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Abstract γ -ray tracking is based on a new generation of
position sensitive high-purity germanium (HPGe) detectors.
A novel type of cluster detector was successfully developed
and assembled for the high-resolution γ -ray spectrometer
Advanced Gamma Tracking Array AGATA. The core part
of the detector consists of three encapsulated, 36-fold seg-
mented HPGe detectors which are operated in a common
cryostat. The Ge crystal is hermetically sealed inside an alu-
minium can. All energy channels provide best energy resolu-
tion of core and segment signals for an extended energy range
well above 50 MeV. A low cross-talk level was determined
for the HPGe detectors and its preamplifier circuitry. Related
cross-talk corrections are essential for highest energy reso-
lution and improved position dependent pulse shape infor-
mation. Recently a new encapsulation technology was put
into operation which is based on a renewable metal elas-
tic seal. HPGe detector developments are concerned with
technologies for the production of p+ and n+ contacts, the
segmentation and passivation of encapsulated HPGe crys-
tals. Semiconductor processing research specifically aimed
to develop a stable, thin and easy to segment n+ contact.
A novel process, based on pulsed laser melting PLM, was
successfully employed to produce very thin n+ and p+ con-
tacts preserving the Ge purity. The contacts were segmented
using a photolithographic process and then the intrinsic sur-
face between contacts was passivated to assure the electrical
insulation between them. A small detector prototype with
three segments was made using these new techniques and
then successfully tested.

a e-mail: preiter@ikp.uni-koeln.de (corresponding author)

1 Introduction

The new generation of γ -ray tracking spectrometers are the
Advanced Gamma Tracking Array (AGATA) [1] in Europe
and the Gamma-Ray Energy Tracking Array (GRETA) in the
US [2–5]. AGATA and GRETA are so far the most advanced
4π -γ -spectrometers for nuclear structure research. It took
almost 30 years to develop the technology [6] needed to build
these detector arrays.

Part of this history is widely exposed in References [6,
7] and will be summarized in this introduction for the sake
of completeness. The aim of this paper is twofold. First, to
upgrade the description of technological advancements in
segmented AGATA detectors (Sect. 2). Second to focus some
remaining open questions about fabrication methodology and
to report effective technological strategies to explore novel
solutions (Sect. 3).

Hyperpure germanium (HPGe) was from the beginning
the choice of detector material as it combines excellent
energy resolution with good efficiency. The energy resolu-
tion is determined by the bandgap of Ge and the noise of the
electronics. Resolution values of ΔE = 2 keV at 1.3 MeV
were already achieved in early detectors. The efficiency was
growing with time as larger and larger Ge crystals of hyper-
pure quality could be produced. Gamma rays which escape
from the detector contribute to the background of the spec-
tra. These events were suppressed by surrounding the Ge
detector which BGO shield producing a veto signal. The
4π -arrays like GASP in Italy, EUROGAM (France/UK) and
GAMMASPHERE in the USA exhausted the technology of
escape suppressed Ge detectors. In these arrays nearly half
of the solid angle was covered with the escape suppression
shields and limited the total efficiency of the Ge detectors.
In order to reduce this problem the idea of composite detec-
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tors, with several closely packed Ge detectors mounted in
the same cryostat, came up. This increased the efficiency
by adding-back the Compton-scattered events between the
detectors and enlarged the granularity for Doppler correction.
The CLOVER detector [8] with four medium-sized Ge crys-
tals was the first development of this type. The EUROBALL
cluster detector [9] combined seven Ge detectors in the same
cryostat. The shape of detectors was adapted to the icosahe-
dron geometry of a tiled sphere, i.e. it had to be shown that
Ge detectors of hexagonal shape could be produced without
loss in energy resolution [10,11]. Furthermore, a hermetical
encapsulation of the individual detectors [12] was developed
in order to facilitate the production and the maintenance of
large clusters of detectors.

The next step of the development was triggered by upcom-
ing radioactive beam facilities. γ rays emitted after Coulomb
excitation of radioactive beams exhibit usually large Doppler
shifts as function of the observation angle. To correct for
Doppler effects small opening angles or a high granularity of
the detectors in the array are needed to avoid deterioration of
the energy resolution. In first order this was solved by seg-
mentation of the Ge detector contacts, e.g. 2-fold in part of the
GAMMASPHERE detectors, 32-fold in the SeGA detectors
at MSU [13]. Then a big progress was achieved by analysing
the pulse shapes of all signals of a segmented detector in order
to find the location of the interaction of the γ ray in the detec-
tor. For pulse shape analysis the signals of the preamplifiers
are digitised and analysed online in a FPGA (see chapter on
AGATA electronics of this topical issue). MINIBALL at Rex-
ISOLDE, CERN [14,15], which became fully operational in
2001, was the first detector array of segmented Ge detec-
tors operated with digital electronics for online pulse shape
analysis. MINIBALL consists of 24 segmented Ge detectors
arranged in 8 triple cryostats. The individual Ge detectors
are longitudinally 6-fold segmented and hermetically encap-
sulated in an aluminum can. The MINIBALL detectors are
not segmented along the Ge crystal axis. Therefore, the main
interaction of the γ ray can only be determined in two dimen-
sions by pulse shape analysis which is sufficient for Doppler
correction.

The experience with MINIBALL and its digital electron-
ics paved the way for approaching the final step: the develop-
ment of the 4π -γ -ray tracking array AGATA (GRETA). The
size of the Ge crystals was enlarged to 80 mm in diameter and
90 mm in length; the detectors were 36-fold segmented for
optimum position resolution in three dimensions. Encapsula-
tion of the sensitive, highly-segmented detector was essential
for mounting and operating three AGATA or four GRETA
detectors closely packed in the same cryostat. The 111 chan-
nels of an AGATA triple-cryostat are equipped with cold
input stages of the preamplifiers. The input FET’s and the
feedback resistors and capacitors are mounted on the lid of
the detector capsules cooled by copper braids which allows

to operate the relevant analogue pre-amplifier electronics for
minimum noise at a temperature of 130 K. This technology is
optimised for best energy resolution, low crosstalk and low
microphonics.

