wo 2023/161803 A1 |0 00000 AP0 0000 0 00

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date

(10) International Publication Number

WO 2023/161803 Al

31 August 2023 (31.08.2023) WIPO I PCT
(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
HO1L 31/18 (2006.01) kind of national protection available). AE, AG, AL, AM,
(21) International Application Number: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
PCT/B2023/051597 CA, CH, CL, CN, CO, CR, CU, CV, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IQ, IR, IS, IT, JM, JO, JP, KE,
22 February 2023 (22.02.2023) KG, KH, KN, KP, KR, KW, KZ, LA, LC,LK, LR, LS, LU,
. , LY, MA, MD, MG, MK, MN, MW, MX, MY, MZ, NA, NG,
(25) Filing Language: ltalian NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS,
(26) Publication Language: English RU, RW, SA, SC, SD, SE. SG, SK, SL, ST, SV, SY, TH,
o TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS,
(30) Priority Data: ZA. ZM. ZW.
102022000003356 23 February 2022 (23.02.2022) IT
. (84) Designated States (unless otherwise indicated, for every
1) Appllcant: FONDAZIONE BRUNO KESSLER [IT/T]: kind of regional protection available): ARTPO (BW, CV,
Via Sommarive, 18, 38123 POVO (TN) (IT). GIL GM. KE. LR, LS. MW, MZ. NA. RW. SC. SD. SL. ST.
(72) Inventors: BORGHI, Giacomo; Via dei Giardini, 70, SZ,TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ,
38122 Trento (IT). PATERNOSTER, Giovanni; Via San RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,
Vito, 177, 38121 Trento (IT). BOSCARDIN, Maurizio; DE, DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT,
Via Graser, 137, 38068 Rovereto (IT). ARCIDIACONO, LU, LV, MC, ME, MK, MT, NL, NO, PL, PT, RO, RS, SE,
Roberta; Str. Rocca, 37, 10070 Corio (IT). FERRERO, SL, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN,
Marco; Via Alfieri, 24, 10040 La Loggia (IT). GQ, GW, KM, ML, MR, NE, SN, TD, TG).
(74) Agent: TRENTIN, Michele; Via G. Lanza N. 40/44, 36100

Vicenza (IT).

(54) Title: AN EXECUTION METHOD OF A DIODE RADIATION SENSOR

27N

T 7]
1—S—>

4
6
.
F— 1 3
—1—3
FIG. 1
A5

(57) Abstract: An execution method of a diode radiation sensor (1) having charge multiplication diodes (2), the method comprising

the following steps: providing a substrate (3) made of semiconductor material, having a front surface (4) and a rear surface (5), making,
near the front surface (4), a first layer (6) of semiconductor material doped with a first predetermined amount of a first type of dopant;
making, deep in the substrate (3), a second layer (8) of semiconductor material doped with a second predetermined amount of a second
type of dopant electrically opposite the first type of dopant. The method comprises, before the steps of making the first layer (6) and
the second layer (8), a step of making in the substrate (3) a third layer (10) of semiconductor material enriched with carbon so that it
contains a predetermined amount of said carbon.
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AN EXECUTION METHOD OF A DIODE RADIATION SENSOR

DESCRIPTION
Field of application

The present invention can be applied to the field of diode sensors and, in
particular, to the field of radiation sensors.

More in detail, the present invention finds particular but not exclusive
application to the field of diode radiation sensors having one or more diodes with
charge multiplication structure powered so as to work in linear multiplication
regime.

Backaround art

Radiation sensors are used in a wide variety of applications, ranging from
industrial to scientific. In many cases, the detector is constructed on a single body
of semiconductor material, for example silicon, divided into several microcells or
channels (also called pixels and/or microstrips), each typically consisting of an
individually accessible diode.

A typical example of an ionizing radiation detector consists of a silicon
microstrip with a typical thickness of a few hundred um. Such a device is used for
detecting ionizing radiation (such as charged particles or X-rays) in scientific
experiments and for industrial applications.

