layer beneath the metal contact requires a careful determination of the detector
response, especially for EUV detectors when using Schottky contacts. As already discussed,
for unbiased detectors operating solely due to the Schottky built-in potential, the dead layer, if
not properly considered, can affect the detector response (cfr. Figure 21b). To this end, the
development of all-carbon detectors could be beneficial, at least in some applications.

In the case of X-ray detectors whose intrinsic diamond layer is much thicker than
that of UV detectors, the dead layer is not an issue. Therefore, the volume of the active
layer and its exact determination (and thus the detector efficiency) strongly depends on the
applied voltage. An alternative could be represented by an ultra-thin diamond layer. An
example is reported in [136], where a new detector is discussed. It is a quadrant electrode
design processed on a 3 um-thick membrane obtained by argon—oxygen plasma etching
the central area of a CVD-grown SCD plate of 60 um thickness. The detector was tested
with an X-ray beam of 1.3 keV at the SIRIUS beamline of the SOLEIL facility. The used
membrane transmitted more than 50% of the incident beam while photo-charge collection
efficiency was approaching 100% for an applied electric field of 2 V/pm. This type of
detector demonstrated homogeneous response all over the surface (within 10%), time-
stable operation, with no evidence of priming nor persistent signal lag effects and seems
promising for X-ray beam monitoring.

Alternatively, a lateral irradiation configuration was proposed and tested, which
utilizes the full diamond plate dimension (several mm) to efficiently absorb photons with
energies up to about 30 keV [147].

Although diamond-based devices proved their general suitability in various appli-
cations, it must be acknowledged that they rely on new/emerging technology. Further
improvements of their performance characteristics are still needed. For example, different
approaches to improve the S/N ratio, such as using oxygen-terminated diamond [148],
semi-transparent [130,132] and /or asymmetric electrodes [149], size reduction towards
submicron contact fingers, and, as discussed for FELs, new all-carbon devices. All these
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solutions can provide better detector characteristics in terms of UV /visible detection ratio,
dark current, S/N ratio, VUV responsivity and linearity and stable long-lasting operation.
Furthermore, advantages are expected by operating the diamond photodetectors at high
positive bias voltages, maximizing the output signal while also reducing the electron escape
probability in the VUV range.

Another point of concern is with some applications where large numbers of detectors are
requested. Arrays of detectors are requested in many applications e.g., beam position/size
monitors or for realizing compact tomography systems (e.g., plasma physics). Examples of
pixel diamond detectors are available in the literature; they were proposed and used e.g., for
synchrotron and FEL beam position/size measurements in real time. In [132], a 1024-pixel
CVD-SCD detector realized on an effective area of 3.2 x 3.2 mm? is discussed.

It is worth mentioning also a new 2D pixelated detector (256 x 256 pixels, pixel size
55 x 55 um?) which is described in [150]. It combines CVD poly-crystalline diamond and the
Timepix3 chip [151] (Diamondpix detector). Diamondpix uses a 10 x 10 mm? p-diamond
layer whose upper surface is metalized by 1 um thick Au film, while the bottom surface is
connected to the Timepix3 chip, via the so-called bump-bonding. The Diamondpix detector
is intended for multipurpose applications such as electron and FEL beam monitoring,
neutron detection etc. As a preliminary test, it was exposed to a beam of ultra-relativistic
electrons showing that it can act as a very powerful beam position monitor, measuring
simultaneously the charge released inside the detector and the time of arrival of the particles
by reconstructing the time profile of the beam bunches [150].

The cost and the reproducibility of the detector performance is a point of concern. The
reproducibility is mainly linked to the intrinsic variability of CVD-SCD and is also related to
the capability to control the thickness of the intrinsic SCD layer during its deposition. To this
end, the development of pixel detectors using the same diamond layer could be beneficial,
whether this option is acceptable (drawback: too small active area of the detector). The imperfect
reproducibility of intrinsic SCD necessitates calibrating each single detector, with additional cost
and time, which reflects on data analysis and can be an obstacle for using arrays of diamond
detectors (e.g., this problem is not to be considered with silicon-based detectors).

Some of the points of concern mentioned above are under investigation by several
authors. As discussed, new ideas were already presented and prototypes tested to meet
the increasingly demanding requests for new UV /EUV and X-ray applications, aiming to
overcome the problems faced so far and partially discussed in this review.

Concerning new applications of diamond photodetectors, it is worth mentioning an
innovative one reported in [148] where diamond photodiode is proposed as receiver for
EM communication in the UV range.

We conclude this paper by mentioning that a new and very challenging application
of UV and soft X-ray SCD detectors has been recently proposed in the field of plasma
physics. It involves the realization of tomography diagnostic systems to measure the soft
X-ray emission on the SPARC [117,152] and on DTT [147,153] fusion tokamaks, which
are presently under construction in the USA and Italy, respectively. The proposal arises
from the excellent results obtained at JET and FTU tokamaks, as already presented in
Section 6.1. Therefore, it represents a huge step forward since it will be the first time a full
tomography system will use SCD photodetectors. The two diagnostic systems will require
about one hundred diamond photodetectors each (both final designs are being finalized,
see [149,150]). Work is in progress at TVU to optimize the detectors, also considering
the harsh environments (high neutron flux and temperature) to be withstood in both
tokamaks. The effect of long-lasting operation at high temperature (>100 °C) as well as
proper welding procedure for cabling have been studied, while further studies are ongoing
to optimize the mask to host the matrix of diamond detectors, the metal contacts and filters
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(type of metal/filter combination and their thickness). Furthermore, since SPARC will
operate also with D-T plasmas, a dedicated study was performed to verify the impact the
14 MeV neutron flux produced by the DT fusion reactions will have on the long-lasting
performance of the diamond detectors [123]. Methodology to calibrate the UV (for DTT)
and X-ray (for SPARC) detectors and to measure their responsivity to homogenize their
response is under investigation, together with the most suitable solutions for electrical
connections considering the reduced volume available for locating the detectors and the
harsh environment to be withstood.
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