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Description
Technical Field

[0001] The presentinvention relates to photon detector
and more particularly to a high sensitivity single photon
detector.

Background of the art

[0002] Existing semiconductors sensors comprise sil-
icon p-substrate devices, which are the most common
ones and which are possible to integrate with conven-
tional microelectronic processes. The document US 9
728 667 B1 is a related prior art.

[0003] The simplest silicon detectors comprise PIN di-
odes and are called pixel sensors. This type of sensor is
represented in figures 1A-1C. It comprises a P region 1
(bulk), P+ regions 2 and N+ regions 3 acting as pixels.
As shown in Figure 1A, it is composed by an N-on-P
diode matrix, but P-on-N or alternative solutions are also
possible.

[0004] With this type of sensors, the bulk 1 of the sen-
sor is depleted upon operation (detection). Figure 1B
shows that upon operation, the primary electrons e- pro-
duced in the depletion region (bulk) drift to the anode,
whereas the holes h* drift to the cathode, thereby induc-
ing a signal.

[0005] Inthese sensors, the pixel size is small and the
depletion layer is wide, thus reducing the pixel capaci-
tance and the electronic noise.

[0006] Figure 1C shows a plot showing that the electric
field is kept low while there is no multiplication mecha-
nism in place in these sensors.

[0007] Figure 2A to 2C describe conventional Ava-
lanche Diode sensors comprising avalanche photo di-
odes (APD) 2, 3 instead of PIN diodes as above. The
APD is a diode with a higher doping at the junction inter-
face (PIPN), in order to increase the electric field locally
and generate impact ionization.

[0008] The area between two pixels has no gain and
is therefore considered inefficient. For this reason in an
APD matrix the pixel size is typically large, limiting the
space resolution and the performance of the front-end
electronics, or the fill-factor is low, limiting the efficiency.
[0009] In Figure 2B is represented an avalanche diode
sensor upon operation (detection), in which thanks to the
electron multiplying device which consists in the P+ re-
gion disposed on the N+ region, the electrons injected in
the multiplication region start an avalanche, producing
new electron/hole couples. The main contribution to the
charge signal is induced by the secondary holes, repre-
sented by the bold arrow h*.

[0010] These secondary electrons are collected by the
anode while the secondary holes drift back to the cath-
ode. With this kind of sensor, the illumination can be from
the top or from the Bottom. However, in the latter case
the time resolution is worse. Also, all the electrons pro-
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duced in the bulk generate avalanche multiplication,
which leads to an excess noise of the device, limiting the
performance of the Front-End electronics. Finally, as
shown in figure 2C, with this sensor, in order to maintain
a low sensor gain, the electric field must not exceed the
breakdown voltage. The typical gain of an APD is in the
range 10 to 1000.

[0011] Figures 3A to 3C show another type of existing
sensors for single photon detection comprising arrays of
Single Photons Avalanche Diodes (SPADs), also called
Silicon Photo Multipliers (SiPM).

[0012] The SPAD is structurally similar to an APD
where the depletion region is very thin, in order to mini-
mize the probability of injection of a carrier produced by
thermal generation. For this reason the SPAD is most
sensitive to non-penetrating radiation

[0013] Figure 3B shows the operating of a SPAD sen-
sor. More particularly, ina SPAD, the detection of a single
primary charge carrier happens via Geiger discharge
(above breakdown voltage). The breakdown is interrupt-
ed by the voltage drop on a bias element, called quench-
ingresistor. After a shortdead-time the SPAD is operative
again

[0014] The insulation between two SPADs is funda-
mental to minimize cross-talk and the risk of excess spu-
rious counts

[0015] All the electron/hole couples generated in the
depletion region by thermal generation start a spurious
count. The frequency of these counts is called Dark Noise
Counting Rate (DNCR).

[0016] During the breakdown, photons can be gener-
ated from the electron-hole recombination. These pho-
tons are responsible for the optical cross-talk of the SiPM.
[0017] In order to minimize the DNCR, the depletion
region of a SPAD is very shallow. This means that, de-
spite a very small pixel size, its capacitance is very high
due to the small thickness of the gain layer. Operating
on large capacitance, the SPADs cannot integrate very
low-noise electronics, which means that they are notable
to discriminate the signal of a single photon if they are
operated in proportional regime (gain <1000). The tradi-
tional approach is then to produce arrays of small pixels
operated in Geiger regime (gain 108-107), in which each
pixel cannot distinguish the number of synchronous, pri-
mary incident photons. In Geigerregime, the gainregions
must be independent for each pixel, in order to prevent
the full sensor discharge. The separate gain regions gen-
erate critical field regions at the pixel borders, which may
cause cross-talk, inefficiencies, loss of time resolution
and early discharge.

