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Abstract The realization of pulsed-laser diffused, thin n+
contacts on high purity germanium (HPGe) and their suc-
cessful segmentation is described. The contacts have been
obtained by a laser-induced diffusion of Sb atoms, deposited
by sputtering on Ge surface, and then segmented by means
of a photolithographic technique. Three small prototypes of
gamma ray detectors have been implemented, using the same
n+ contact (laser diffused Sb) but with three different geome-
tries and a B implanted p+ contact. Electrical and detection
properties of the prototypes have been characterized, show-
ing low leakage currents and good spectroscopy data with
different gamma-ray sources. The stability of the detector
performance has also been tested subjecting one of the pro-
totypes to a typical annealing treatment.

1 Introduction

Among the different types of radiation detectors, high-purity
germanium (HPGe) detectors stand out for their excellent
energy resolution and high radiation detection efficiency,
which have been making them a well-established and irre-
placeable tool in precision gamma-ray spectroscopy, in spite
of the need of cryogenic cooling during normal operation. A
well-established process for the fabrication of HPGe detec-
tors, based on boron implantation (p+ contacts) and lithium
diffusion (n+ contacts), has been developed and mature prod-
ucts are nowadays available and commercialized such as
the highly segmented detectors used in the latest generation
gamma spectrometers like AGATA [1] and GRETA [2]. How-
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ever, in modern applications gamma-ray imaging is often
involved and a precise measurement of the interaction posi-
tion of incident gamma-rays needs to be accomplished. This
requirement is pushing the development of detectors, which
combine excellent energy resolution with fine position reso-
lution. A key area of development is the creation of electrical
contacts, which enable reliable operation, provide low elec-
tronic noise, and allow fine segmentation of both electrodes.
B-implanted contact can be segmented in a variety of geome-
tries and provides thin dead layers for the gamma-ray detec-
tion. Li contact, instead, gives rise to thick dead layers (up to
1 mm), it is thermally unstable and can only be coarsely seg-
mented by grinding or using wide inter-segment gaps [3-6].
Moreover, the low dopant stability can easily jeopardize the
electrical insulation between the Li segments.

Amorphous-germanium and amorphous-silicon contacts
are nowadays the best alternative contact technology, which
allows the segmentation of electrodes for position-sensitive
detectors, providing contacts which are able to sustain rea-
sonably high electric fields [7-9]. Unfortunately, the leakage
currents of these contacts are higher as compared to Li con-
tacts and their thermal stability is still a critical point [10—12],
especially in applications that require annealing treatments
to recover the detector performance [13].

The current unavailability of a stable and segmentable
n+ contact hinders the realization of p-type coaxial seg-
mented detectors to be used in HPGe gamma-ray tracking
arrays. This, instead, would be an important progress, since
electron collecting segmented detectors would be less sensi-
tive to radiation damage [14] and more prompt to remove
the damage and restore the original energy resolution by
annealing [15], extending the applicability of gamma track-
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ing arrays under higher damaging hadron flux conditions.
Moreover, other applications such as low background exper-
iments (e.g. LEGEND [16] and CDEX [17]) could benefit
from using p-type HPGe detectors with thin contacts. At
last, another important application would involve double-
sided strip detectors, as this type of detectors requires robust
and thin n+ and p+ contacts to enable a 3D position recon-
struction of gamma-ray interactions.

Pulsed-laser diffused contacts have a great potential to
make new HPGe detector designs easier by providing thin
contacts, which can block either electrons or holes by choos-
ing the suitable doping element. Pulsed-laser technique,
which exploits laser pulses with high energy density to induce
the melting of a surface layer followed by ultra-fast liquid
phase epitaxial regrowth, allows to produce highly doped
contacts, nearly ideal p-n junctions and recrystallized near-
surface regions, which are free of extended defects [18,19].
Moreover, all the Ge bulk remains at a temperature that is
very close to the room temperature, thus preventing the ther-
mally induced diffusion of contaminants inside the crystal
[18].

