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Low Gain Avalanche Diodes (LGADs) are silicon sensors designed to achieve an
internal gain in the order of 10 through the impact ionization process. The
development of LGADs was pushed forward by their application in High
Energy Physics (HEP) experiments, where they will be employed to provide
measurements of the time of arrival of minimum ionizing particles with a
resolution of around 30 ps. The initial technological implementation of the
sensors constrains their minimum channel size to be larger than 1 mm2, in
order to reduce inefficiencies due to the segmentation of the gain structure.
The gain of the sensors is kept in the order of 10 to limit the sensor shot noise and
their power consumption. In photon science, the gain provided by the sensor can
boost the signal-to-noise ratio of the detector system, effectively reducing the
x-ray energy threshold of photon counting detectors and the minimum x-ray
energy where single photon resolution is achieved in charge integrating
detectors. This can improve the hybrid pixel and strip detectors for soft and
tender x-rays by simply changing the sensor element of the detector system.
Photon science applications in the soft and tender energy range require
improvements over the LGADs developed for HEP, in particular the presence
of a thin entrance window to provide a satisfactory quantum efficiency and
channel size with a pitch of less than 100 μm. In this review, the fundamental
aspects of the LGAD technology are presented, discussing also the ongoing and
future developments that are of interest for photon science applications.
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1 Introduction

Photon science experiments at the soft and tender x-rays energies in the region of
200–2000 eV allow for a wide variety of research topics and applications. A few
examples are.

• Pharmaceutical industry: crystallography of proteins not containing
heavy elements [1].

• Life science: high resolution microscopy and ptychography for cells and tissues with
high contrast in the “water window” [2].

• New magnetic materials for data storage, energy production, and automotive:
ptychography and diffraction for nm-scale spatial resolution [3, 4].

• High-Tc superconductors for energy transport: resonant x-ray diffraction [5].
• Microelectronics manufacturing: mask inspection using extreme ultraviolet light [6].

To enable these lines of research, x-ray detectors must provide: high spatial resolution,
high frame rate, good quantum efficiency (QE), large area, and dynamic range. Different
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detector technologies are employed for soft and tender x-ray
measurements, like avalanche photodiodes (APDs), silicon drift
detectors (SDDs), charge-coupled devices (CCDs), and CMOS
sensors. These detectors have drawbacks that limit their
applications. APDs offer very coarse segmentation, resulting in
poor spatial resolution. SDDs showed excellent QE and rate
capability, but their spatial resolution is limited. CCDs offer a
better spatial resolution, however, they are limited in dynamic
range and rate capability, with long readout times preventing
their application in scanning measurements like ptychography.
The available systems based on CMOS sensors are limited in size
by the yield of the thinning and doping steps necessary to create an
entrance window for the x-rays.

Currently available hybrid pixel and strip detectors excel in spatial
resolution, frame rate, sensitive area, and dynamic range, making them
an ideal starting point for the development of x-ray detectors. Hybrid
detectors consist of a semiconductor sensor connected to readout
Application Specific Integrated Circuits (ASICs), allowing for the
separate optimization of the two components, and redtherefore the
enhancement of the detector system for a certain application’s energy
range, by changing the sensor being readout by the ASIC (e.g., using
CdTe sensors for hard x-rays). Examples representing the state-of-the-
art in hybrid pixel and strip detectors for photon science at
synchrotrons and free electron lasers can be found in [7–12]. The
performance of these detectors is showcased by their spatial resolution
of 1–2 μm reached by interpolation with a 25 × 25 μm2 pixel sensor
[13], their module area of up to 32 cm2 where several ASICs are bonded
to a single sensor [8, 9], their dynamic range of 104 12 keV photons [9],
and their frame rate ranging between 2.4 kHz and 4.5 MHz [9, 11, 14].