[0018] Moreover, when integrating the electronics in
the sensor surface, it will reduce the active gain area,
thus reducing the active area (fill-factor) of the sensor.
Finally, the Geiger regime does not allow the operation
of the sensor in presence of strong light sources, as nat-
ural light illumination, due to the dead time associated to
the pixel discharge.

[0019] An example of a conventional detector working



3 EP 3 884 522 B1 4

in Geiger regime is made in US 9728667 which shows a
detector using a Geiger photodiode and a single P-N
junction and presenting the drawbacks recited above.
[0020] Figure 3C shows thatthe electric fieldina SPAD
is very high and limited to the junction region such that
the gain of a SPAD is of the order of 108,

[0021] Devices which operate in proportional regime
and have a drift region, such as the Low-Gain Avalanche
Diodes (LGAD) or some Avalanche Photo Diodes
(APDs), integrate a gain Implant under the pixel, in the
top surface of the device (similarly to what is done for the
SPAD). These devices can operate with front-side illu-
mination or back-side illumination. In the first case, the
photoelectrons do not exploit the full gain layer, being
injected from the side where the electron path is smaller.
In the second case, the photoelectron drift in the sub-
strate introduces time-jitter in the sensor response; the
substrate thickness must therefore be minimized.
[0022] In this regard, a primary object of the invention
is to solve the above-mentioned problems and more par-
ticularly to provide a single photon detector having an
improved detection signal amplification with very low
noise.

[0023] Another object of the invention it to provide a
single photon detector with no pixel dead time

[0024] A further object of the invention it to provide a
single photon detector with uniform timing response with
proper pixel design

Summary of the invention

[0025] The above problems are solved by the present
invention which will be called PicoAD.

[0026] A first aspect of the invention is a multi-junction
photon detector comprising a lightly p-doped or intrinsic
silicon substrate presenting a drift region in the bulk, a
plurality of N pixels on the top surface of the substrate,
a P uniform doping implant on the backside of the sub-
strate and at least one deep N implant layer on the back-
side, deeper in the substrate bulk than the P uniform dop-
ing implant, such that the detector presents a first PN
junction in inverse polarization, corresponding to the in-
terface between the N pixels and the drift region in the
substrate, a second junction in direct polarization be-
tween the drift region and the deep N implant on the back
side and a third PN junction in inverse polarization be-
tween the deep N implant and the substrate forming a
gain region.

[0027] Preferably both the drift region and the deep N-
gain implant are fully depleted, so that no current is in-
jected through the corresponding forward-biased junc-
tion.

[0028] Advantageously, the third PN junction corre-
sponds to a gain layer that covers uniformly the backside
of the sensor active area.

[0029] Preferably, the third PN junction is operated at
a field high enough to generate impact ionization from
the charge carriers.

10

15

20

25

30

35

45

50

55

[0030] Advantageously, a region between the back-
side contact of the sensor and the gain layer is an ab-
sorption layer which can be modulated in thickness.
[0031] Preferably, the gain region comprises multiple
fully depleted PN-junctions.

[0032] Preferably, the sensor is integrated with the
electronics in a CMOS or a BiCMOS process.

[0033] Advantageously, the gain region is structured
inimpactlayers and thermalisation layers thus increasing
or decreasing the ratio between the electron and the hole
multiplication gain in the multiplication region

[0034] According to a preferred embodiment of the
presentinvention, it further comprises electronegative el-
ements favoring the capture or recombination of one type
of carrier, i.e. the electrons or the holes, thus increasing
or decreasing the ratio between the electron and the hole
multiplication gain in the multiplication region.

[0035] Preferably, the pixel matrix area is surrounded
by a guard ring structure. In this manner, one gradually
increases the top-surface potential from the low voltage
inside the guard ring to the same negative high voltage
applied to the backside of the chip.

[0036] A second aspectof the invention is a multi-junc-
tion photon detector manufacturing method comprising
a first step comprising a growth of a P-doped epi layer
on a very low resistivity P+ silicon wafer, a second step
of growing Gain N-layer on the P-doped epi layer, or al-
ternatively the N-layer growth is replaced by ion implan-
tation, and the whole is annealed, a third step consists
in growing a P-doped epi-layer on top of the previous
one, acting as substrate for the subsequent CMOS
processing, a fourth step consisting in carrying out a
CMOS processing, and a fifth step comprising thinning
the total object by removing a major part of the wafer
such that the total PicoAD thickness is approx. 40 pm.
[0037] Thanks to the above features, the present in-
vention shows several advantages over the prior art sen-
sors, among which:

1) It allows for the construction of small pixels with
small capacitance, which result in small Equivalent
Noise Charge and low values of the threshold on the
integrated charge.