AGATA in its final configuration will be a highly efficient
4π γ -ray spectrometer consisting of 180 segmented HPGe
detectors providing the high energy resolution typical for
HPGe devices together with an outstanding detection effi-
ciency. Moreover, the detectors will provide position infor-
mation for the individual interaction energies and interaction
positions of all γ rays within the segmented HPGe detector
volumes [16]. The interaction positions of the γ rays within
the individual segments of the HPGe detectors are obtained
by means of Pulse-Shape Analysis (PSA) using different PSA
methodes like e.g. the adaptive grid search [17]. All energies
and coordinates of coincident interactions from PSA are then
processed by a tracking algorithm. The tracking procedure
will identify which energies and positions of these inter-
actions belong together by determining the sequence they
occurred.

In Sect. 2 of the paper we summarise the development of
the composite AGATA Triple Cluster (ATC) detector which
comprises three HPGe detectors operated in a common triple
cluster cryostats. Within the cluster detector 111 individual
spectroscopy channels are operated with cold input stages of
all preamplifiers, that is advantageous for best energy reso-
lution. Energy resolution measurements and crosstalk inves-
tigations were performed successfully meanwhile for twenty
ATCs.

In Sect. 3 of the paper we present the latest advances in
HPGe detector technology, aimed at improving the current
segmented detectors, in particular in applications involving
high radiation flux and high neutron-induced damage. As
it will be explained in Sect. 3, these demanding working
conditions will take a strong advantage if segmented future
AGATA detectors could be made of p-type material with
external n+ segmented contacts. A semiconductor process
research was recently developed to identify a proper way to
produce n+ thin and stable contact in HPGe. A new process,
called pulsed laser melting (PLM), allows the production of
very thin n+ and p+ contacts without jeopardising the hyper
purity of germanium crystals. Segmentation of PLM contacts
was implemented and proper surface passivation assured the
correct performance of a small trial segmented detector.

2 AGATA detector configuration

The AGATA spectrometer consists of triple cluster detec-
tor modules. Each module comprises three encapsulated
HPGe detectors with different hexagonal shaped crystals (see
Fig. 1). The high efficiency and optimised solid angle cover-
age without suppression shields will be achieved by packing
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Fig. 1 Comparison of HPGe crystals employed for EUROBALL
(unsegmented), Miniball (six-fold segmented) and AGATA (thirty six-
fold segmented, three different shapes). The three types of AGATA
crystals have slightly different side faces and tapering angles in relation
with segmentation lines (see text)

the Ge crystals as close as possible inside the composite clus-
ter detectors. Final constrains in solid angle and efficiency are
given by the small distances between the Ge crystals and the
surrounding aluminium material of the three encapsulated
HPGe crystals and the common end cap of the cryostat.

The AGATA detector configuration is covering a high
solid angle by tiling the surface of a sphere. In order to create
a spherical shell with full 4π coverage an icosahedron geom-
etry with 60 hexagons and 12 pentagons was chosen. Three
HPGe detectors are combined in a common cryostat which is
mounted in one of the 60 hexagons of the sphere. The three Ge
crystals have a slightly different hexagonal shape in order to
optimize the coverage with Ge. The 12 smaller pentagons are
not filled with detectors. The ATC detector consists of three
36-fold segmented, hexagonal shaped, encapsulated tapered
HPGe detectors. The individual HPGe crystals are hermeti-
cally sealed inside an aluminium can having thin walls and
grouped inside the same cryostat. The detector configuration
has an inner radius of 23.5 cm which allows the use of vari-
ous ancillary detectors inside the target chamber. The HPGe
detectors form a 9 cm thick germanium shell with ≈ 82% of
solid angle coverage.

2.1 Encapsulated HPGe detectors

The capsules of the EUROBALL, MINIBALL and AGATA
detectors are built according to the same principles. The
shape of the aluminum housing follows the shape of detec-

tors which is hexagonal at the front end and circular at the
rear side. The wall thickness of the can is 0.7 mm and the
distance between the Ge crystal and the wall of the can is
0.3−0.7 mm. The cylindrical lid of the capsule contains the
feedthrough for the high-voltage and the detector signals.
Initially, the housing was hermitically closed with the lid by
welding with an electron-beam under vacuum. The capsule
is pumped through an Al tube which is closed by pinch-off.
An activated getter material is mounted on the lid inside the
capsule in order to maintain an ultra pure vacuum in the
whole temperature range from the operating temperature of
≈ 85 K to the annealing temperature of 105 ◦C for remov-
ing a neutron damage of the Ge crystal. The getter material
inside the encapsulated crystals is designed to keep a pressure
below 10−6 mb for a period of 40–50 years. Two international
patents were granted for the development of the encapsula-
tion of Ge detectors [18,19].

In case of a problem with Ge detectors itself the welded
capsule has to be opened by machining. It sometimes can be
welded again but mostly the capsule parts are lost. To over-
come this disadvantage a sealing technique using a metal-
elastic seal has been developed which allows now to easily
open and close the capsule many times without loss of parts.
The seal is manufactured by the company HELICOFLEX. It
is a flexible elastic metal seal that is compressed to achieve a
vacuum tight sealing of the container for the HPGe crystal.
The seal is composed of a close wound helical spring sur-
rounded by a metal jacket. The spring is designed to have
a specific compression resistance. During compression, the
resulting pressure forces the jacket to fill the imperfections
of the surfaces. Simultaneously tight contact with the flange
sealing faces is ensured. The helical spring allows the seal
to conform to surface irregularities on the flange surface.
This technique facilitates the production and maintenance
of encapsulated Ge detectors considerably. A picture of the
reusable housing and the lid in shown in Fig. 2. A third patent
was granted for this improvement [20].

2.2 AGATA cryostat

The triple cryostats have a length of 92 cm and a weight
of 38 kg without the Ge crystals. Very low tolerances are
demanded for the manufacturing of the cryostat end caps
and the final spacing between detector side faces of different
triple detectors.This is mandatory for precise positioning of
the detectors in the array.

A narrow mechanical margin of 0.5 mm was achieved
between end caps. The bending of the thin walls of the end-
caps was measured to stay within tolerances under vacuum.
The front part of the AGATA triple cryostat is shown in Fig. 3.
The end cap is rendered semi-transparent to show the align-
ment of the detectors relative to the end cap. The picture
also demonstrates one of the challenges in the design and
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assembly of such a cryostat. A single triple cryostat com-
prises 111 individual high resolution spectroscopy channels.
A comparable number of channels is typically employed in
a full spectrometer like GAMMASPHERE.

The individual FET consumes an electric power of 20 mW,
the total consumption of the 111 FETs in a single AGATA
triple cluster adds up to 2.3 W. Together with the enhanced
thermal connection by the wiring inside the cryostat and the
radiative heat absorption, a considerable cooling capacity is
demanded. The dewar for the triple cryostat contains up to
4.5 l of liquid nitrogen.