In a very recent work [20], we described the successful
realization of a thin hole-barrier contact in HPGe by means
of a new technique based on the sputter deposition of a Sb
film on Ge surface, followed by pulsed laser annealing, which
induces Sb diffusion into Ge. We demonstrated that this tech-
nique does not contaminate the hyperpure germanium [21]
and keeps the surface free from defects. Moreover, in spite
of the very small thickness (< 100 nm) of the hole-barrier
contact, the barrier effect is very pronounced as shown by
the reverse leakage current, which shows consistently low
values [20]. The new method was successfully applied to the
realization of small prototypes of planar detectors with the
new Sb-based contact on one side and with a standard boron
implanted contact on the other side.

In this paper, we describe the successful segmentation of
pulsed-laser diffused, thin contacts and its application to the
production of three different prototypes of radiation detec-
tors. In order to control the contribution of the leakage current
coming from the lateral surface, a guard ring geometry was
realized on the Sb n+ contact side. Inside the guard ring, 1
or 2 insulated contacts were created.

The contact segmentation was obtained by a lithographic
procedure on a continuous Sb doped layer. The doped layer
was produced through the laser process by scanning the beam
over the planar detector surface. The laser-irradiated areas
were partially overlapped during the scan in order to avoid
undoped regions. To study this procedure, the effect of multi-
ple impulses on the Sb concentration profile was also inves-
tigated. This is particularly important in the perspective of
scaling-up the pulsed-laser diffused contacts in order to pro-
duce large area highly segmented detectors for gamma-ray
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spectroscopy and paves the way to the implementation of
electron collecting segmented contacts.

Taking into account that several applications of segmented
detectors involve important radiation damage to the Ge crys-
tal, with the formation of crystalline defects and charge traps
[1,22,23], a key feature of every new contact proposed for
these devices is the ability to withstand the thermal treat-
ments (annealing) necessary to remove the radiation damage
and recover the detector performance. For this reason, one
of the prototypes was subjected to a typical annealing used
for radiation damage removal and its performance was tested
before and after annealing.

2 Experimental
2.1 Processing of Ge crystals

Two different Ge crystal wafers (Umicore, Belgium) were
used as starting materials for the experiments. Table 1 shows
the main properties of each of the two wafers.

Type 1 Ge wafer was cleaved by hand to smaller sam-
ples (hereafter referred to as Ge samples), which were used
for the characterization of the production process of the Sb-
based n+ contact. Ge samples were coated with a Sb film
and laser annealed (see below). The characterization of these
samples was carried out using Secondary Ion Mass Spec-
trometry (SIMS), Rutherford Backscattering Spectrometry
(RBS) and electrical activation measurements (see below for
details).

Type 2 Ge wafer was used to build the radiation detec-
tor prototypes. Both faces were manually grinded, then the
wafer was cut into 10 x 10 mm? samples (hereafter referred
to as HPGe samples) using an automatic dicing machine
(Disco Corporation, Tokyo, Japan). The HPGe samples were
cleaned with hot 2-propanol, hot deionized (DI) water and
HF 10% to remove the dicing adhesive residue and the native
oxides. The square HPGe samples were then chemically
etched for 5 to 7 minutes using a 3:1 HNO3 65% : HF 40%
solution (all acids were of reagent grade, Carlo Erba Reagents
srl) in order to remove the mechanically damaged surface
layer. Chemical etching caused a decrease of the substrate
thickness down to 1.95 4 0.05 mm. After this step HPGe
samples underwent boron implantation (23 keV, 1 x 10'3
atoms cm~2) on one side in order to obtain the electron-
barrier contact (B contact), before proceeding with the depo-
sition of a 2-nm-thick Sb film, which was carried out on the
whole surface on the other side of the samples. After the
laser annealing of the Sb-coated face and the deposition of
Au electrical contacts, the junction properties were tested by
measuring the leakage current as a function of the reverse
polarization potential (see below).
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Table 1 Properties of Ge starting materials (notes: CMP= chemi-
cal/mechanical polish; as-cut = after the saw cut; n.a. = not available; *
= impurity concentration and resistivity was previously measured [21]
and coincided with the value given by Umicore. It should be noted that

both wafers are intrinsic at room temperature with hole and electron
intrinsic carrier concentration of 2 x 10! cm™3 [24] and a resistivity
of 40 2 cm)