2) It provides a sensor with uniformity of response
and very large efficiency also in the inter-pixel re-
gions.

3) Only the electrons generated in the absorption
layer on the backside of the sensor are multiplied.
On the contrary, only the holes from electron-hole
pairs produced in the drift region of the sensor are
injected into the gain region. Since the gain for these
carriers is low, a large enhancement of the prompt
electron-component of the signal is produced and
therefore providing an excellent timing performance.
4) It produces signal waveforms with onset in the
region where the weighting field, which determines
the signal induction on the pixels, is most uniform.
5) Itis compatible with CMOS structures, thus allow-
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ing for a monolithic implementation.

[0038] All the limitations of the SiPM are removed in
the sensor of the presentinvention since the proportional
gain layer on the backside can be uniform and common
for the whole sensor region, while the top surface can be
fully processed without any loss of sensor fill factor.
[0039] The proposed sensor, having the gain layer on
the backside, immediately multiplies the photo-electron
in the case of backside illumination, without producing
time jitter. The photoelectron, in contrast with front side
illuminated APD, traverses the full gain-layer. Finally, the
electrons produced by thermal agitation in the thick drift
region do not drift through the gain layer, so the extra
noise factor is very low compared with the LGAD struc-
ture.

[0040] To summarize, the new proposed structure of
the sensor of the present invention shows the following
advantages. Thanks to the proportional operation of the
pixel, the sensor provides an analogue in-pixel photon
counting, a zero dark-noise counting rate, a stable work-
ing point with respect to temperature and voltage varia-
tions, no pixel dead time, a sensor operation with natural
light illumination and no optical cross talk. Furthermore,
thanks to the uniform gain layer, the sensor can provide
close to 100% fill-factor while integrating the electronics
in the sensor ASIC, no critical inter-pixel regions and a
uniform timing response with proper pixel design. Finally,
thanks to the separate drift region and the PNPN struc-
ture, the sensor provides a low pixel capacitance (low
electronics noise), a dominating electron gain and drift
(faster response) and only the few primary charges pro-
duced by thermal agitation in the very thin gain layer are
multiplied (low excess noise factor).

[0041] Also, the principle of introducing separate junc-
tions inside the substrate can be extended to a larger
number of junctions: a multi-stage gain is possible with
a NPNPNP... structure. The advantage in this case could
be a reduced non-uniformity of the gain due to process
mismatch.

[0042] The concept, described for p-substrate CMOS
process, can be extended to n-substrate process or to
other semi-conductor technologies (such as GaAs, In-
GaAs, Diamond, etc.). Lower bandgap technologies
could allow operating at a lower voltage and with larger
photo-detection efficiencies in the IR band compared to
silicon technology.

[0043] Despite the possibility to integrate the electron-
ics is a big advantage of this invention, it is not strictly
required and the innovation of the NPNP sensor structure
(not diode) would still hold.

[0044] The device, originally designed for light, could
be used with ionizing particles, granting exceptional time
resolution compared with any existing pixel detector tech-
nology, thanks to the very small active area for the signal
gain.
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Brief description of the drawings

[0045] Further particular advantages and features of
the invention will become more apparent from the follow-
ing non-limitative description of at least one embodiment
of the invention which will refer to the accompanying
drawings, wherein

Figures 1A to 1C represent a conventional PIN sen-
sor, its functioning upon detection and an electrical
field vs depth plot;

Figures 2A to 2C represent a conventional APD sen-
sor, its functioning upon detection and an electrical
field vs depth plot;

Figures 3A to 3C represent a conventional SPAD
sensor, its functioning upon detection and an elec-
trical field vs depth plot;

[0046] The figure 4A to 4C show a first aspect of the
invention which is a section of a sensor according to the
present invention, showing at the top N+ pixels inter-
leaved by P-stops which are preferred but non funda-
mental, and a deep N-well that will host the electronics.
The PN gain junction is placed in the opposite side of the
P-drift region with respect to the pixels.

[0047] Thefigure 4D shows the Electricfield in the gain
(left) and in the drift (right) regions. The example is given
in the case of two PN-gain junctions and one PN-drift
junction. The gain in the multi-junction pico-avalanche
detector is in the range 10-1000 and the sensor is oper-
ated in linear avalanche region.

[0048] The figure 5 shows the manufacturing process
of the sensor of the present invention.

Detailed description of the invention

[0049] The present detailed description is intended to
illustrate the invention in a non-limitative manner since
any feature of an embodiment may be combined with
any other feature of a different embodiment in an advan-
tageous manner.

[0050] The sensorofthe presentinventionisillustrated
in figures 4A and 4B.