One dewar filling of liquid nitrogen is sufficient for 10–
12 h of continuous operation. Temperature is monitored over
two platinum resistance thermometer (type PT100) readouts.
A PT100 is positioned at the copper cooling finger, close
to the dewar and another PT100 is located in close vicin-
ity of the crystals. A typical cooling down cycle of the ATC
detector takes 8–10 h going from room temperature below -
180◦C. The temperature differences between the location of
the PT100 close to the HPGe crystal and the actual temper-
ature of the HPGe crystal is not accessible. Therefore, the
cooling down period of the full triple cryostat assembly is
prolonged over a period of 48 h in order to assure a tempera-
ture equilibrium which is very close to the measured PT100
values of typically 90–95 K.

A novel liquid nitrogen (LN2) fill level meter has been put
into operation for the all-position dewar of the ATC detec-
tor. The new device is based on a capacitance measurement
between a metallic cylindrical tube inside the dewar and the
inner wall of the cryostat. The fill level dependent capac-
itance is converted by a C/V-transducer into a DC voltage
signal. Direct monitoring of the LN2 level inside the detec-
tor dewar has been performed with several AGATA detectors
at various inclinations and rotation angles of the detector
axis. A calibration of the fill level capacitance measurement
is performed for each dewar and its position in the array.
A detailed description of the procedure is given in [21].
The time-dependent LN2 consumption is an additional quan-
tity used to survey the status of the cryostat. Supplementary
results are the investigations of the LN2 consumption and the
heat loss of the detector during different modes of operation
[21].

2.3 AGATA preamplifier

The pulse shape information is obtained from the time depen-
dent charge collection process. The information is con-
tained in the preamplifier output signals which should not
be disturbed or affected by the electronic properties of the
device. Advanced charge-sensitive feed-back preamplifiers
were developed to achieve this goal employing fast reset
technology for dead time and dynamic range optimization

Fig. 2 The new encapsulation of the HPGe detector is based on a metal-
elastic seal between the capsule lid and the crystal container. The del-
icate crystal can now be accessed in a replicable way by opening and
closing the capsule in a controlled way

Fig. 3 The end cap of the AGATA triple cluster detector houses
three thirty six-fold segmented encapsulated HPGe crystals of different
shapes. The first feed-back loop of the preamplifier is located inside the
cold part at very close distant to the crystals. Cooling with liquid nitro-
gen and very short signal paths minimise signal noise contributions.
Picture provided by H.-G. Thomas, CTT, Montabaur

as well as a circuit structure for maximizing the open-loop
gain of the charge-sensing stage.

The preamplifiers are the only remaining analogue elec-
tronic parts which exist in the whole electronic measurement
chain. To achieve highest energy resolution the preamplifiers
of segment and core contacts are divided in two spatially sep-
arated parts. The cooled input stages of the preamplifiers are
operated close to the Ge crystals (see Fig. 3). The AGATA
cryostats employ a separate cooling for the encapsulated Ge
detector and the cold part of the preamplifier electronics.
While the Ge detectors are cooled to 90 K, the Field Effect
Transistors (FET) are operated at temperatures near 130 K
± 20 K where their noise contribution is minimal. The other
adjacent parts of the preamplifier electronics contribute less
to the noise performance and are placed outside the vac-
uum. The cold part consists of a low-noise silicon FET, a 1.0
pF feedback capacitance and a 1 GΩ feedback resistance.
A dedicated shielding was developed for the cold preampli-
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Fig. 4 Scheme of the core and one segment preamplifier. The signal
path from the built-in pulser to the segments passes by a 1.8 Ohm resistor
installed in the cryostat, the source of the jFET of the core preamplifier,
the high voltage decoupling capacitor, and the detector bulk capacitance

fier board for minimizing the inter-channel crosstalk. The
warm part, operated at room temperature, is located close
to the cold part of the cryostat and comprises a low noise
transimpedance amplifier, a pole-zero stage, a differential
output buffer, and a fast-reset circuitry. Transient signals are
not deformed due to the large bandwidth. The preamplifier
development for AGATA is described in [22–24].

The segment and core signals of the AGATA detec-
tors are read out simultaneously through advanced charge-
sensitive resistive feed-back preamplifiers, employing a new
fast reset technology for dead time and dynamic range opti-
misation as well as an original circuit structure for maxi-
mizing the open-loop gain of the charge-sensing stage. A
custom programmable high-precision pulser located on the
core-preamplifier board is used to inject calibration pulses to
the core electrode itself as well as to all segment electrodes
through the detector bulk capacitance, as shown schemati-
cally in Fig. 4. The main applications of the precision pulser
are: testing, calibration, time alignment, efficiency measure-
ments of the detector.

A novel reset scheme allows for an increased counting
rate capability of the detector. In case a high energetic sig-
nal occurs in the detector, the output of the preamplifier
goes in saturation and disables to process the next pulses.
The desaturation circuitry is capable of detecting such sig-
nals upon which a current source is connected which dis-
charges the capacity in the pole/zero network. A fast restora-
tion of the output level is achieved allowing four to five
times higher detection rates. Results of the novel Time-over-
Threshold technique [24] for high resolution spectroscopy
demonstrated a good energy resolution for an increased γ -
ray energy range well above 50 MeV comparable with the
standard pulse height mode.

A detailed description of the newly developed segment
preamplifiers is given in [23]. Three segment preamplifier
channels are integrated on one printed circuit board. The
power consumption per channel is limited to 280 mW by
design allowing the 111 closely packed spectroscopic chan-
nels to be operated close to the vacuum feed throughs in air
between the cold part of the cryostat and the liquid nitrogen
dewar (see Fig. 3). Differential signal output of the 111 spec-
troscopic channels are transmitted through 21 MDR cables.