The active area of the detector is divided into several parallel strips, with a
width usually between 25 um and a few hundred micrometres.

As a first approximation, the above sensors do not have an internal gain and
thus have a limit if the amount of charge created by the ionizing radiation is too
low to be measured accurately.

To improve performance, it was thus decided to introduce a charge
multiplication structure inside the diode which allows them to operate, when
appropriately polarized, in linear charge multiplication regime, which means that
the charge collected at the output of each channel is proportional to the charge
generated by the radiation which interacts with the sensor.

In some cases, such as in the case of measuring the interaction time of
charged particles at the minimum ionization in high-energy physics experiments,
the charge amplification provided by the diode must be sufficient to allow the
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detection of the radiation and to obtain an optimal working point considering the
ratio between the signal and the noise, but not excessive to avoid impairing the
accuracy of the measurement due to the worsening of the signal/noise ratio due
to the excess noise determined by the charge multiplication process. For this
reason, the diodes used are usually powered so that the gain is particularly limited
and with values in the range of 10 to 30. In such a case LGADs are spoken of,
i.e., Low-Gain Avalanche Diodes.

Given the type of function which LGADs have and the type of radiation they
must measure, the sensors implementing them have active thicknesses which
typically range from a few tens to a few hundreds of um.

One of the most important problems that the aforementioned sensors must
face is the fact that their exposure to even intense radiation causes a gradual
deterioration thereof.

As is known, in fact, the diode multiplication structures at the base of such
sensors are made by appropriately doping a substrate made with a
semiconductor (typically, but not exclusively, silicon). The aforesaid radiation can
interact with the thus-doped substrate causing the deactivation of the dopant, that
is, the removal of the dopant from the crystal lattice, and the return to the original
position of semiconductor atoms that the dopant had replaced. In other words,
exposure to radiation causes a reduction in the concentration of active dopant in
the diodes forming the sensor, decreasing the gain of the junction area of such
diodes. This results in a loss of sensor detection accuracy.

In particular, a first drawback is constituted by the fact that the gain of the
sensor decreases over time.

A further disadvantage, related in particular to LGAD applications, is
constituted by the fact that, since the diode is powered so as to have a limited
gain (typically between 10 and 30), the decrease in the doping causes, at the
same power supply voltage of the diode, a decrease in the gain.

Presentation of the invention

The object of the present invention is to at least partially overcome the
drawbacks noted above, providing an execution method of a diode radiation
sensor which allows such sensors to better resist the deteriorating effects of the
radiation to which they are exposed.
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In particular, an object of the present invention is to provide an execution
method of a diode sensor which allows to limit, if not cancel, the deactivation
effect of dopant particles in the diodes forming the sensor.

Another object of the present invention is to provide an execution method
of a diode sensor having low costs and as comparable as possible to the costs
of the known equivalent methods.

It follows that a further object of the present invention is to provide an
execution method of a diode sensor which introduces the least possible
modifications to the known execution methods currently used for the execution of
such sensors.

It is obvious, from what has been said, that another object of the present
invention is to provide a diode radiation sensor which is more resistant to the
radiation to which it must be subjected in order to limit, if not cancel, the decay of
the gain of the diodes forming it.

Such objects, as well as others which will become clearer below, are
achieved by an execution method of a diode radiation sensor in accordance with
the following claims, which are to be considered as an integral part of the present
disclosure.

In particular, the method of the invention allows to make a diode radiation
sensor of the type comprising at least one charge multiplication diode.

Firstly, the method comprises a step of preparing a substrate made of
semiconductor material. Such a substrate has a front surface and a rear surface
opposite the front surface.

At least a first layer of semiconductor material doped with a first
predetermined amount of a first type of dopant is then made near the front surface
of the substrate.

Subsequently, at least a second layer of semiconductor material doped with
a second predetermined amount of a second type of dopant electrically opposite
the first type of dopant is then made deep in the substrate.