[0051] The sensor structure, which is not a diode, is
composed by a lightly p-doped silicon substrate 1, n+
pixels 2 on the top surface and p+ uniform 3 doping on
the backside. An additional n-doped, uniform layer 4 is
present on the backside, deeper in the bulk than the p+
implant 3, in order to generate a gain region. Therefore,
the doping structure of the sensor, from top to bottom, is
NPNP. Between the pixel and the gain layer is provided
a drift region 6. The inter-pixel p+ implant 7 is optional.
[0052] With this structure, the detector presents the n+
pixels 2 and p+ uniform doped region 3 as end terminals
of the current such that upon detection the current signal
generated goes through the drift region 1 and the addi-
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tional n-doped, uniform layer 4.

[0053] The top surface can be fully processed with a
microelectronic process such as bias components and
electronic devices. The bottom surface presents only uni-
form implantation or growth and metal depositions. The
pixels on the top surface, i.e. the n+ zones, are operated
at low, positive voltage, while the backside p+ implant is
referred to negative high-voltage.

[0054] As shown in figure 4C, the sensor is meant to
operate after fully depleting both the n+/p junctions be-
tween the pixels and the substrate and the n/p+ junction
on the backside. Once depleted, the space charge den-
sity of the n-doped region in the n/p+ junction is higher
compared to the p-substrate, thus creating a very high
electric field region on the backside (gain region) and a
low-field region in the substrate (drift region). The high
field region, or gain region, has sufficiently high electric
field to generate electron avalanche-multiplication. The
full depletion of the p substrate grants the pixel-to-pixel
insulation. The sensor is illuminated from the backside,
so that the conversion of primary photons injects elec-
trons in the gain region. These electrons incur in ava-
lanche multiplication, generating the secondary elec-
tron/hole pairs. The secondary electrons drift for several
microns in the drift region, generating the signal on the
corresponding pixel by capacitive coupling, while the sec-
ondary holes drift back for few hundreds of nanometers,
their path being so short that almost no signal is induced.
In the case of illumination with longer wavelength light,
a thicker absorption region can be placed between the
gain region and the backside p+ contact, just by increas-
ing the thickness of the p-doped layer forming the gain
junction The signal induced on the pixels is amplified and
processed by means of the electronics, which can be
integrated in the top surface of the sensor. The gain junc-
tion is meantto operate in proportional regime, in contrast
with the conventional single-photon avalanche diodes
which require to operate in Geiger regime in order to dis-
criminate the single photon signal.

[0055] Preferably, the sensor is integrated with the
electronics in a CMOS or a BICMOS process and opti-
mized for single photons detection

[0056] The PNPN (or in general multi-junction) struc-
ture grants the sensor with stable operation as the diode,
but in addition allows engineering the gain and drift re-
gions.

[0057] In other words, the Multi-Junction Pico-Ava-
lanche Detector (MJAD or PicoAD) of the present inven-
tion is a silicon sensor with a pixelated, fully depleted
(PN)prirT(PN)gaN Structure.

[0058] The firstinversely polarized PN junction consti-
tutes the drift and signal induction region, with the N-
pixels on a P-substrate (in alternative: P-pixels on N-sub-
strate, P-pixels on P substrate, N-pixels on N substrate)
operated at a field of approximately 2 V/um to saturate
the electron drift velocity and minimize the amplified sig-
nalrise time, thus minimizing the electronics contribution
to time resolution (in general, the electric field in the drift
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region is low enough in order to avoid the generation of
an avalanche effect).

[0059] The other inversely polarized PN junction cor-
responds to the gain layer that covers uniformly (or with
reasonable variations in order to generate uniform gain
in the layer itself) the backside of the sensor active area
inside a guard ring and is operated at a field high enough
to generate impact ionization from the charge carriers.
The region between the backside contact of the sensor
and the gain layer is the absorption layer and it can be
modulated in thickness.

[0060] The gainlayerisoperated below the breakdown
voltage and the sensor is not meant to be used in Geiger
regime. Profiting of the low-noise of the electronics of-
fered by the low-capacitance design, the sensor can have
sufficient sensitivity to detect single photons while oper-
ating in proportional regime.

[0061] When a negative high voltage is applied to the
backside of the sensor, while keeping the pixels at pos-
itive low voltage, the depletion of the gain layer goes
downwards from the N-gain to the bottom P+ contact.
Once the gain layer is depleted, the direct junction be-
tween the N-gain and the P-drift substrate transfers the
high voltage to the substrate itself, starting the normal
depletion of the sensor, which goes downwards from the
pixels (the depletion can start from the top junction and
then move to the bottom one, but the final result is the
same).