2.4 Space charge in highly segmented HPGe detectors

The space charge distribution inside highly segmented large
volume HPGe detectors were determined from capacitance–
voltage (CV) measurements. For this purpose a computer
code was developed to understand the impact of impurity
concentrations on the resulting capacitance between core
contact and outer contact for HPGe detectors, biased at differ-
ent high voltages. The code is a tool for the reconstruction of
the doping profile within irregularly shaped detector crystals.
The results are validated by comparison with the exact solu-
tion of a true coaxial detector. The space charge reconstruc-
tion under cylindrical symmetry is derived. An extension of
this scheme to higher dimensions for inhomogeneous space
charge distributions is illustrated for a two-dimensional seg-
mented coaxial detector [25]. The space charge distribution
of a large volume highly segmented HPGe detector was deter-
mined by a non-destructive capacitance–voltage measure-
ment. The capacitances between the 36 segments and the core
were measured simultaneously with a precision pulser which
was implemented in the core preamplifier. The pulser mea-
surement was compared with and validated by direct capac-
itance measurements. The three-dimensional doping profile
was reconstructed using analytical and numerical methods.
Consistent values for the impurity concentration in the range
of 0.5–1.5 ·1010 cm−3 were obtained [26].

2.5 Energy resolution

At low γ -ray energies the energy resolution of the ATC is
well within the following specification values. The energy
resolution (FWHM) of the core contacts is ≤ 2.35 keV for
Eγ = 1.33 MeV and ≤ 1.35 keV for Eγ = 122 keV. For the
36 segments, the resolution (FWHM) is ≤ 2.30 keV at 1.33
MeV (with a mean value of ≤ 2.1 keV) and ≤ 1.3 keV at
60 keV (with a mean value of ≤ 1.20 keV). Since the low
energy resolution values are dominated by electronic noise,
the obtained results demonstrate the successful design and
integration of the new ATC detector. In particular the elec-
tronics properties comprising the cold and warm parts of the
new preamplifier assembly is characterised by low noise in
the triple cryostat despite the high integration density of 111
analogue channels. The improvement in the final assembly
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Fig. 5 Summary of energy resolution values (FWHM) of core signals
(a, b) and segment signals (c, d) of 59 AGATA HPGe detectors (green
bars). The energy resolution values are given for a γ -ray energy of 60
keV (241Am) (a, c) and of 1.332 MeV (60Co) (b, d). Several neutron
damaged AGATA crystals went through the annealing procedure. The
energy resolution values (FWHM) of HPGe detectors after annealing
are also shown, (blue bars). The AGATA energy specification limits for
both γ -ray energies are included as red lines. The mean values of the
energy resolution for detectors after delivery are given as green line, the
values for annealed detectors by blue lines (for details see text)

is a result of the new AGATA preamplifier and the ground-
ing scheme in the ATC detector, which reduces unwanted
perturbing high frequency noise contributions. A potential
source for the microphonic effect at the core contact was
removed by exchanging the coupling capacitor of the core
signal from a foil capacitor to a ceramic capacitor and by a
better fixing of critical cables..

The average energy resolution values of 59 AGATA HPGe
detectors are shown in Fig. 5. The energy resolution values
(FWHM) are given for a γ -ray energy of 60 keV (241Am)
and of 1.332 MeV (60Co). At low energies the average of
2124 segment values are measured to be 1053 eV, while the
average of 59 core values amounts to 1195 eV at the same
energy. For the 1.332 MeV (60Co) γ -ray energy, the average
energy resolution of all segments is 2.03 keV while the core
energy resolution is 2.21 keV. Meanwhile a couple of neu-
tron damaged AGATA crystals went through the annealing
procedure. The energy resolution values of these detectors

are also included in Fig. 5. For low energies the segment
energy resolution yields 1027 eV, the core value is 1117 eV.
The mean energy resolution after annealing for 1.332 MeV
(60Co) is 2.11 keV for the segments and 2.13 keV for the core
signals. All values from detectors after annealing are compa-
rable, even slightly better, than the averages of new detectors.
Over the years, the AGATA HPGe detectors have operated
well within the specification for the energy resolution.

Built-in redundancies in highly segmented high-purity Ge
detectors are exploited to increase the energy resolution of
these semiconductor devices for detection of electromag-
netic radiation in the X-ray and γ -ray regime. The informa-
tion of the two electronically decoupled independent mea-
surements, the cathode and the anode electrodes, provides
an improved signal-to-noise ratio through a combination of
the individually measured signals performed on an event-
by-event basis. The average energy resolution values of the
AGATA triple cluster detector for an energy deposition of
60 keV was measured to be 1.1 keV (FWHM) for the 36 seg-
ments and 1.2 keV for the core. The averaged signals of the
core and the segments show an improved resolution value
of 0.87 keV, which is close to the expected theoretical limit.
At higher γ -ray energy the averaging technique allows for
an enhanced energy resolution with a FWHM of 2.15 keV
at 1.3 MeV. By means of the position sensitive operation of
AGATA a new value for the Fano factor was determined and
the noise contributions to the FWHM of a γ -ray peak sepa-
rated [27].

The AGATA detectors are made of n-type HPGe detec-
tors in order to be less sensitive to neutron damage than p-
type detectors and due to the fact that large volume coax-
ial detectors can be constructed with thinner outer contacts.
However, neutron damage is only reduced for the electron
signal of the central core contact and not for the hole signals
collected at the outer segments contact of the large volume
detectors. Indeed, it was found that these segments are more
sensitive to neutron induced traps than the core electrode dur-
ing the first two experimental campaigns with the AGATA
detectors at Legnaro and GANIL. The new HPGe crystals
were exposed for the first time to the flux of fast neutrons
from deep inelastic collisions, fission and fusion evaporation
reactions. Fast neutrons are well known to produce specific
lattice defects in germanium crystals which act as efficient
hole traps. This causes a reduction in the charge collection
efficiency of the detectors observable by a left, low energy
tailing on the energy line shape.

The crystals can recover from neutron damage by anneal-
ing. Radiation damage to HPGe crystals can be repaired by
warming up the HPGe crystal in the case of AGATA detector
capsules to 105◦C in an oven under vacuum conditions for
typically three to seven days. The annealing restores the nom-
inal HPGe lattice structure, removing charge trapping sites
and thus restoring the energy resolution of the HPGe detec-
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tors. After more than ten years of operation, many Ge crystals
of the AGATA spectrometer passed through the annealing
procedure. Up to now it was found that the mean values of
the energy resolution is even slightly improved with respect
to the new detectors (see results in Fig. 5).