Currently, hybrid detectors are limited to operate at energies
above 2000 eV, due to their QE and signal-to-noise ratio (SNR). The
SNR affects the detectors in different ways depending on their readout
electronics. Photon counting detectors use a discriminator circuit with
a set threshold in each pixel or strip, each time the sensor shows a
signal above threshold one x-ray is counted. The threshold value of
these detectors is determined by the electronics noise, whose typical
value is 80–200 electrons [7, 8, 12]. The threshold is typically set to
5 times the noise level, corresponding to photon energies of
1440–3600 eV when silicon is used as sensor medium. X-ray
energies below this threshold are not detected. Charge integrating
detectors integrate the current measured by each pixel or strip during
a frame. For these detectors the SNR determines how many photons
or which photon energy is necessary to produce ameasurable signal. A
SNR of about 5 is necessary to achieve a sensitivity to single photons.
With a noise of about 35–50 electrons [9, 10], single-photon
sensitivity can be achieved for 630–900 eV x-rays using standard
silicon sensors. The application of both photon counting and
integrating detectors could be limited by their QE for soft and
tender x-rays. A low QE limits the sensitivity of the detectors,
requiring longer measurement times or higher intensity beams. To
extend the operating range of hybrid detectors to lower energies, an
increase in QE and system SNR is necessary.

The QE of the sensors can be improved by creating a thin
entrance window (TEW) structure that minimizes the inactive layers
that passivate the sensor surface, allowing the x-rays to reach the
sensitive volume of the sensor and at the same time preserving the
ionization generated in the sensor by reducing as much as possible
all recombination mechanisms.

The SNR of the detector system can be improved by using
sensors with charge multiplication like Low Gain Avalanche Diodes
(LGADs). LGADs are silicon sensors with an internal gain in the
order of 10 obtained via the impact ionization process. The
development of LGADs was pushed forward by their application
in High Energy Physics (HEP) experiments, where they will be
employed to provide measurements of the time of arrival of
minimum ionizing particles with a resolution of around 30 ps
[15, 16]. This performance is achieved by the combination of the
internal gain with silicon substrates with an active thickness of about
50 μm. The initial technological implementation of the sensors
constrains their minimum channel size to be larger than 1 mm2,
in order to reduce inefficiencies due to the segmentation of the gain
structure. Subsequent improvements of the sensors addressed this
problem, relying on different strategies. The gain of the sensors is
kept in the order of 10 to limit the sensor shot noise and their power
consumption. Recently, the use of LGADs was investigated in other
fields than HEP such as beam monitoring for hadron therapy,
astroparticle physics experiments, and photon science [17–20].

This paper provides a review of the current development of
LGAD sensors for photon science applications and offers some
considerations for the possible developments of the sensors to better
suit the needs of this application field. Current and proposed LGAD
technologies are presented in Section 2, being followed by a review of
the results obtained in the characterization of LGADs using x-rays in
Section 3. As the improvement in the QE of these sensors relies on
the development of a TEW, the main considerations for the
realization of this component are summarized in Section 4. The
theory describing the gain and noise properties of the sensors due to
charge multiplication is outlined in Section 5. This theoretical frame
is used in Section 6 to motivate general considerations on possible
approaches to realize LGAD sensors for photon science. A
comparison of sensor structures, both existing and proposed, for
their fitness in photon science applications is given in Section 7.
Finally a summary is provided in Section 8.

2 LGAD technologies

Over the past decade, LGADs have witnessed significant
technological advancements driven by three pivotal objectives
identified as crucial by the HEP detector community. These
objectives encompass the improvement of the sensor’s spatial
resolution and fill factor (FF), the enhancement of time
resolution in minimum ionizing particle (MIP) detection, and the
elevation of radiation hardness beyond 1015 neq/cm2 (where neq
denotes 1-MeV-neutron-equivalent). To achieve these objectives,
various LGAD technologies and design variations have been
proposed. This section provides a brief overview and discussion
of the current state-of-the-art technology for LGADs and their
principal variations, emphasizing their envisioned application in
photon science.