Ge wafer Crystal Carrier type Thickness Diameter  Surface finish Impurity concen- Resistivity at Usage
growth (mm) (mm) tration (cm ™) 25°C (2 cm)
axis
1 (100) n 0.5 100 CMP n.a. 40 SIMS, RBS, electrical
activation
2 (100) P 2. 50 As-cut 1010 40%* Detector processing

and test

Sb layers were deposited on Ge and HPGe samples by
sputtering using an equipment consisting of a stainless-steel
vacuum chamber evacuated by a turbomolecular pump at a
base pressure lower than 1 x 107* Pa. The chamber was
equipped with a cylindrical magnetron sputtering source,
connected to a radio frequency power generator (Advanced
Energy, 600 W, 13.56 MHz) through a matching box. The
deposition parameters used for all the films were: target-to-
substrate distance 14 cm; working gas Ar (99.9999% purity);
Ar flow 3.33 x 1077 standard m> s—!; direct RF power 30 W.
Pure Sb (99.999%, ACI Alloys) with a very low Cu content
(=< 0.1 mg/kg) was used as target. The deposition rate was
determined by RBS and the duration of the deposition run
was fixed in order to achieve the desired film thickness.

A pulsed Nd: YAG solid state laser, characterized by 7 ns
pulse duration and 10 Hz repetition rate, was used for the
Sb diffusion. The laser light was in the UV range (355 nm)
and the energy density deposited on the sample during the
exposure to a single pulse was 400 mJ cm™2.

Three Sb-coated HPGe samples were laser irradiated
using the geometry depicted in Fig. 1a. The geometry consists
in nine partially-overlapped 4 x 4 mm? square spots (only
four spots are shown in the figure, three along the diagonal
of the square sample and one with dashed lines for clarity).
The partial overlap between two contiguous spots is 0.7 mm
in both directions and the lateral spots protrude 0.3 mm from
the edges of the sample. The surface areas exposed to 2 laser
pulses (blue rectangles) and 4 laser pulses (red squares) are
also highlighted.

After laser annealing, the Sb-doped surface was cleaned
with hot 2-propanol, hot deionized (DI) water and HF 10%
and then two different processes were used for the Au elec-
trode deposition and contact segmentation for the three HPGe
samples:

-sample A: a circular Au electrode with a diameter of 5
mm and an external guard ring (1 mm gap in between) was
deposited by sputtering (Fig. 1b). Au film was 100 nm thick

sample B1: a 100-nm-thick Au film was deposited on the
whole Sb-doped surface and then a lithographic process was

used to create the guard ring and two contacts inside (Fig. 1¢).
The steps of the lithographic process were:

e dripping 0.3 ml of positive photoresist (Microposit
S1813) on top of the Au-coated surface;

e spin coating of photoresist (500 rpm for 5 s and 4000 rpm
for 40 s with an acceleration of 4000 rpm/s);

e soft baking (130°C for 1 minute);

e UV irradiation (UVA 400W lamp at 350-400 nm wave-
length) for 50 s through an acetate mask with 10 pm reso-
lution. The mask allows obtaining a geometry consisting
in two segments (area 2.4 x 5.6 mm? each segment) sep-
arated by a 0.4 mm gap and surrounded by a guard ring
(0.4 mm gap between segments and guard ring);

e removal of the irradiated part of the resist with a proper
solvent (Tetramethylammonium hydroxide, TMAOH);

e long soft baking (130°C for 15 minutes);

e removal of the unwanted Au with a gold etchant (KI/I,,
MicroChemicals);

e removal of the remaining resist with hot acetone;

e cleaning with hot 2-propanol and hot DI water;

e cleaning in TMAOH, gold etchant and acetone baths for
three times with hot DI water rinsing in between to avoid
material deposition on the HPGe surface.