However, for practical reasons and in view of the rate at
which neutron damage becomes visible, this treatment cannot
be applied after every experiment. Fortunately, pulse shape
analysis is not influenced by neutron trapping: PSA is only
sensitive to changes in the signal shape of the order of the
one percent level, while the energy resolution is already sen-
sitive below the per mill level. Therefore energy resolution
will be deteriorated far earlier than it will be noticed in the
PSA. Since the peak height deficiency will in first approxima-
tion only depend on the interaction position in the detector,
the high position sensitivity of the AGATA array allows to
make corrections for trapping effects using the precalculated
trapping sensitivities. Such correction method was imple-
mented for the AGATA detectors and are described in [28].
In the long term the AGATA collaboration intends to over-
come the sensitivity of segment signals to neutron damage by
the development of a suited p-type HPGe detector. First steps
in these directions are already undertaken and are subject of
the following Sect. 3

2.6 Crosstalk properties of highly segmented
HPGe-detectors

Crosstalk properties of 36-fold segmented, symmetric, large
volume, HPGe detectors from the AGATA collaboration
were deduced from coincidence measurements performed
with digitised segment and core signals after interaction of
γ rays with energies of 1.33 MeV. The mean energy val-
ues measured by the core signal fluctuate for γ -ray interac-
tions with energy deposited in two segments. A regular pat-
tern is observed depending on the hit segment combinations.
The core energy shifts deviate 0.03–0.06% from the aver-
age energy calibration. The segment-sum energy is reduced
with respect to the core energy as a function of the decou-
pling capacitance and the segment multiplicity. The deviation
of the segment-sum energies from multiplicity two events
fluctuates within an interval of less than 0.1% depending on
the different segment combinations (see Fig. 6). The energy
shifts caused by crosstalk for the core and segment signals
are comparable for all three shapes of detectors. A linear
electronic model of the detector and preamplifier assembly
was developed to evaluate the results. The fold-dependent
energy shifts of the segment-sum energies are reproduced.
The model yields a constant shift in all segments, propor-
tional to the core signal. The measured crosstalk pattern and
its intensity variation in the segments agree well with the
calculated values. The regular variation observed in the core

Fig. 6 Results of crosstalk measurements for detectors A001, B002,
C002 in a common AGATA cryostat. For clarity only a subset of the
110 × 111 combinations of crosstalk matrix elements within the full
triple cryostat is shown from the sectors A and F of each detector. On
the diagonal graphs the crosstalk pattern within each single detector is
of the 0.1% level. The observed structures can be entirely attributed to
the capacitive coupling between core and segments. The crosstalk con-
tributions between different detectors is shown in the six off-diagonal
graphs. No indication for crosstalk contributions appear between seg-
ments of different detectors at a level ≤ 10−5. The results are based
on a novel method for determination of precise and absolute crosstalk
matrix elements [29,30]

energies cannot be directly related to crosstalk and may be
caused by other effects like electron trapping [29].

The crosstalk effects cause shifts in the measured γ -ray
energy of the core and segment signals as function of seg-
ment multiplicity. The positions of the segment sum energy
peaks and their resolution deteriorates vary approximately
linearly as a function of segment multiplicity. Two methods
were developed to correct for the crosstalk induced effects
by employing a linear transformation. The matrix elements
are deduced from coincidence measurements of γ rays of
various energies as recorded with digital electronics. A very
efficient way to determine the matrix elements is obtained
by measuring the base line shifts of untriggered segments
using γ -ray detection events in which energy is deposited in
a single segment. A second approach is based on measuring
segment energy values for γ -ray interaction events in which
energy is deposited in only two segments. After performing
crosstalk corrections, the investigated detector shows a good
fit between the core energy and the segment sum energy at all
multiplicities and an improved energy resolution of the seg-
ment sum energy peaks. The corrected core energy resolution
equals the segment sum energy resolution which is superior
at all folds compared with the individual uncorrected energy
resolutions. This is achieved by combining the two indepen-
dent energy measurements with the core contact on the one
hand and the segment contacts on the other hand [30].
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The crosstalk properties of a complete asymmetric triple
cluster detector were investigated by events from source mea-
surements with only one detector segment collecting a real
energy deposition in the detector volume. All traces were
recorded whenever one channel triggered. In coincidence
with the energy information of the triggering segment the
baseline shift in all other segments are recorded as a function
of the energy deposition in the hit segment. The equivalent
energy ratio, corresponding to these baseline shifts in the
untriggered segments, is of the order of ≈ 10−3 and follows
linearly the energy deposition. The measurements were per-
formed with one of each of the three AGATA shaped detec-
tors in a common AGATA cryostat The pulses from all 107
remaining segments without trigger condition are recorded
and analysed simultaneously with the pulse from the hit seg-
ment. After identification of the true energy deposition in
exactly one segment the coincident and simultaneous base-
line shifts are recorded which occur in all remaining 107
non-hit segments. This method allows determination of pre-
cise and absolute crosstalk matrix elements. The details are
published in [29,30]. The crosstalk pattern within each single
detector is of the 0.1% level as shown in Fig. 6 for two sets
of sector signals. The observed structure in the three diago-
nal parts of Fig. 6 can be entirely attributed to the capacitive
coupling between core and segments. A repeating pattern
was observed for the segment signals within the same HPGe
detector caused by the interplay of the core coupling capac-
itor and the distinct different capacitances of the 6 segments
along one ring in the detector. The measured values are shown
in parts for the extended 108 × 108 matrix Fig. 6. A negligi-
ble cross talk level below 10−5 was found between core and
segment signals of detectors that are not hit by γ radiation
(see six off-diagonal panels and values for the core coupling
in Fig. 6).

In summary, crosstalk properties of the highly packed ana-
log preamplifier circuitry and detector assembly does not
induce crosstalk between different detectors. A negligible
cross talk level below 10−5 was found. An expected low and
regular crosstalk level of 10−3 was observed for the segment
signals within the same HPGe detector caused by the inter-
play of the core coupling capacitor and the capacitances of
the 36 segments.

3 Advances in detector technologies

There are still several aspects of segmented position sensitive
Ge detectors for tracking arrays, which need to be developed
and/or improved. The limitations on the key HPGe segmen-
tation technologies are particularly relevant. Among the var-
ious possibilities, available from microelectronics technol-
ogy, to produce p+ (holes collecting) and n+ (electron col-
lecting) junctions, only a few of them preserve the needed net

impurity concentration of the high-purity germanium detec-
tors as low as ≈ 1010cm−3 after the production process [31].
As mentioned in Sect. 2.5, the AGATA detectors produced so
far are based on the ion implantation of boron at room tem-
perature for the p+ contact and on the diffusion of lithium at
300 ◦C for the n+ contact. The high diffusivity of Li in Ge
produces a very thick junction in the order of 0.5−1.0 mm
with many detrimental effects: (i) it is a dead layer where no
charge collection occurs [6], (ii) is not stable under anneal-
ing treatments required for damage recovery, causing loss of
active detection volume [32], (iii) and prevents stable and
thin segments.