Obviously, the sequence of doping operations can be any without any limit
for the present invention, the formation of the two layers can be reversed.
Furthermore, for the creation of electronic components of various types,
numerous other steps can be envisaged both before and during the two
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aforementioned steps as well as interposed therebetween without any limit for
the present invention.

According to an aspect of the invention, the method also comprises a step
of making a third layer of semiconductor material in the substrate, which is
enriched with carbon so that it contains a predetermined amount of such a
component.

In other words, the execution of the radiation sensor of the invention occurs
as in the prior art, but a step of creating a carbon-enriched layer is added.

In fact, in the presence of radiation, the semiconductor atoms left free from
the doping tend to combine with the carbon atoms. In such a case, the same
radiation therefore no longer pushes the silicon atoms to return to their original
position by kicking the dopant ions which had replaced them during the
implantation or diffusion of the same dopant.

Advantageously, therefore, the third carbon-enriched layer allows to reduce,
if not cancel, the degradation of the sensor when subjected to radiation.

Since such a result is obtained with a simple carbon enrichment step on a
layer of the substrate, it is clear that the execution cost of the radiation sensor of
the invention is substantially comparable to the execution cost of the equivalent
sensors of the prior art.

According to another aspect of the invention, said step of creating the third
carbon-enriched layer occurs before the other layers are made. Typically, but not
necessarily, the creation of the third layer occurs with the preparation of the
substrate. Advantageously, therefore, the modifications introduced to the normal
execution methods of the known sensors are limited only to the aforesaid carbon
enrichment made in the substrate before any other treatment, further simplifying
the execution of the method of the invention.

Still typically, but not necessarily, the creation of the third layer concerns the
entire substrate for its length and for its width. Advantageously, since this third
layer is made before any other operation, it does not need to be patterned, thus
allowing strong savings both in terms of executive complexity and in economic
terms.

From the above, it is evident that said objects are achieved by a diode
radiation sensor comprising at least one charge multiplication diode and made
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according to the teachings of the above method.

Brief description of the drawings

Further features and advantages of the invention will become more evident
in light of the detailed description of a preferred but non-exclusive embodiment of
an execution method of a radiation sensor according to the invention, illustrated
by way of non-limiting example with the aid of the accompanying drawings, in
which:

- FIG. 1 depicts a diode radiation sensor made according to the method
of the invention;

- the sequence of FIGS. 2 to 3 depicts the result of the execution of
some of the steps of the method of the invention.

Detailed description of an exemplary preferred embodiment

With reference to the above mentioned figures, an execution method of a
diode radiation sensor 1 having one or more charge multiplication diodes 2 is
described. According to the embodiment which is described, such charge
multiplication diodes 2 are intended to be polarized so as to work in a linear
multiplication zone, being LGAD, but such an aspect must not be considered
limiting for the invention.

For ease of description, the sensor 1 depicted in the figures comprises a
single diode 2, but it is evident that such an aspect must also not be considered
limiting for the present invention.

The method of the invention firstly includes a step of preparing a substrate
3 made of semiconductor material and having two surfaces, a front surface 4 and
a rear surface 5 opposite the front surface 4. Such a substrate 3, given the use
of the embodiment described in the context of the aforementioned LGAD, has a
typically high depth and of the order of a few hundred um or, typically but not
necessarily, of at least 20 um. It is also typically slightly doped, but such an aspect
is also not limiting for the present invention.

Always according to the embodiment which is described, the substrate 3 is
made of silicon, but also such an aspect must not be considered limiting for the
invention.

According to an aspect of the invention, there is then a step of making, near
the front surface 4 of the substrate 3, a first layer 6 of semiconductor material
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doped with a first predetermined amount of a first type of dopant.

In the embodiment described, the first type of dopant is an N-type dopant
obtained by implanting phosphorus in the substrate 3, but this should not be
considered limiting for different embodiments of the invention where the dopant
is different (e.g., arsenic) and/or the first type of dopant is a P-type dopant (in
which case boron is typically, but not necessarily, used). Also the implantation
technique used must not be considered as limiting for different embodiments of
the invention where it is carried out by diffusion from the front surface.