-sample B2: the same process as sample B1 with the only
difference in the size of the gap between segments (0.2 mm
instead of 0.4 mm).

For all the three HPGe samples the removal of the Sb-
doped layer from the gaps and the passivation of all the intrin-
sic surfaces were done in a single step by etching for 10sina
3:1 HNO3 65% : HF 40% acid solution followed by quench-
ing in methanol (Erbatron, Carlo Erba) [25]. As previously
shown [26], this passivation procedure is based on the dis-
sociative adsorption of methanol on the Ge surface, which
leads to Ge-H and Ge-O-CHj3 covalent bonds. The samples
were then dried with a nitrogen blow. During this etching, the
electron-barrier contact (B contact) was protected by Kapton
tape.
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Fig. 1 a Laser irradiation
geometry in mm (see text for
details). b Photo of a square
HPGe prototype (sample A)
showing the Sb-doped face with 1
Au circular electrode and guard
ring. ¢ Photo of a square HPGe
prototype (sample B1) showing
the Sb-doped face with Au
electrodes (S1 and S2 segments,
0.4 mm gap) and guard ring

(@)

o
N

2.2 Characterization of Ge samples (wafer 1)

Secondary Ion Mass Spectrometry (SIMS) was performed on
laser annealed samples, by using a Cameca IMS-4f instru-
ment with an O;r beam, to characterize the Sb diffusion
profiles. Rutherford Backscattering Spectrometry (RBS) was
carried out using 2.0 MeV *He*t beam at the Van de Graaff
accelerator at the INFN Laboratori Nazionali di Legnaro with
a 160° scattering angle.

The measurement of the electrical activation of diffused
Sb was performed through the Van der Pauw-Hall technique,
using a 4-point probe apparatus (4PP). This instrument pro-
vides the doped layer sheet resistance Rg and, given the
application of a magnetic field (0.625T using a permanent
magnet), the Hall coefficient RHg [27]. These values must
be carefully analysed considering that the carrier profile is
not uniform and that both mobility and resistivity are a func-
tion of the carrier concentration. Therefore, the values result-
ing from 4PP measurements must be interpreted as weighted
averages as previously discussed in literature [28,29]. A more
detailed procedure for this analysis is provided in the afore-
mentioned study [28].

2.3 Characterization of HPGe samples (wafer 2)

For the measurements of the leakage current, the first detector
sample (sample A) was mounted on a commercial standard
cryostat (Figure 1 of Ref. [20]) and cooled to (91 + 1) K.
A 1.0 mm thick Indium foil was inserted between each side
of the detector and the metal supports, in order to improve
the electrical contact. A source/measure unit (SMU, Keithley
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237, 0.1 pA resolution) was connected to both contacts and
guard ring and used for the measurements of the I-V curves.

The two detector samples B1 and B2 were mounted one
at a time on a prototype cryostat developed for segmented
detectors and cooled to (110 % 2) K. Metal springs mounted
on a support ensured electrical contact on the segmented side
while a 1.0 mm thick Indium foil was inserted between the
non-segmented side and the polarizing metal support. In this
setup, a SMU (Keithley 237, 0.1 pA resolution) was con-
nected to the p+- side to polarize the detector; a second SMU
(Keithley 237, 0.01 pA resolution) measured the current on
one segment while the other segment and the guard ring were
connected to the cryostat chassis.