The segmentation is currently performed on the p+ boron
side, that has a junction depth of about 300 nm and can be
easily divided into insulated contacts. These technological
limitations force the use of holes h+ signals on the seg-
ments to build the tracking analysis. However, it is known
that holes are much more subjected to trapping induced by
neutron damage, with a detrimental effect on the resolution
[33] that develops at a 30 times lower dose with respect to
electrons [34].

At present, most spectrometers like AGATA, GRETA,
GAMMASPHERE, GALILEO and GASP are therefore built
out of hole-collecting n-type bulk Ge material with exter-
nal boron implanted segmentable contacts. This causes the
segments to be subjected to neutron damage and requires
for periodic thermal annealing procedure as described in
Sect. 2.5. Moreover, to extend as long as possible the time
between annealings, often the central segment signal is col-
lected to correct the energy resolution of the gamma events.
A polarity inversion of the coaxial segmented detector, i.e.
working with a p-type bulk and external electron collecting
segments, would have in principle two advantages: (i) an
extension of the time-span between successive annealings,
allowing to reduce the operational cost, or giving the pos-
sibility to work under more neutron damaging conditions;
(ii) in principle, the collection of the central signal would
not be necessary anymore to correct the energy resolution.
In this way γ -ray interactions can be distributed with higher
frequencies on different segments, allowing to increase the
counting rate. However, annealing is still expected, albeit
after a higher neutron dose than before. Therefore, the n+
contact has to be thermally stable (i.e., annealable) beside
being thin to allow for an easy segmentation. Such kind of
contacts do not seem to be available at the moment, since they
can not be performed by actual lithium diffusion processes,
nor with amorphous contacts that are demonstrated to be not
stable under annealing. The need for new contact technology
appears to be a relevant issue in order to realise performance
improvements in terms of radiation hardness and counting
rate.

A recent and promising progress in this field was obtained
by LNL-INFN in the framework of the CSNV PRONG (Pro-
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cesses for Next Generation Gamma Germanium detectors)
project. For the first time the pulsed laser melting (PLM)
process was tested to produce n+ and p+ doped junctions in
HPGe gamma detectors. Here the main aspects of this pro-
cess will be presented.

3.1 Bulk contamination during doping processes

The introduction of new doping processes producing stable
and thin junctions is a mandatory step in order to have elec-
tron collecting segmented contacts less prone to neutron dam-
age. The first thing to be evaluated for any new process in
HPGe is that the high purity level of germanium must be
preserved. This property plays a crucial role, since it makes
it possible to create large depletion regions, i.e. large inter-
action volumes. High purity Ge has less than one impurity
atom per trillion crystal atoms. This purity level is easily
jeopardised by contaminants like e.g. Cu, which is the most
common, diffusing from the environment to the bulk. Lithium
evaporation step involved in the formation of the actual n+
junctions must be performed at about 300–400◦C and is gen-
erally considered as an upper limit for thermal treatments
before having irreparable contaminations of the bulk.

In a recent paper Boldrini and co-workers [31] system-
atically investigated the thermal budget limit for HPGe con-
taminations. Several HPGe samples were treated by different
doping and thermal processes and then the contaminations of
the bulk were investigated by means of van der Pauw–Hall
electrical measurements. In Fig. 7 bulk charge density mea-
sured after processing is presented for different treatments
as a function of temperature inverse. At high temperature
(low 1/T) the typical exponential growth of thermal carriers
is present. At low temperature the carriers due to residual
bulk doping are visible. The starting materials are either p-
type or n-type HPGe and show a background doping of less
than 1010cm−3 (full and empty black squares, respectively).

All the data from blue downward triangles to brown
upward triangles are the results of different thermal pro-
cesses. For all these processes temperature and time duration
are reported. Where “SOD” is reported, it means that the
samples have been deposited with a Spin ON Dopant (SOD)
layer before the process in order to induce a thin junction
on the surface of the layer [35]. It is worth noting that the
reported carrier concentration is obtained after removal of
the thin layer and gives a measure of the bulk contamination
induced by the process. Where only time and temperature
are reported, a simple thermal cycle was performed without
SOD deposition. All the processes were performed in a tubu-
lar furnace within a quartz vessel under 10−6 mbar, except for
RTA process for which a Rapid Thermal Annealing (RTA)
apparatus was used [35]. The background doping of the bulk
is always worse than the starting level, moreover it is always

Fig. 7 Charge-carrier density curves as a function of 1/kBT . Full sym-
bols refer to p-type starting substrates, empty symbols refer to n-type
substrates

a p-type dopant, even when the starting material and/or the
doping process is n-type.

The data were elaborated by means of a phenomenological
model that introduces the concept of thermal budget, TB, as
the integral of an exponentially activated contamination pro-
cess over the time, i.e. along the thermal history (temperature
T as a function of time t) of the sample:

T B =
∫

exp

( −Eact

kBT (t)

)
dt (1)

where kB is the Boltzmann constant and Eact is the activation
energy of the contamination process. Contamination concen-
tration (n) of experimental data is correctly reproduced by the
following equation: n = A ·T B with A = 2.1·1021cm−3s−1

and Eact (activation energy) equal to 2.1 eV.
This simple model shows that conventional diffusion

based doping methods are not suitable to produce contacts
on HPGe. In practice, the diffusion process of most com-
mon dopants (i.e. Sb, P, Ga) is too low and, while the junc-
tion forms, bulk contamination occurs. The data are com-
patible with the known diffusion mechanism of Cu, that is a
very-fast-diffusing, p-type dopant. Lithium doping appears
to be the only exception among the diffusion doping meth-
ods, since its interstitial diffusion is fast and can compete
successfully with that of Cu.