Also the position of the first layer 6 near the front surface 4 of the substrate
3 is a feature which should not be considered limiting for the present invention,
depth in the substrate, size and number of first layers being able to be any in
accordance with the design needs of the radiation sensor.

According to another aspect of the invention, there is also a step of making,
deep in the substrate 3, a second layer 8 of semiconductor material doped with
a second predetermined amount of a second type of dopant electrically opposite
the first type of dopant.

In accordance with what has been said above for the first layer 6, in the
embodiment which is described, the second type of dopant is a P-type dopant
typically executed by implanting boron in the substrate 3, but also in this case this
should not be considered limiting for the present invention with regard to the
specific dopant, and for the electrical sign, and for the technique used.

Also the position, size and number of second layers are non-limiting
features for the present invention.

As previously mentioned, for the purposes of the present invention the
sequence of doping operations can be any, the formation of the two layers can
be reversed. Furthermore, for the creation of electronic components of various
types, numerous other steps can be envisaged both before and during the two
aforementioned steps as well as interposed therebetween without any limit for
the present invention.

In the figure it is observed that first layer 6 and second layer 8 are separated,
but such a feature should also not be considered limiting for different
embodiments of the invention where the two layers are partially superimposed.

In the figure it is noted that the substrate 3 is dedicated to a single electronic
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component, but this should not be understood in a limiting sense for the invention,
the number of electronic components being able to be any by partitioning the
substrate in agreement. In the case of the embodiment described, the electronic
component is a charge multiplication diode 2 adapted to make the sensor 1 of
the invention.

According to another aspect of the invention, the disclosed method further
comprises a step of enriching a portion of the substrate 3 with carbon so as to
obtain a third layer 10 of semiconductor material thereon.

In the figure it is noted that the third layer 10 intersects the second layer 8
and is separated from the first layer 6, but this should not be considered limiting
for the present invention.

In particular, the third layer 10, i.e., the carbon-enriched layer, can in general
be arranged at any depth in the substrate 3 in accordance with the design
parameters. It may therefore, according to embodiments not shown herein, also
superimpose the first layer or be separated from both the first and from the
second layer.

Its thickness as well as the number of third layers are also non-limiting
features for the present invention.

Advantageously, in fact, the carbon tends to combine with the silicon ions
released from the substrate lattice during doping, whereby the advantageous
effect of making the third layer 10 is avoiding that, following the radiation hitting
the diode 2, the dopant is released to be replaced by the same silicon ions,
whatever the dopant itself may be. Since what matters is to obtain such an effect,
the depth at which the third layer 10 is made is linked to the mobility of the silicon
ions. Such a datum can be predetermined by the technician upon the design,
depending, purely by way of example, on the radiation to which the sensor 1 of
the invention is intended to be subjected, as well as on design parameters such
as the type and quantity of dopants, the thickness and positioning of the first layer
6 and the second layer 8. Likewise, even the number of third layers and the
thickness thereof are clearly deducible at the design step and are not features to
be understood as limiting the present invention.

Advantageously, as said, the execution method described so far allows to
make a radiation sensor 1 particularly resistant to the deteriorating effects of the
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radiation to which it is subjected. In fact, as just mentioned, these do not cause
the return of silicon ions to the position occupied by the dopant since these ions
are already engaged by carbon. Therefore, the gain of the diode 2 will remain
unchanged or vary in a quantitatively insignificant manner.

Since the carbon enrichment step is executed on the entire substrate 3, it
does not require the masking arrangement, thereby limiting the execution costs
of the sensor 1 according to the method of the invention.

Typically, moreover, the carbon enrichment step for the execution of the
third layer is executed during or immediately after the preparation of the substrate
3, that is, before any other processing step to be carried out on the substrate 3.