The experimental setup used for the measurement of the
electrical resistance between the segments of detector Bl
(intergap resistance) is sketched in Fig. 2. Three SMUs were
used for these measurements: two SMUs (SMUI1 and 2,
Keithley 237, 0.01 pA and 0.1 pA resolution, respectively)
were connected to the segments. SMU1 kept the potential
on the first segment at 0 V and SMU?2 polarized the second
segment at AV. With this configuration, the former segment
is at the same potential as the guard ring, which is directly
connected to ground, so that the only currents that can reach
this electrode come from the second polarized segment or by
a bulk leakage from the p+ contact. In order to reduce this
bulk leakage, and to be more sensitive to surface conductiv-
ity, the third SMU (SMU3, Keithley 2400, 10 pA resolution)
was connected to the p+4 contact and kept it at a negative
reverse potential. At the applied potential V.= — 12V, the
leakage is always negligible and the depletion region can be
estimated to be W = 1.4 mm, according to the formula [30]:

W = (2eV/eN)!/?
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Fig. 2 Sketch of the electrical circuit used for the measurements of the electrical resistance of the inter-segment gap: a cross section of the detector

shown in Fig 1c represents the device under test

where ¢ is the dielectric constant of germanium, e the elec-
tronic charge and N = 1 x 10'° ¢cm™3 is the bulk impurity
concentration. This configuration allows to measure the resis-
tance between the two segments as the ratio between AV and
the current on SMUI. For completeness, the same configu-
ration was applied for both segments simply swapping their
roles.

The same cryostats were used for the determination of the
detector properties. Standard calibrated gamma-ray sources
of ! Am and '*3Ba were used for the detector tests. For
detector A, the sources were placed as close as possible to the
lateral side of the detector in order to minimize the absorbing
material thickness between source and detector, i.e. 1 mm Al
for the mounting cap and 1 mm Al for the external end cap.
The different configuration of the cryostat prototype allowed
instead the frontal positioning of the sources for detectors
B1 and B2, even if a 20-1-thick brass sheet was put between
detector and sources. Detector properties were measured by
using the 241 Am source, while the 133Ba source was used for
the energy calibration. Analog NIM electronics was used for
the detector measurements: a preamplifier (ORTEC model
257 for detector A and AGATA-type triple segment pream-
plifier developed by the University of Milano for detectors
B1 and B2), an ORTEC spectroscopy amplifier (model 672)
with 6 s shaping time, a Keithley 2400 SMU and an ORTEC

Easy-MCA 8K with Maestro software. The 6 s shaping time
was chosen after tests on detectors of similar thickness and
area and gave the best energy resolution [20].

3 Results and discussion
3.1 Diffusion and electrical activation

In a previous work [20] we measured the SIMS chemical
concentration profile of antimony diffused in germanium
after annealing treatment with a single laser pulse. This mea-
surement pointed out that the Sb diffusion was limited to
a very thin (< 100 nm) surface layer and that the average
Sb concentration in the doped layer was high (around 10!
atoms cm_3). As observed in the experimental section, in the
present work we adopted a new laser irradiation geometry for
the detector prototypes, which involves the partial overlap of
contiguous, laser-irradiated areas. These overlapping areas
are exposed to more than a single laser pulse, and precisely
to 2 and 4 pulses (see Fig. 1). Since each impulse produces
melting, Sb diffusion and regrowth of the surface layer, mul-
tiple impulses lead to changes in the Sb diffusion profile.
Therefore, we decided to expose on purpose Sb-coated Ge
samples to several consecutive laser pulses and to measure

@ Springer
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Fig. 3 SIMS chemical concentration profiles of Sb (continuous lines)
and electrically active Sb (dashed lines) diffused in germanium after
laser annealing with 1 pulse (red thin lines with dots) and 4 pulses
(black bold lines with squares)

the resulting Sb profiles. A detailed characterization of the
results of this study, including a number of impulses from 1 to
8 and a Sb film thickness from one monolayer to 8 nm, can be
found in a recent work [28]. Here only the 4-pulses-lasered
sample will be considered.