In Fig. 7 the only surface doping processes that preserve
the purity are B implantation at room temperature (green
stars), that does not need any thermal budget to be electri-
cally activated, and Pulsed Laser Melting process (light blue
circles). This last process, described in more detail in the fol-
lowing section, is a very fast process that causes a melt of
the surface for a limited time (about hundred nanoseconds).
The thermal budget is therefore very limited, but diffusion
of standard dopants may occur since diffusion coefficient is
consistently higher in liquid than in solid.
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3.2 Laser doping of Ge

PLM is a particular annealing process in which a UV pulsed
laser is used as heat source. When the sample is irradiated
with one or multiple laser impulses, the UV photons of each
impulse are absorbed in the first few nanometers of the Ge
surface, promoting electrons from the valence to the con-
duction band. The electrons decay immediately by means of
intra-band transitions, transferring energy to the crystal lat-
tice. The generated heat diffuses for a few hundred nanome-
ters, leading to melting of the layer, while leaving the bulk
nearly at room temperature. During the melting time, if a
dopant element is present at the surface, it can in-diffuse
very fast due to very high diffusivity in liquid, that is about
five orders of magnitude higher than in solid. Finally, the
layer recrystallizes once the heat is dissipated. The recrys-
tallisation is a very fast liquid phase epitaxy, leaving a coher-
ent reconstructed crystal with high incorporation of dopant.
Due to the out-of-equilibrium dynamics, an incorporation of
dopant well above the solid solubility can be reached [36,37].
In case laser pulses are applied for a few nanoseconds, the
whole process is carried out in a few hundred nanoseconds,
resulting in a very low thermal budget. Bulk contaminations
of HPGe material are therefore avoided, as demonstrated in
the previous Sect. 3.1.

As stated, some of the major limitations in the production
of segmented detectors with electron collecting contacts are
connected to the absence of a junction formation methodol-
ogy that provides thin and thermally stable contacts without
contaminating the bulk.

The combination of PLM processes and thin layer depo-
sitions, such as sputtering, could prove useful to overcome
such limitations, as they represent a way to obtain thin doped
layers with tunable and controlled thickness and high doping
levels [38]. Indeed, the thickness of the PLM molten layer
depends strongly on the energy density of the laser pulse
itself, while the thickness of the initially deposited layer is
directly connected to the dopant dose. Furthermore, such a
combination allows to overcome other technological issues
connected to traditional doping techniques, as honeycomb
structures and lattice damages due to dopant implantation
[39], or low dopant activation in in-situ doped layers [40].
The new approach has been studied using Sb as n-type dopant
on a Ge wafer [41] achieving promising results. In this study,
metallic Sb layers with thicknesses ranging from 8 nm down
to a single monolayer were deposited on the surface of the
Ge wafer to create a dopant source for the following laser
process.

The device used for PLM was an excimer laser (Coher-
ent COMPex 201f), emitting light at λ = 248 nm over a
square spot 5 · 5 mm2 with tunable energy density and 22 ns
impulse duration. With the first laser impulse, the Sb layer
is incorporated in the germanium lattice during the melt-

ing phase of PLM. When multiple laser impulses with the
same energy density are applied, the dopant atoms distribute
repeatedly in the same layer with fixed melt depth, resulting
in box-like depth profiles, shown in Fig. 8. The performed
PLM processes produce samples with dopant atoms con-
fined in the recrystallized layer, in concentrations as high
as 5 · 1021 at/cm3, which are well above the solid solubility
limit (around 1019 at/cm3 in the case of Sb).

The resulting doped layers have been extensively char-
acterised, showing excellent properties, regarding both elec-
trical activation, crystallinity and lattice coherence between
layer and bulk (pseudomorphicity). The obtained junction
is nearly 150 nm thick, with chemical concentrations that
reach 10% of the substrate density and show no segregation.
Only a fraction of the dopant is active, nonetheless the active
concentration reaches a notable 3 · 1020 at/cm3. The layers
are pseudomorphic to the substrate and show no extended
defects. These are promising characteristics for the forma-
tion of n+ contacts for future detectors.

Since PLM method is an epitaxial procedure, it is impor-
tant to understand how the process depends on the lattice
orientation. Planning to apply the process to complex geome-
tries such as coaxial detectors, the doping should successfully
occur along surfaces with different orientations. In order to
clarify this point, the combination of sputter deposition and
PLM was used on Ge wafers with (100), (110) and (111)
crystallographic orientations. All the samples received a 2
nm thick Sb sputter deposition and were subjected to 1–4
laser impulses at 500 mJ/cm2 energy density. The chemical
and active dopant depth profiles of the resulting doped layers
are reported in Fig. 8 and confirm that a very thin junction
of nearly 150 nm is formed in all samples. The active con-
centration is also notable, around 3 · 1020 at/cm−3 for every
orientation. Finally, the crystallographic orientation does not
seem to play any role in the dopant diffusion, nor in its activa-
tion, suggesting that this process could be successfully imple-
mented on the lateral surfaces of coaxial crystals as well.

As far as acceptors are concerned, these same processes
have also been studied using Al as p-type dopant. Consider-
ing its sensitivity to oxygen, a protective amorphous Ge cap
was deposited on top of the Al layer prior to laser irradiation.
During PLM the two layers merge and diffuse in the substrate
lattice, resulting in a thin highly doped junction. This study
is the object of an approved patent [42]. In reference [43] the
n-type PLM doping procedure described above was success-
fully applied to produce a first test detector of 10 ·10 ·2 mm3

size. The detector shows a very good resolution less or equal
to 1 keV in the range from 50 to 400 keV. A further step to
validate the methodology is to demonstrate the feasibility of
segmentation of a PLM contact. This aspect will be discussed
in the following section.
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Fig. 8 Sb chemical depth profiles as measured by Secondary Ion Mass
Spectrometry on Ge wafers with different crystallographic orientations
after a 2 nm thick Sb sputtering deposition and one (top panel) or four
(bottom panel) KrF laser impulses at 500 mJ/cm2. The profiles were
extrapolated in the first 20 nm toward the surface to avoid SIMS transient
effects (raw profiles in blurred lines). The corresponding active dopant
profiles are shown in dashed lines

3.3 Segmentation of PLM contacts

The segmentation of the outer contact of a coaxial detector
is one of the most important steps to ensure proper PSA for
tracking arrays. N-type detectors with Boron outer junctions
are segmented by producers using proprietary techniques.
On the other hand, p-type coaxial crystals with outer Lithium
thick junction can be mechanically segmented by dicing tech-
niques, with the consequent introduction of lattice defects
[44,45]. With the PLM technique, thin junctions are avail-
able for both charge carriers, hence a less invasive segment-
ing step, like photolithography, can be introduced. Recently a
photolithographic process was used in a study, which devel-
oped a trial segmented HPGe planar detector (Fig. 9) [46,47].