[0062] This second depletion ensures the proper insu-
lation of the pixels, as for a traditional N-on-P detector.
The full depletion is achieved when the two depletion
layers are in contact. At this point, the top and the bottom
reverse-biased junctions will prevent the current injection
from the terminals in the device. Further increase of the
high voltage allows setting of the gain of the multiplication
region. The electric field is as uniform as possible for a
given depth of the sensor active area. In order to improve
the uniformity, the pixels are wider than the sensor thick-
ness and the inter-pixel spacing is minimized. The drift
region is also deep in comparison to the inter-pixel spac-
ing to minimize the local variations of the electric field.
The gain implantations, which are typically uniform under
the pixel area, can be adjusted in the inter-pixel region
to increase the uniformity of the gain region.

[0063] The active area (i.e. the area where the pixel
matrix is located) is surrounded by a guard ring structure,
which gradually increases the top-surface potential from
the low voltage inside the guard ring to the same negative
high voltage applied to the backside of the chip. In alter-
native, a positive high voltage can be applied to the pixel.
The N implantations of the gain layer do not extend far
outside the area underneath the guard ring, in order to
avoid charge injection from the chip edge.

[0064] In its preferable implementation, the sensor is
integrated in a CMOS process as shown in figure 5. In a
more preferable implementation, the sensor is integrated
in a SiGe BiCMOS process and the signal amplification
is made by using SiGe HBT transistors. In the N-on-P
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pixel configuration, the electronics is placed inside deep
N-wells (These N-wells can be independent or they can
be the same implants used for the pixel formation) in
order to insulate it form the high-voltage. Each pixel has
its own amplifier and, in the preferred configuration, the
coincidence between different pixels is done at digital
level by counting the number of pixels firing at the same
time. This approach allows to maintain a small capaci-
tance at the input of the amplifier, thus extending the
sensitivity to smaller input signals. The integration with
a CMOS processing would also allow a real-time control
of the potential on the single pixels in order to compen-
sate gain variations along the detector surface. This, to-
gether with the uniform electric field configuration, would
allow for a higher average gain achievable in the sensor.
[0065] In amore general configuration, the gain region
is made of several PN junctions in series in a multi-step
configuration. This allows to control the electric field more
precisely (figure 2, an example with two PN junctions in
the gain region). The gain junctions can be structured in
a way that the electric field is very intense in very thin
layers (impact layers), with regions with a lower field in
between (thermalisation layers). This will allow to exploit
the non-local impact gain multiplication mechanisms,
which could be used to increase the maximum internal
gain while keeping a low the excess noise of the sensor.
[0066] The possibility to use hetero-structures in the
multi-step gain region, either for the impact layers or for
the for the themalisation layers, allows further increase
of the maximum achievable gain at low noise. In partic-
ular, for a silicon substrate the main candidate materials
are Silicon-Germanium for the impact layers and Silicon-
Carbide for the thermalisation layers.

[0067] The PicoAD can be implemented in different
semiconductor materials, as GaAs, InP, Ge, and the like
[0068] The present invention also refers to a sensor
fabrication method which is shown in Figure 6 which
shows the five steps of the procedure to manufacture the
PicoAD. According to the manufacturing method of the
present invention, a first step comprises a growth of ap-
prox. 1um of a P-doped epi layer on a very low resistivity
wafer. Then, in a second step one implant a Gain N-layer
and the whole is annealed. The third step consists in
growing a wider P-doped epi-layer (for example 19 pm).
Theninstep4,aCMOS processingis carried out (approx.
18 wm). Finally, step 5 comprises thinning the total object
by excising the major part of the wafer such that the total
PicoAD is approx. 40 pm.

[0069] Through this fabrication process, one can vary
the thickness of the different layers. By varying the thick-
ness of the absorption layer and the material, the PicoAD
can be used for detection of ionizing radiation, X-Rays,
y-Rays and light in the spectrum ranging from the Infra-
Red to the Ultra-Violet. The PicoAD structure is prefera-
bly optimized for timing measurement with photons, for
high-sensitivity and possibility of high gain.

10

15

20

25

30

35

40

45

50

55

Claims

1.

Multi-junction photon detector comprising

a silicon substrate presenting adrift region in the
bulk (1),

a pluralityof pixels (2) on the top surface of the
silicon substrate,

a uniform doping implant (3) on the backside
surface of the substrate and

at least one deep implant layer (4) on the back-
side, deeper in the substrate bulk than the uni-
form doping implant such that the drift region (1)
and the deep implant layer (4) are interposed
between the plurality of pixels (2) and the uni-
form doping implant (3),

wherein the detector presents a first junction in
inverse polarization, corresponding to the inter-
face between the pixels (2) and the drift region
in the substrate (1), and

a second junction in inverse polarization be-
tween the deep implantlayer (4) and the uniform
doping implant (3) on the backside surface form-
ing a gain region, and

characterised in that

both the plurality of pixels (2) and the uniform
doping implant (3) function as end terminals,
generating a current signal between them and
directing said current signal through the drift re-
gion (1) and the deep implant layer (4) and
wherein the first and second junction are of the
PNPN or of the NPNP type.