Figure 3 shows the SIMS measurement of this sample as
compared to the 1-pulse-lasered one. The depth scale was cal-
ibrated measuring the crater depths with a stylus profilome-
ter and assuming constant sputtering rate, while the chemi-
cal concentration calibration was performed using a suitable
standard. As it can be seen, the main effect of the 4 impulses
is the flattening of the Sb profile (continuous lines), consist-
ing in a slight decrease of the dopant concentration close to
the surface and in an increase in depth with an elongation of
the diffusion tail. Nevertheless, the thickness of the doped
layer is still very low (< 150 nm) and the doping atoms stay
close to Ge surface. It is also noteworthy that neither Sb out-
diffusion from Ge nor surface segregation are found after 4
laser pulses. Moreover, Sb surface concentration is higher
than 10%! cm™3, well above the known solid solubility limit
of Sbin Ge (1.2 x 10! cm™3 [31]). The same samples were
also tested with the van der Pauw-Hall method in order to
gain insight on the electrical activation of diffused Sb. This
analysis points to carrier profiles, which follow the SIMS
chemical ones, and have a plateau-like structure in the case
of partially active dopant, with a maximum active concen-
tration. In Figure 3 carrier depth profiles for both samples
(dashed lines) are compared to the corresponding chemical
profiles: the top part of the profile is only partially active with
a plateaulike structure, while the in-depth tail is fully active.
It is noteworthy that the remarkable maximum carrier con-
centration (about 2.5 x 10%° cm~3) is preserved even after 4
laser pulses.
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Fig. 4 I-V curves of the detector prototypes: a current between Sb
central contact and B contact (prototype A); b current between Sb guard
ring and B contact (prototype A); ¢ current between Sb contact and B
contact for the prototype characterized in Ref. [20]

3.2 Detector prototypes

Figure 4 shows the results of the measurements of the reverse
leakage current of the detector prototype A (sample with the
single central electrode). In the same figure, the leakage cur-
rent measured for the prototype characterized in Ref. [20] is
also shown (curve c) in order to highlight the contribution of
the surface current: the two prototypes have similar geome-
try and the only difference is the presence of the guard ring
in prototype A. The lack of a guard ring in the prototype of
Ref. [20] makes the intrinsic surface passivation particularly
critical and, as a final outcome, the leakage current increases
up to 300 pA at 40 V. On the other hand, when the guard ring
is present, the surface contribution is completely removed:
while the current in the guard ring (curve b in Fig. 4) increases
considerably, reaching 30 nA at 20 V, the current in the cen-
tral contact (curve a) keeps well below 1 pA up to 40 V. This
very low value of reverse current highlights the remarkable
hole barrier properties of the new Sb-doped contact.

I-V curves for prototype B1 (0.4 mm gap between the seg-
ments S1 and S2) are shown in Fig. 5. The reported data are
the S1, S2 and guard-ring currents. We can observe that while
the guard-ring current rapidly increases, the currents of both
segments are below 0.2 pA in the whole measurement range,
demonstrating the high barrier efficiency for both segments.

In order to determine the resistive coupling between
the two segments, we used the measurement configuration
described in the Experimental section (Fig. 2): the p+ con-
tact of the detector was polarized to — 12 V in order to deplete
the volume close to the junctions (both segments and guard
ring) up to a depth of about 1.4 mm. Then, after applying
a voltage difference AV between the segments, the current
on either segment was measured. The current measurements



Eur. Phys. J. A (2021) 57:177

Page 70f 10 177

5.0X1O'12! T T T T T T T T T T T T
= s i ? 4
| v s2 |

4.0x10"2 44| 4 Guard Ring a

z |

2.0x102 - ; . -
3 ; ; A ;
; : A 3

1.0x10°"2 i oo A
| : 4
A A 4 - i |

B R
0 1 2 3 4 5 6 7 8 9 10 11 12
V(V)

Fig. 5 I-V curves of the detector prototype B1 measured in the diode
configuration. S1 and S2 are the two segments of the detector

were carried out by polarizing at AV < 1 V: these values
are low enough not to disturb the electric field inside the ger-
manium bulk and, in particular, the charge depletion in the
volume close to the gap. This means that the contribution
of the bulk carriers to the measured current is negligible as
compared to that of the surface carriers. For all the AV val-
ues, the gap resistance remains around 1 T<2: this very high
value implies that the resistive coupling is negligible, and
the dominant contribution is the capacitive coupling, which
depends on the geometry of the contacts and of the cryostat.