2.1 Standard LGAD

A schematic representation of the fundamental structure of an
LGAD is depicted in Figure 1. The multiplication junction follows a
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reach-through scheme, typical of APDs and SPADs, denoted as n+-
p−-p+-p−. This scheme is obtained by incorporating two doping
profiles on a p− substrate: firstly, a shallow n+ doping using Arsenic
or Phosphorous, and secondly, a deeper p-type doping (also named
“gain implant”), typically achieved with Boron. Upon depletion, the
electric field in the region between these two doped areas locally
increases to values exceeding the impact-ionization threshold
(approximately 2 · 105 Vcm−1), enabling the mechanism
responsible for charge multiplication.

The region with the high electric field, where the impact
ionization happens, is indicated as “multiplication region” or
“gain layer”. The doping profiles of the multiplying junction are
typically fabricated using ion implantation, even if other approaches,
such as dopant diffusion by solid or gaseous sources and doping
during epitaxial growth, are possible. The Boron doping profile
typically peaks at 1–1.5 μm for the front surface, resulting in a
multiplication region extending from a few hundred nanometers
from the surface up to the falling edge of the Boron implant at about
1.5–2 μm. A review of LGADs fabrication technologies is
available in [21].

The first prototypes of LGADs were manufactured by the Centro
Nacional de Microelectronica (IMB-CNM, Barcelona, Spain) in
2013 [16]. Since then, the technology has undergone further
developments and has reached a good technology readiness level
within the CERN RD50 collaboration1. Currently, many research
facilities around the world are involved in LGADmanufacturing and
R&D, such as: Fondazione Bruno Kessler (FBK, Trento, Italy),
Brookhaven National Laboratory (BNL, Upton, United States)
IMB-CNM, Hamamatsu (Japan), IHEP-NDL (Beijng, China),
USTC-IME (China), Micron (Lancing, United Kingdom),

Teledyne e2v (Chelmsford, United Kingdom), SINTEF MiNaLab
(Oslo, Norway).

The first LGADs were manufactured on approximately 300 μm
thick p-type Float-zone (FZ) wafers by IMB-CNMand FBK [16, 22].
The early devices showcased the potential for signal multiplication
of around 10 but the temporal resolution remained constrained,
typically in the range of 100 ps. To further improve the time
resolution in MIP detection, a new generation of LGADs was
then produced on thinner substrates of 45–60 μm [23–25].

The advantage of using thin substrates originates from the
peculiar shape of the signal generated by a MIP in LGADs: it has
a rise time that is as long as the drift time of an electron traversing
the entire sensor thickness. Therefore thinner substrates originate
signal waveforms with a higher steepness. A detailed discussion of
the signal shape for an LGAD is reported in [15]. Considering the
voltage waveform after the amplifier stage, the signal steepness or
“slew-rate” is indicated as dV

dt , and can be expressed as:

dV

dt
∝

G

d
(1)

where d is the depleted (or “active”) sensor thickness and G
represents the gain. This equation is only valid under the
assumption of a uniform charge generation throughout the
sensor thickness, and considering an ideal pad geometry
(neglecting the border effects). Reducing the sensor’s active
thickness improves the slew-rate but increases the junction
capacitance, negatively affecting the time resolution. The optimal
balance between these factors depends on the specific application
and the readout electronics being used.

A similar trade-off can be found for the gain: a high gain value
increases the signal slew-rate but a too high gain is detrimental to the
SNR, due to higher shot noise. In addition, increasing the sensor
gain by adjusting the operating voltage also results in increased
current and bias voltage, leading to higher power consumption. An
alternative approach is to increase the doping level of the gain

FIGURE 1
Schematic cross-section of the LGAD multiplication junction (A) and representation of the doping profiles and electric field as a function of the
depth (B). The plotted values are only representative of the technology and do not refer to any specific device.

1 RD50 - Radiation hard semiconductor devices for very high luminosity

colliders. cern.ch/rd50.
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implant, which allows for high gain at lower bias voltage, thereby
limiting power consumption. However, this solution may not always
be practical as it could prevent the electron velocity from saturating
throughout the entire depleted volume, which can be detrimental to
time resolution [15]. In HEP timing applications, experimental
results and simulations indicate that a thickness of ~ 50 micron
combined with a gain of ~ 10 provides optimum performance for
channel dimensions of the order of ~ 1mm2 [15]. Such thin LGADs,
optimized for timing applications are also known as “Ultra Fast
Silicon Detectors” (UFSD) and have been demonstrated to reach
time resolution as low as 30 ps and 40 ps, before and after irradiation
up to a fluence of 1015 neq/cm2, respectively [23, 24].