Advantageously, this allows to avoid hindering subsequent implantation or
diffusion operations. Thus, the costs of the subsequent execution steps are kept
unchanged with respect to the known equivalent methods.

It follows, moreover, that the modification introduced maintains the
execution methods of the known electronic components substantially unchanged,
substantially consisting in a pre-treatment of the substrate 3 before the execution
of one of such methods. In fact, whatever the known method chosen, the method
of the invention is characterized by the addition of an initial carbon enrichment
step of the substrate 3 at a predetermined depth in the design step of the sensor
1 based on the estimate of the mobility of the silicon ions. The known methods
certainly include a multiplicity of other steps which are irrelevant for the purposes
of the present patent. The sensor 1 depicted in the same figure 1, as can be seen,
comprises further implantations not described herein since, as mentioned, they
are irrelevant for the purposes of the present patent.

From what has been said above, it is evident that the object of the present
patent is also a radiation sensor 1 obtained with the method described above.

In such a sense, it comprises the charge multiplication diode 2 where the
following are identified:

- the substrate 3 made of semiconductor material;

- the third layer 10 of carbon-enriched semiconductor material;

- the first layer 6 of semiconductor material doped with a first type of

- the second layer 8 of semiconductor material doped with a second type
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of dopant electrically opposite the first type of dopant.

In light of the foregoing, it is understood that the execution method of a
radiation sensor of the invention achieves all the preset objects.

In particular, it allows to make a diode radiation sensor particularly resistant
to the deteriorating effects of the radiation to which the sensor is subjected.

In fact, with the method of the invention, a radiation sensor has been made
in which the effect of releasing dopant particles in the diodes forming the sensor
is limited, if not cancelled.

On closer inspection, the execution method of the invention has low costs
and comparable to the costs of the known equivalent methods since it presents
a small but significant variation in the execution process of the sensor consisting
of the addition of a step of enriching a layer of the substrate with carbon.

The invention is susceptible to numerous modifications and variations, all
falling within the appended claims. Moreover, all the details may furthermore be
replaced by other technically equivalent elements, and the materials may be
different depending on needs, without departing from the protection scope of the
invention defined by the appended claims.
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CLAIMS

1. An execution method of a diode radiation sensor (1) having at least
one charge multiplication diode (2), said method comprising the following steps:

- arranging a substrate (3) made of semiconductor material, having a
front surface (4) and a rear surface (5) opposite said front surface (4);

- making, at least near said front surface (4) of said substrate (3), at
least a first layer (6) of semiconductor material doped with a first predetermined
amount of a first type of dopant;

- making, deep in said substrate (3), at least a second layer (8) of
semiconductor material doped with a second predetermined amount of a second
type of dopant electrically opposite said first type of dopant,

said method being characterized in that it comprises, prior to said steps of
making said first layer (6) and second layer (8), a step of making in said substrate
(3) a third layer (10) of semiconductor material enriched with carbon so that it
contains a predetermined amount of said carbon.

2. Method according to claim 1, characterized in that said step of
making said third layer (10) is simultaneous with said step of making in said
substrate (3).

3. Method according to claim 1 or 2, characterized in that said third
layer (10) extends over the entire length of said substrate (3).

4. Method according to one or more of the preceding claims,
characterized in that said third layer (10) extends over the entire width of said
substrate (3).

5.  Method according to one or more of the preceding claims,
characterized in that said first layer (6) and said second layer (8) are at least
partially superimposed.

6. Method according to one or more of the preceding claims,
characterized in that said first layer (6) and said third layer (10) are at least
partially superimposed.

7. Method according to one or more of the preceding claims,
characterized in that said second layer (8) and said third layer (10) are at least
partially superimposed.

8. Method according to one or more of the preceding claims,

10
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characterized in that said first type of dopant is an n-type dopant, said second

type of dopant being a p-type dopant.
9. Method according to one or more of claims 1 to 7, characterized in

that said first type of dopant is a p-type dopant, said second type of dopant being

an n-type dopant.

11
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