Multi-junction photon detector according to claim 1,
characterized in that the first junction is a junction
in inverse polarization where the silicon substrate is
a lightly p-doped or intrinsic silicon substrate and the
pixels are n-doped.

Multi-junction photon detector according to claim 1
or 2, characterized in that the second junction is a
junction in inverse polarization formed between a
deep n-doped layer (4) and a uniform p+ doped re-
gion (3) in the backside surface of the substrate.

Multi-junction photon detector according to any one
of claims 1 to 3, characterized in that it comprises
a third junction in direct polarization between the drift
region and the deep n-doped implant layer on the
back side.

Multi-junction photon detector according to any one
of claims 1 to 4, characterized in that the second
junction in inverse polarization corresponds to a gain
layerthat covers uniformly the backside of the sensor
active area.

Multi-junction photon detector according to any one
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of claims 1 to 5, characterized in that the second
junction in inverse polarization is operated at a field
high enough to generate impact ionization from the
charge carriers.

Multi-junction photon detector according to any one
of claims 1 to 6, characterized in that a region be-
tween the backside contact of the sensor and the
gain layer is a photon absorption layer which can be
modulated in thickness.

Multi-junction photon detector according to any one
of claims 1 to 7, characterized in that it comprises
multiple junctions in the gain region.

Multi-junction photon detector according to any one
of claims 1 to 8, characterized in that the pixel ma-
trix is surrounded by a guard ring structure.

Multi-junction photon detector according to any one
of claims 1to 9, characterized in thatit is integrated
with the electronics in a CMOS or a BiCMOS proc-
ess.

Multi-junction photon detector according to any one
of claims 1to 10, characterized in that it is integrat-
ed with the electronics in a SiGe BiCMOS process.

Multi-junction photon detector according to any one
of claims 1 to 11, characterized in that the gain
region is structured in impact layers and thermalisa-
tion layers.

Multi-junction photon detector according to any one
of claims 1 to 12, characterized in that it further
comprises electronegative elements favoring the
capture or recombination of the electrons or the
holes.

Multi-junction photon detector manufacturing meth-
od of the device of claim 1 comprising:

afirst step comprising a growth of a P-doped epi
layer on a very low resistivity P+ silicon wafer,
a second step of growing or implantation of Gain
N-layer on the P-doped epi layer and the whole
is annealed,

a third step consists in growing a P-doped or
intrinsic epi-layer on top of the previous one,

a fourth step consisting in carrying outa CMOS
or BiCMOS processing, and

a fifth step comprising thinning the total object
by removing a major part of the wafer.

Patentanspriiche
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Photonendetektor mit mehreren Ubergangen, um-
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fassend:

ein Siliziumsubstrat, das eine Driftregion im Vo-
lumen (1) darstellt,

eine Mehrzahl von Pixeln (2) auf der oberen
Oberflache des Siliziumsubstrats,

eine gleichmaRige Dotierungsimplantation (3)
auf der riickseitigen Oberflache und
mindestens eine tiefe Implantationsschicht auf
der Riickseite, die tieferim Substratvolumen als
die gleichmaRige Dotierungsimplantation liegt,
derart dass die Driftregion (1) und die tiefe Im-
plantationsschicht (4) zwischen die Mehrzahl
von Pixeln (2) und die gleichmaRige Dotierungs-
implantation (3) eingefiigt sind,

wobei der Detektor einen ersten, invers polari-
sierten Ubergang, der der Grenzfliche zwi-
schen den Pixeln (2) und der Driftregion im Sub-
strat (1) entspricht, und

einen zweiten, invers polarisierten Ubergang
zwischen der tiefen Implantationsschicht(4)und
der gleichmaRigen Dotierungsimplantation (3)
aufder rickseitigen Oberflache aufweist, der ei-
ne Verstarkungsregion bildet, und

dadurch gekennzeichnet, dass

sowohl die Mehrzahl von Pixeln (2) als auch die
gleichmaRige Dotierungsimplantation (3) als
Endanschliisse fungieren und ein Stromsignal
zwischen ihnen erzeugen und das Stromsignal
durch die Driftregion (1) und die tiefe Implanta-
tionsschicht (4) leiten, und wobei der erste und
der zweite Ubergang vom pnpn- oder vom npnp-
Typ sind.