In a silicon processing clean room, ~ 50 μm thick substrates
cannot be directly handled, and they need to be attached to a thick
supporting layer. Typically the thin active silicon can be either an
epitaxial layer grown over a thick low-resistivity wafer, or a thin FZ-
wafer, wafer-bonded to a low-resistivity handle wafer. In both cases,
the handle wafer acts as the back anode contact and the processing
takes place on the front side only. Due to the low resistivity substrate
on the backside of the wafer and the presence of read-out pads on the
front side, thin LGADs designed for HEP applications, are not
suitable for detecting photons or low-penetrating particles and
x-rays. For these applications, a full-depleted bulk silicon
substrate is required. In this approach, a p+ implant and a thin
passivation layer can be fabricated on the backside, serving as an
entrance window for low-penetrating particles and soft x-rays.

2.1.1 LGAD segmentation
The initial strategy for creating segmented LGADs adopted the

same segmentation scheme employed in standard n-i-p diode
arrays. This approach entails the segmentation of the entire n+-
p−-p+-p− multiplying junction, with the addition of an extra p-type
region referred to as a “p-stop” between the pixels to ensure full
electrical isolation, as illustrated in Figure 2. However, the
segmentation of a sensor with internal multiplication presents
additional challenges compared to conventional p-i-n diodes.
Indeed, to avoid undesired high-electric field regions at the
termination edge of the gain layer, an additional n-type region
known as Junction Termination Extension (JTE) is typically

included. The JTE controls the n+ curvature and reduces the
electric field at the pixel border. The gain layer is removed in the
JTE and p-stop regions and also indented from the JTE edge to
prevent premature breakdown at the pixel edge (edge-breakdown).
These termination structures use some of the sensor’s area and, as a
consequence, introduce an inter-pixel region where the gain is
suppressed [26]. This is the so-called no-gain region, defined as
the distance between two adjacent gain implant regions. In standard
LGADs, the no-gain region is typically in the range 50–100 μm,
depending on the fabrication technology and device design. The
presence of such a no-gain region reduces the fill factor (FF) of the
pixel (FF = pixel area with signal multiplication/total pixel area).

In current HEP experiments, where the required pixel size is
typically around 1 mm2, the FF loss is almost negligible. However, in
photon science applications, where a pixel size in the range of
25–100 μm is usually required, the wide inter-pixel region makes
the standard LGAD technology inadequate.

2.2 Capacitively coupled LGAD (AC-LGAD)

The first technological solution proposed to overcome the
segmentation issues in LGADs was the capacitively coupled
LGAD (AC-LGAD) [27, 28]. In this architecture, the multiplying
junction (both n+ and p+ layers) is not patterned and covers the full
sensor area, without any interruption. The read-out is kept on the
same side of the multiplication region and the sensor segmentation
is achieved via metal pads AC-coupled to the n+ layer via a thin
dielectric film (about 100 nm thick). The n+ layer is then connected
to the ground at the sensor periphery, where the JTE is present as in
the case of standard LGAD. A sketch is shown in Figure 3. In this
scheme, thanks to the uniform multiplication region across the
sensor, a 100% fill factor is achieved with uniformmultiplication and
no dead areas, independently of the channel segmentation.

Signal formation in an AC-LGAD differs significantly from the
one of a standard LGAD [29]. In AC-LGADs, the signal at the
readout pads is primarily induced during the charge propagation
along the n+ layer, before discharging to the ground. The resulting
signal is bipolar, with a zero net integral. The positive lobe is

FIGURE 2
Schematic cross-section of a standard LGAD and magnitude of the electric field inside the sensor. Yellow represents dielectrics and black the
metallization. The readout side is on top, and the x-rays enter from the bottom. The entrance window was added for the application of these sensors to
x-ray detection.
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generated during the current lateral spread along the lossy
transmission line composed of the n+ layer, the bulk, and the
AC-pads. The negative lobe accounts for the AC-pad discharge,
with an RC constant that depends on the read-out input resistance,
the n+ sheet resistance and its capacitances towards the sensor
backside and the metal pads.