In order to separate several contacts on a continuous PLM
junction, a 100 nm Au layer is first sputtered on the doped
Ge as a metal contact. The sample is then spin coated with a
positive photoresist to cover the metal contact with 1–2 μm

Fig. 9 Protype p-type HPGe detector 10 ·10 ·2 mm3 after PLM on the
Sb junction, gold plating, photolithography and passivation

thick photosensitive layer and baked to promote crosslinking:
a good compromise for the resist thickness is found consid-
ering that thinner films lead to higher resolutions, but also
to stricter parameters for the subsequent processes. A mask
is then aligned on the sample to impress a specific geometry
on the resist: the mask is generally a high-resolution image
with black areas reproducing the electrical contacts drawn
on a UV-transparent acetate or chrome-gold etched depo-
sitions on quartz glass. A considerable contribution to the
final lithographic resolution is evidently given by the resolu-
tion of the shadowing image and the UV light collimation.
The resist is exposed for a time sufficient to break crosslinks
between molecules, but not excessive to avoid overexposure,
which can drastically reduce resolution. The exposed sam-
ple is then rinsed in developers, usually hydroxides, several
times to ensure the removal of the exposed resist, baked again
and submerged in gold etchant to remove the metal layer
in the regions between contacts. The remaining photoresist
is then removed in organic solvents. The detector is finally
etched with a hydrofluoric-nitric acid mixture to dig a trench
between the contacts, removing several microns of germa-
nium where the gold layer was etched: this acid does not react
with Au and, thanks to the shallow highly doped junction, this
results in electrically separated junctions. A final chemical
step of passivation (consisting in a hydrofluoric-nitric acid
etching quenched in methanol [48]) has been applied just
after the etching to get electrical insulation of the surfaces
that are not protected by gold.

The trial segmented detector was tested both with diode
current–voltage characteristics curves (for both segments)
and with spectroscopic measurements. A 133Ba source was
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Fig. 10 133Ba spectra at 20 V polarisation voltage for the left segment
C1 of the 2 mm thick detector in Fig. 9

used to measure counting rates and energy resolutions
(FWHMs) at several energies: 30 keV and 35 keV photo-
peaks are clearly visible and well separated and FWHMs for
81 keV photopeak in both segments are 0.73 keV, confirming
a high resolution for this device (data for the left segment are
shown in Fig. 10). The four photopeaks at higher energies
show low counting rates because of the small active volume
of this device. The same detector was then annealed at 100 ◦C
for 40 h to simulate a typical recovery annealing that could be
performed after neutron damage and the measurements were
repeated. FWHMs for 81 keV photopeaks did not change,
showing that the annealing process does not compromise the
device’s performance.

With this full photolithographic process, the granularity
of the contacts can be reduced to a level limited only by
the wire bonding dimensions or by available computational
resources. The techniques described for planar detectors can
be transferred to coaxial detectors with the aid of spray coat-
ing resists and focused laser diodes exposures.

3.4 Surface passivation of HPGe detectors

Reverse bias at high voltages assures the charge depletion of
the whole volume of a HPGe detector and the suppression of
bulk currents in between the n and p contacts, but involves the
passivation of the intrinsic surface between the contacts in
order to avoid surface leakage currents. Surface passivation
is also necessary in between segments of a segmented HPGe
detector. Unfortunately, unlike SiO2 Ge oxides are neither
chemically nor thermally stable and then are not suitable for
long-term passivation.

In the commercially available detectors, proprietary pas-
sivation layers (e.g. sputtered SiO2, a-Ge and a-Si) are used,
whose dielectric performance is suitable for charge collec-
tion from the full active volume of the detector. However,

these layers can modify the electric field configuration near
the surface and give rise to the formation of thick dead lay-
ers, where charges are lost or delayed beyond the typical
charge collection times [6]. This problem can be particu-
larly serious in AGATA detectors, where every location in
the crystal is important for γ -ray tracking. For these rea-
sons, several methods for Ge surface passivation have been
investigated in the last years. Very good results have been
obtained with methanol passivation, hydride and sulphide ter-
mination [48–51] and deposition of thin layers of Ge nitrides
and oxynitrides [52–54]. As compared with commercial pas-
sivation, the dead layers produced by methanol passivation
and hydride termination are much thinner and more homoge-
neous, assuring successful inhibition of inter-electrodes leak-
age currents, even at high potential gradients (≥ 1 kV/cm)

[49].
These alternative passivations do not display an accept-

able stability in thermal and vacuum cycles that go from
cryogenic to annealing temperatures (around 100◦C), owing
to their low resistance to oxidation and hydration [50]. How-
ever, the resistance of all these passivations can be strongly
improved by the application of a protective coating obtained
by means of a vacuum deposition process [55]. In addition to
improving the passivation resistance both during the anneal-
ing cycles and during the maintenance and repair phases, in
which the detectors are exposed to the atmosphere, the pro-
tective coating can preserve the detector surface from acci-
dental damage both during detector operation and handling.

4 Conclusion

The development of position-sensitive, encapsulated Ge
detectors represents a new quality in high-resolution γ -ray
spectroscopy. It enabled the realisation of γ -ray tracking
arrays like AGATA and GRETA which enhance the sensitiv-
ity for the investigation of rare events by two orders of magni-
tude over the former Compton-escape suppressed Ge detec-
tor arrays. AGATA is increasing in the numbers of detectors
towards 4π . At this time it is one third of the 4π array and it
is operational at the Laboratori Nazionali di Legnaro.

The encapsulation technology improved the reliability of
Ge detectors and their annealing of radiation damage con-
siderably, such that for more than 20 years this technology is
applied in most space missions with Ge detectors. Further-
more Compton-cameras with position-sensitive Ge detectors
have an interesting potential for application of imaging meth-
ods in medicine, nuclear waste disposal and homeland secu-
rity.

So far, the main emphasis of the AGATA detector devel-
opment was the encapsulation and segmentation of n-type,
coaxial HPGe detectors with outer Boron-implanted p+-
contact and Lithium diffused n+-contact at the inner bore-
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hole. We discussed the possible advantages of having exter-
nal n+ segmented detectors with p type bulk and inner p+
contact. This would in principle allow for higher radiation
hardness and higher counting rate. However, progress in the
n+ contact processing on HPGe has to be finalised, to realise
such a detector. We showed promising recent results to this
showing how pulsed laser melting technique can produce
thin, segmentable n+ and p+ contacts without inducing bulk
contaminations. Moreover, we demonstrated the feasibility
of the process on different crystalline structures and the good
performance retained after annealing. Work is in progress to
demonstrate the scalability of the process to large coaxial
crystals.
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