In order to analyse the spectroscopic properties of the
detector prototypes, calibrated gamma-ray sources were
used. Figure 6 shows counting rate and energy resolution
(FWHM) of prototypes A and B1 as a function of the applied
bias voltage for the 2*! Am photopeak (E = 59.54 keV).
Counting rate was determined from the calculation of the
photopeak integral (after background subtraction) normal-
ized to the acquisition live time.

As it can be seen in Fig. 6, at first the counting rate is ris-
ing with the bias voltage: this trend is due to the increase of
the depleted volume in the detector. Afterwards the counting
rate reaches a saturation plateau when the detector volume
is completely depleted. In agreement with refs. [32,33], the
counting rate curve can be used to determine the depletion
voltage of a detector, which corresponds to the applied bias
voltage at which the counting rate reaches the plateau. Due
to the error in the determination of the counting rate, the
depletion voltage for the two prototypes is between 15 and
22 V: this range of values is compatible with the theoretical
depletion voltage expected from the impurity concentration
in the detector bulk. These values confirm that the laser-based
contact technology does not introduce contaminants and pre-
serves the high purity of Ge [21]. A comparison between the
plateau values of the counting rates of the two detectors shows
that this value is lower for detector A with respect to those of
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Fig. 6 Counting rate (closed symbols) and FWHM (open symbols) of
the 2 Am 59.5 keV photopeak for detector A (red square points) and
for the two segments (S1 and S2) in the detector B1 (black points)

the two segments of detector B1, which, on the other hand,
are comparable. This difference is due to the different posi-
tion of the 2! Am source (frontal instead of lateral) and to
the different cryostats used for the measurements. The energy
resolution improves at increasing voltages up to an optimal
value (0.68-0.74 ke V) around the depletion voltage and then
remains constant at higher voltages.

3.3 Segmentation stability after thermal annealing

In order to study the effects of a typical annealing used to
remove radiation damage and recover detector performance
[13,34], we thermally treated prototype B1 for 40 h at 105 °C
in a dynamic vacuum (< 1073 Pa, under continuous pump-
ing). It should also be noted that the detector was stored
at room temperature for a total time of 390 hours before
the I-V measurements after annealing. Since it is known
that the annealing treatment destroys the surface passiva-
tion obtained with chemical etching followed by methanol
quenching, the prototype was subjected to a new, short-term
passivation treatment (5 s in the acid bath) before proceeding
with the required tests. After this re-passivation, both diode
and detector performance were measured.

Figure 7 shows I-V curves for both segments and guard
ring as measured after annealing and re-passivation. The first
important result is that annealing does not affect the barrier
properties of the Sb contact: the current of both segments
remains constant and very low (below 0.4 pA) up to the high-
est voltage values and in any case well above the depletion
voltage. Considering that, to the best of our knowledge, the
only other thin n+ contact used in segmented detectors dete-
riorates its performance after just one annealing treatment
[13], this result is particularly important for future applica-
tions of Sb contact.
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Fig. 7 1-V curves for both segments S1 and S2 and guard ring of
prototype B1 after the annealing process

The electrical insulation between the two segments has
also been tested after annealing. It is found that the electrical
resistance is still very high (> 10GS2), showing that the
electrical insulation is preserved after annealing. It should
be noted that the decrease of two orders of magnitude of
the resistance after annealing must not be ascribed to the Sb
contact, but to the specific nature of the passivation process
chosen for these prototypes, which involves the formation
and preservation of a single monolayer on the Ge surface. In
both cases, before and after annealing, the resistive coupling
between the contacts will have negligible effects with respect
to usual capacitance coupling.