In AC-LGADs, the signal could propagate in the n+ layer for
hundreds of microns before being completely collected by the pick-
up electrodes, as a consequence, a certain amount of cross-talk exists
among adjacent pixels. Signal-sharing among pixels can be used to
enhance spatial resolution by interpolating signals from neighboring
pixels. This resistive read-out method was first investigated by INFN
and the University of Turin for AC-LGADs, which they called
Resistive Silicon Detectors (RSD) [28]. They demonstrated that
RSDs can detect MIPs with a similar temporal resolution of
standard LGADs (approximately ~ 30 ps) and with a spatial
resolution as low as 5% of the metal pads pitch, which usually
ranges from 100 μm to 500 μm [30]. Notably, AC-LGADs (RSD)
exhibit a spatial resolution surpassing that obtained in the absence of
charge sharing between pixels (quoted as pitch/

��
12

√
). These results

pave the way for the realization of a detector that offers high
temporal and spatial resolution, while also requiring fewer
channels in the read-out electronics.

AC-LGAD detectors have been manufactured by various
research facilities, primarily on thin epitaxial silicon substrates
(approximately 50 μm) for HEP tracking. However, a prototype
on a thick FZ silicon substrate was presented in [22]. If produced on
thick FZ silicon wafers using a double-sided manufacturing process
(see Figure 3) this device becomes capable of detecting photons and
particles entering from the sensor backside. Here, a p+ implant and a
thin passivation layer can be implemented, forming an
entrance window.

Despite the promising attributes, such as fine segmentation and
a 100% fill factor, which make AC-LGADs appealing for photon
science applications, their use in this field is now hampered by the
peculiar shape of the produced signals: the fast and bipolar signals
are not compatible with charge-integrating electronics or with the
current single-photon counting front-end used in photon science, as
the long integration time would produce zero-net-charge signals.

Some authors suggested that this effect can be attenuated in single-
photon counting detectors by making the n+ layer float through a
large value resistor connected between ground and the n+ contact
[27]. Electrons collected at the n+ layer will then discharge with a
long time constant, producing a signal with negligible opposite
polarity pulse amplitude. In conclusion, to fully exploit this
technology in photon science applications, significant
modifications of the read-out electronics or optimization of the
sensor output are required.

2.3 DC-coupled resistive silicon detectors
(DC-RSD)

A further development, exploiting the resistive readout
employed in AC-LGADs led to the proposal of DC-coupled
resistive silicon detectors (DC-RSD) by INFN and the University
of Turin [31]. Similar to AC-LGADs, the multiplying junction in
DC-RSD is not patterned and extends to the entire sensor area.
However, in DC-RSD, the metal pads are directly connected to the
n+ layer via ohmic contacts (refer to Figure 4). Electrical isolation
among different channels is achieved by designing an n+ layer with
sufficiently high sheet resistance and optimizing the inter-pads
distance accordingly. The motivation behind the development of
DC-RSD lies in two main objectives: 1) restricting the spread of
signals beyond the nearest pads to enhance spatial resolution, and 2)
generating unipolar signals instead of the bipolar signals produced
by AC-LGADs. DC-RSD can be also produced using a double-sided
process, allowing for the incorporation of an entrance window on
the backside for applications involving photon and x-ray imaging.
While this technology promises to address some of the limitations
associated with AC-LGADs, its development is still ongoing, and
experimental validation is still needed.