Photonendetektor mit mehreren Ubergangen nach
Anspruch 1, dadurch gekennzeichnet, dass der
erste Ubergang ein invers polarisierter Ubergang ist,
wobei das Siliziumsubstrat ein schwach dotiertes
oder eigenleitendes Siliziumsubstratist und die Pixel
n-dotiert sind.

Photonendetektor mit mehreren Ubergangen nach
Anspruch 1 oder 2, dadurch gekennzeichnet, dass
der zweite Ubergang ein invers polarisierter Uber-
gang ist, der zwischen einer tiefen n-dotierten
Schicht (4) und einer gleichmaRig p+-dotierten Re-
gion (3)in der riickseitigen Oberflache des Substrats
ausgebildet ist.

Photonendetektor mit mehreren Ubergangen nach
einem der Anspriiche 1 bis 3, dadurch gekenn-
zeichnet, dass er einen dritten, direkt polarisierten
Ubergang zwischen der Driftregion und der tiefen n-
dotierten Implantationsschicht auf der Rickseite
umfasst.

Photonendetektor mit mehreren Ubergangen nach
einem der Anspriiche 1 bis 4, dadurch gekenn-



10.

1.

12.

13.

14.

13 EP 3 884 522 B1 14

zeichnet, dass der zweite, invers polarisierte Uber-
gang einer Verstarkungsschicht entspricht, die die
Ruckseite des sensoraktiven Bereichs gleichmaRig
abdeckt.

Photonendetektor mit mehreren Ubergéngen nach
einem der Anspriiche 1 bis 5, dadurch gekenn-
zeichnet, dass der zweite, invers polarisierte Uber-
gang bei einem Feld betrieben wird, das hoch genug
ist, um StoRionisation von den Ladungstragern zu
erzeugen.

Photonendetektor mit mehreren Ubergéngen nach
einem der Anspriiche 1 bis 6, dadurch gekenn-
zeichnet, dass eine Region zwischen dem riicksei-
tigen Kontakt des Sensors und der Verstarkungs-
schicht eine Photonenabsorptionsschicht ist, deren
Dicke moduliert werden kann.

Photonendetektor mit mehreren Ubergéngen nach
einem der Anspriiche 1 bis 7, dadurch gekenn-
zeichnet, dass er mehrere Ubergénge in der Ver-
starkungsregion umfasst.

Photonendetektor mit mehreren Ubergéngen nach
einem der Anspriiche 1 bis 8, dadurch gekenn-
zeichnet, dass die Pixelmatrix von einer Schutz-
ringstruktur umgeben ist.

Photonendetektor mit mehreren Ubergéngen nach
einem der Anspriiche 1 bis 9, dadurch gekenn-
zeichnet, dass erin einem CMOS- oder einem BiC-
MOS-Prozess in die Elektronik integriert wird.

Photonendetektor mit mehreren Ubergéngen nach
einem der Anspriche 1 bis 10, dadurch gekenn-
zeichnet, dass er in einem SiGe-BiCMOS-Prozess
in die Elektronik integriert wird.

Photonendetektor mit mehreren Ubergéngen nach
einem der Anspriiche 1 bis 11, dadurch gekenn-
zeichnet, dass die Verstarkungsregion in
StoRschichten und Thermalisierungsschichten
strukturiert ist.

Photonendetektor mit mehreren Ubergéngen nach
einem der Anspriiche 1 bis 12, dadurch gekenn-
zeichnet, dass er ferner elektronegative Elemente
umfasst, die den Einfang oder die Rekombination
der Elektronen oder der Locher beguinstigt.

Verfahren zur Herstellung der Photonendetektorvor-
richtung mit mehreren Ubergéangen nach Anspruch
1, umfassend:

einen ersten Schritt, der ein Aufwachsen einer
p-dotierten Epitaxieschicht auf einen p+-Silizi-
umwafer mit einem sehr niedrigen spezifischen
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Widerstand umfasst,

einen zweiten Schritt des Aufwachsens oder Im-
plantierens einer n-Verstarkungsschicht auf der
p-dotierten Epitaxieschicht, und wobeidas Gan-
ze getempert wird,

einen dritten Schritt, der aus dem Aufwachsen
einer p-dotierten oder eigenleitenden Epita-
xieschicht auf die Oberseite der vorherigen be-
steht,

einen vierten Schritt, der aus dem Durchfiihren
einer CMOS- oder BiCMOS-Verarbeitung be-
steht, und

einen flunften Schritt, der ein Diinnen des ge-
samten Objekts durch Entfernen eines Grof3teils
des Wafers umfasst.