Preservation of barrier properties of Sb junction guaran-
tees the correct operation of the annealed detector: Figure 8
shows the total counting rate of prototype B1 (obtained by
adding the counting rates of the two segments in order to
reduce source positioning errors) as a function of polariza-
tion voltage. As it can be seen, the trend of the counting rate
before and after annealing is comparable: in particular, the
depletion voltage remains in the same range. This result is
particularly important, because it shows that the annealing
does not induce contaminant elements in the detector vol-
ume that might be introduced just below the surface by laser
process and/or other steps of the detector processing and then
diffuse even at very low temperatures. Taking into account
the low thickness of this prototype (< 2 mm), which makes
it more susceptible to the effects of bulk contamination, this
result represents also a promising first step in the applica-
tion of this technology to the realization of thicker and more
complex detectors.

Concerning the energy resolution, there are no significant
changes after annealing for segment S2. On the other hand,
the resolution of segment S1 improves after annealing and
becomes comparable to that of S2: this change is ascribed to
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Fig. 8 Total counting rate (closed symbols) and FWHM of the 2*! Am
59.5 keV photopeak in prototype B1 before annealing (open symbols)
and after annealing (crossed symbols)

the presence of traps (structural defects), which are removed
by annealing.

3.4 Inter-segment gap reduction

The spatial resolution of a segmented detector can be
improved by narrowing the inter-segment gap. A further rea-
son for gap reduction is that the narrower the gap, the smaller
the underlying dead region, which can degrade the detector
performance [35]. In order to explore the potential of the new
segmentation technology described in this work, a prototype
with a halved gap (0.2 mm) was then made and first tests
were carried out.

-V measurements of this prototype show that the leakage
current in the segments remains constantly low, up to voltages
higher than 30 V. The trend of the counting rate as a function
of bias voltage is comparable to that of prototype B1 and the
depletion voltage is in the range 19-22 V.

Gap reduction did not even affect the energy resolution:
Figure 9 shows a comparison between the spectra of 24! Am
and '33Ba sources collected by one segment of each of the
two prototypes. It is worthy to note that the energy resolution
is less than 1 keV for all measured energies (below 100 keV).

Moreover, since both spectra of 133Ba show that the peaks
at 30 keV and 35 keV are clearly detectable, it can be stated
that the requirement of low-energy threshold can be met, in
principle, with this technology.

4 Conclusions

We described a new technology for the production of thin
segmented n+ contacts in high purity germanium, consist-
ing in the deposition of a Sb layer by sputtering, followed
by Sb diffusion and activation in HPGe by laser annealing
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and contact segmentation by a photolithographic technique.
The new method was successfully applied to the realization
of three detector prototypes. This work represents an impor-
tant first step towards the realization of large planar devices,
since we demonstrated that this technology can be success-
fully scaled up by using partially overlapping laser spots. It
has been proved that multiple laser pulses, up to four, do
not jeopardize the high purity of the germanium material,
the depth distribution and the activation of charge carriers
in the junction, nor the barrier height in the n+ contact, the
latter being particularly pronounced as highlighted by mea-
surements of the reverse leakage current. [-V measurements
showed the good electrical insulation between both segments
and guard ring obtained by the described photolithographic
method.

One prototype was also subjected to a typical annealing
treatment performed to remove the radiation damage of com-
plex detectors and it was found that the detector performance
and the germanium purity are completely preserved.

E=81.00 keV
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)
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0001
200
Energy (keV)
k 1
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0.01
0001

200
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the 81 keV '33Ba peak after a 2-channels rebinning. The low intensity
peak at 79.6 KeV can also be observed

The results of this work are an important step to apply
this technology to improve the present performance of com-
plex, position sensitive and highly segmented HPGe detec-
tors employed by modern gamma-ray tracking spectrome-
ters. Considering that these detectors are not planar, the next
important step will be the application of this technology
to surfaces with different crystal orientations and different
geometries (curved surfaces).
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