2.4 Inverted LGAD (iLGAD)

An alternative approach aimed at achieving high spatial
resolution using a structure based on LGADs is known as the

FIGURE 3
Schematic cross-section of an AC coupled LGAD and magnitude of the electric field inside the sensor. Yellow represents dielectrics and black the
metallization. The readout side is on top, and the x-rays enter from the bottom. The entrance window was added for the application of these sensors to
x-ray detection.
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inverted LGAD (iLGAD) [32]. Originally proposed in [33] and
previously referred to as double-sided LGADs, this design
features a multiplication junction formed by a uniquely
unpatterned region covering the entire sensor, ensuring a
100% fill factor, while the read-out segmentation is provided
by the collecting electrodes on the opposite side (ohmic or read-
out side), without compromising the gain uniformity along the
sensor (refer to Figure 5).

To ensure full electrical isolation among the read-out
channels, the device must operate in full depletion.
Additionally, as a full double-sided process is required to
define both surfaces of the wafer, the latter must be
approximately 200–300 μm thick. Unfortunately, such a high
active thickness compromises the timing capability of iLGAD
(see Eq. 1), making this technology less appealing in HEP
applications where fast timing is crucial. However, due to its
exceptional segmentation capabilities, iLGAD is valuable for
applications where the timing information is not critical. It
stands out as the predominant LGAD technology for these
applications, as discussed in Section 3.

2.4.1 n-type iLGAD
In iLGADs, the integration of the read-out on the opposite side of

the sensor necessitates placing the entrance window for photons and
x-rays on the gain side. This feature introduces a dependence of the
multiplication on the particle interaction point. In p-type LGADs, the
multiplication process for low-energy particles, interacting close to the
surface (in the superficial neutral region) is initiated by holes traveling
through the gain layer. For particles interacting deeper in the substrate,
the multiplication is electron-initiated. The latter process produces
signals with both higher gain and SNR, as discussed in Section 5.

To address this limitation and enhance the efficiency of detecting
low-energy photons and particles, iLGADs on n-type substrates have
also been proposed in [35], and experimentally fabricated by IMB-
CNM [36]. This sensor was named proton Low Gain Avalanche
Detectors (pLGAD) and features inverted doping compared to
traditional iLGAD (as represented in Figure 6). Such a sensor was
also provided with a thin surface passivation layer and an entrance
window optimized for the detection of particles with a low penetrating
depth (15 keV protons in this specific case, which have a maximum
range in silicon of 300 nm). In such a detector, only signals created

FIGURE 4
Schematic cross-section of DC-RSD and magnitude of the electric field inside the sensor. Yellow represents dielectrics and black the metallization.
The readout side is on top, and the x-rays enter from the bottom. The entrance windowwas added for the application of these sensors to x-ray detection.

FIGURE 5
Schematic cross-section of a double-sided (inverted) LGAD and magnitude of the electric field inside the sensor. Yellow represents dielectrics and
black the metallization. The readout side is on top, and the x-rays enter from the bottom. Figure originally published in [34].
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close to the entrance window are amplified with high gain (a gain of
around 18 was reported). A new advancement in fabricating n-type
i-LGADs for soft x-ray detection was also recently presented at a
conference [37]. The work reported on the first LGAD prototypes
equipped with a thin entrance window for photons with energy as low
as 250 eV. The initial characterization showed a gain of about 7 when
illuminated with 470 nm light, that corresponds to an attenuation
length of 0.56 μm in Silicon. The gain drops to 1.4 when illuminated
with 940 nm photons, which interact deeper in the substrate
(attenuation length equal to 54.6 μm) and generate hole-initiated
multiplications.

The mentioned results make the n-type i-LGAD unfit for HEP
applications but perfectly suited for low-energy physics experiments.

2.5 Trench-isolated LGAD (TI-LGAD)

An alternative technological approach to achieve fine
segmentation in LGADs involves the use of narrow and shallow

trenches to isolate the pixels, as represented in Figure 7. This
technology is based on etching a pattern of trenches into the
silicon substrate, which are then filled with dielectric materials,
such as silicon dioxide. The trenches, approximately 1 μm wide,
replace all the structures at the pixel border region, such as p-stop
and JTE, while maintaining the same multiplying junction scheme
(n+-p−-p+-p−) as standard LGADs. This design offers a clear
advantage in terms of reducing the no-gain width between
adjacent pixels, overcoming the technological limitations of the
standard approach.