Revendications

Détecteur de photons multi-jonction comprenant

un substrat de silicium présentant une zone de
dérive dans la masse (1),

une pluralité de pixels (2) sur la surface supé-
rieure du substrat de silicium,

unimplant de dopage uniforme (3) sur la surface
arriere du substrat et

au moins une couche d'implant profonde (4) a
I'arriere, plus profonde dans la masse de subs-
trat que I'implant de dopage uniforme de sorte
que la région de dérive (1) etla couche d'implant
profonde (4) soientinterposées entre la pluralité
de pixels (2) etI'implant de dopage uniforme (3),
dans lequel le détecteur présente une premiére
jonction en polarisation inverse, correspondant
a linterface entre les pixels (2) et la région de
dérive dans le substrat (1), et

une deuxiéme jonction en polarisation inverse
entre la couche d'implant profonde (4) et I'im-
plant de dopage uniforme (3) sur la surface ar-
riere formant une région de gain, et
caractérisé en ce que

a la fois la pluralité de pixels (2) et 'implant de
dopage uniforme (3) servent de bornes d’extré-
mité, générant un signal de courant entre eux
et dirigeant ledit signal de courant a travers la
région de dérive (1) et la couche d’implant pro-
fonde (4) et ou les premiere et deuxiéme jonc-
tions sont du type PNPN ou NPNP.

Détecteur de photons multi-jonction selon la reven-
dication 1, caractérisé en ce que la premiére jonc-
tion est une jonction en polarisation inverse ou le
substrat de silicium est un substrat de silicium intrin-
séque ou légerement dopé p et les pixels sontdopés
n.

Détecteur de photons multi-jonction selon la reven-
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dication 1 ou 2, caractérisé en ce que la deuxieéme
jonction est une jonction en polarisation inverse for-
mée entre une couche dopée n profonde (4) et une
région dopée p+ uniforme (3) dans la surface arriére
du substrat.

Détecteur de photons multi-jonction selon’'une quel-
conque des revendications 1 a 3, caractérisé en ce
qu’il comprend une troisiéeme jonction en polarisa-
tion directe entre la région de dérive et la couche
d’implant dopée n profonde sur le c6té arriére.

Détecteur de photons multi-jonction selon’'une quel-
conque des revendications 1 a 4, caractérisé en ce
que la deuxiéme jonction en polarisation inverse cor-
respond a une couche de gain qui couvre uniformé-
ment l'arriere de la zone active de capteur.

Détecteur de photons multi-jonction selon’'une quel-
conque des revendications 1 a 5, caractérisé en ce
que la deuxiéme jonction en polarisation inverse
fonctionne a un champ suffisamment élevé pour gé-
nérer une ionisation par impact a partir des porteurs
de charge.

Détecteur de photons multi-jonction selon’'une quel-
conque des revendications 1 a 6, caractérisé en ce
qu’une région entre le contact arriere du capteur et
la couche de gain est une couche d’absorption de
photons qui peut étre modulée en épaisseur.

Détecteur de photons multi-jonction selon’'une quel-
conque des revendications 1 a 7, caractérisé en ce
qu’il comprend de multiples jonctions dans la région
de gain.

Détecteur de photons multi-jonction selon’'une quel-
conque des revendications 1 a 8, caractérisé en ce
que la matrice de pixels est entourée d’une structure
d’anneau de garde.

Détecteur de photons multi-jonction selon’'une quel-
conque des revendications 1 a 9, caractérisé en ce
qu’il est intégré avec les éléments électroniques
dans un procédé CMOS ou BiCMOS.

Détecteur de photons multi-jonction selon’'une quel-
conque des revendications 1 a 10, caractérisé en
ce qu’il est intégré avec les éléments électroniques
dans un procédé SiGe BiCMOS.

Détecteur de photons multi-jonction selon’'une quel-
conque des revendications 1 a 11, caractérisé en
ce que la région de gain est structurée en couches
d’impact et en couches de thermalisation.

Détecteur de photons multi-jonction selon’'une quel-
conque des revendications 1 a 12, caractérisé en
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14.

ce qu’il comprend en outre des éléments électroné-
gatifs favorisant la capture ou la recombinaison des
électrons ou des trous.

Procédé de fabrication de détecteur de photons mul-
ti-jonction du dispositif de la revendication 1
comprenant :

une premiere étape comprenantune croissance
d’'une couche épi dopée P sur une tranche de
silicium P+ de trés faible résistivité,

une deuxiéme étape de croissance ou d’implan-
tation d’'une couche N de Gain sur la couche épi
dopée P et 'ensemble est recuit,

une troisieme étape consistant a faire croitre
une couche épi intrinséque ou dopée P au-des-
sus de la couche précédente,

une quatriéme étape consistant a réaliser un
traitement CMOS ou BiCMOS, et

une cinquiéme étape comprenant I'amincisse-
ment de 'ensemble de I'objet en retirant la ma-
jeure partie de la tranche.
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