Thanks to the trench isolation technology, the nominal no-gain
width can be reduced to less than 5 μm, compared to the usual few
tens of microns in standard LGADs, achieving an outstanding 80%
fill factor for a 50 μm pitch sensor. TI-LGADs were proposed and
initially produced by FBK based on thin epitaxial wafers [26], with a
first characterization reporting an effective no-gain distance between
pixels as low as 2 μm [38].

TI-LGAD sensors manufactured with a double-sided process
hold promise for soft x-rays detection. They can provide a

FIGURE 6
Schematic cross-section of a n-bulk inverted LGAD andmagnitude of the electric field inside the sensor. Yellow represents dielectrics and black the
metallization. The readout side is on top, and the x-rays enter from the bottom.

FIGURE 7
Schematic cross-section of a trench isolated LGAD and magnitude of the electric field inside the sensor. Yellow represents dielectrics and black the
metallization. The readout side is on top, and the x-rays enter from the bottom. The entrance window was added for the application of these sensors to
x-rays detection.
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reasonably high fill factor, small pixels down to 25 μm, and
simultaneously offer the possibility to integrate an entrance
window on the sensor backside. As of now, no experimental
prototypes made on FZ thick substrates are available.
Additionally, using a thicker active layer (e.g., 300 μm) necessary
for a fully double-sided process could potentially be detrimental to
the no-gain width. This effect is attributed to the peculiar shape of
the electric field at the pixel periphery, as discussed in [26].

2.6 Deep-junction LGAD (DJ-LGAD)

Another promising LGAD technology, the deep-junction LGAD
(DJ-LGAD), has been introduced and pioneered by the University of
California, Santa Cruz [39]. A cross-sectional representation of the
device is depicted in Figure 8. In this design, the multiplying
junction forms a uniform area of n+ and p+ gain implants
spanning the entire sensor area. Unlike other LGAD
technologies, the multiplying junction is not superficial but is
buried a few microns below the surface, where n+ DC-coupled
electrodes are positioned.

The bulk of the sensor comprises high-resistivity p-type silicon,
and above the buried junction, a several-micron-thick layer of high-
resistivity n-type material, referred to as the “isolation layer,” is
present. At the operational bias voltage, both the n-type epi and
p-type bulk regions are depleted. However, the multiplication region
is confined between the buried n+ and p+ gain layers while elsewhere
the electric fields are well below the threshold for impact ionization.
The lateral termination of the multiplication structure can be
realized by extending the n+ gain layer to be close to a grounded
guard ring while the p+ gain layer is a few μm narrower than the n+

layer, as suggested in [39]. Below the junction, the thicker layer of
high-resistivity p-type material serves as the charge generation
medium for detecting charged particles, x-rays, or heavy ions. An
optical window can be included on the p-type side of the sensor,
along with the back bias electrode.

Particles interacting in the n-type isolation layer undergo holes-
initiated multiplication and do not experience significant
multiplication. Conversely, electrons drifting from the p-type

bulk are multiplied in the gain layer and then drifted to be
collected by the n+ electrodes at the top surface. Proper tuning of
the n− and p-type regions allows for optimization of both noise and
energy sensitivity for specific applications.

The unique design of this detector introduces some fabrication
complexity and new challenges, primarily due to the necessity to
manufacture the buried junction several microns into the substrate.
One approach involves using a substrate with the two n- and p-type
high-resistivity regions, obtained, for example, through a double
epitaxy process or wafer-to-wafer direct bonding. High-energy ion
implantation is then employed to place the two gain doping profiles
at the n-p interface. However, this technique has intrinsic limitations
due to the maximum achievable energy of standard ion-
implantation equipment (a few MeV), restricting the junction
depth to 4–5microns from the sensor surface.

An alternative method involves implanting the two gain
layers on two different wafers, which are then wafer-bonded
together. The wafer carrying the n+ gain layer is subsequently
thinned down to a few microns, and its surface is processed to
allocate the electrode structures. Another approach includes
using a p-type substrate where both the two gain implants are
done close to the surface, followed by the growth of the high-
resistivity n-type layer by epitaxy.

Several institutes and research facilities are conducting R&D
activities to produce first prototypes of DJ-LGADs, but preliminary
results are not yet published, with only partial results presented in
workshops [40].

3 Review of recent results from LGADs
for X-ray detection

In the past few years LGAD sensors were tested as x-ray
detectors, this section summarizes the results obtained in these
studies proceeding in chronological order.

The very first measurements showed that LGAD sensors could
be used as x-ray detectors using standard LGADs with a pad
geometry of 5 × 5 mm2 and a thickness of 200 μm. These sensors
demonstrated the detection of x-rays down to the energy of Mo

FIGURE 8
Schematic cross-section of a deep junction LGAD and magnitude of the electric field inside the sensor. Yellow represents dielectrics and black the
metallization. The readout side is on top, and the x-rays enter from the bottom. The entrance window was added for the application of these sensors to
x-rays detection.
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fluorescence (17.5 keV), with the lowest detectable energy being
limited by the sensor capacitance [19].

The first tests with tender x-rays were done using standard
LGADs developed for high energy physics, featuring an active
thickness around 50 μm and a low resistivity substrate with a
thickness in the order of 500 μm. The low resistivity substrate
does not allow for a backside illumination of the sensors with
soft x-rays, making it favourable to test them with the x-rays
impinging on the front side of the sensors where a few μm of
dielectrics and metal are usually present. Using a bunched x-ray
beam with a repetition rate of 500 MHz, the detection of 6 keV
photons was demonstrated using a sensor with pad geometry of
~ 1 × 1mm2. The same setup was able to distinguish the individual
x-ray bunches, putting a lower limit to the rate capability of these
sensors optimized for minimum ionizing particle timing [20]. In
addition, an energy resolution between 8 and 15%was demonstrated
for x-ray energies between 6 and 16 keV with the better resolution
being achieved for the higher energy x-rays [20]. While the results
presented so far used discrete component amplifiers and
oscilloscopes to readout and digitize the sensors signal, the next
step was to use readout ASICs developed for photon science.

Standard LGAD 5 mm long strip sensors with a pitch of 150 μm
and active thickness of 50 μm were connected to both charge
integrating [41, 42] and photon counting [43] readout
electronics. The larger channel capacitance of the LGAD sensor
(due to its strip geometry and thickness) compared to a standard
silicon sensor resulted in increased noise and is detrimental to the
energy resolution. Despite this effect, photons with energy of 2.1 keV
were detected with the photon counting electronics, showing an
improvement with respect to the 8.5 keV energy threshold achieved
with a standard silicon sensor with the same electronics settings
[44]. The energy resolution using the photon counting electronics
was 0.31 keV for 2.1 keV x-rays, and the charge integrating
electronics showed a resolution of 0.41 keV for 8.05 keV x-rays,
with the latter figure representing a factor 2.7 improvement
compared with a standard silicon strip sensor read out by the
same charge integrating electronics [44]. The ASICs combined
with a standard LGAD strip sensor resulted also in an improved
energy resolution compared to the previous result obtained with
standard LGADs read out using discrete component electronics. A
dependence of the energy resolution on the x-ray energy is observed
also in this study. Furthermore it is shown that there is an optimal
operating voltage that gives the best resolution due to the rise of shot
noise when further increasing the gain of the LGAD sensor [44].
The noise of the readout system when expressed in x-ray energy
(keV equivalent) is shown to decrease with the LGAD operating
voltage. This is due to the sensor gain that changes the conversion
between collected charge and x-ray energy [44]. The results shown
in [44] also highlight two main drawbacks of standard LGADs
optimized for timing: the aforementioned channel capacitance with
typical values around 3 pF) and the fill factor of these sensors that
strongly limit their use in synchrotron radiation applications. The
use of iLGADs can improve both aspects, lowering the channel
capacitance and providing a 100% fill factor. A thin entrance
window applied to these sensors would then allow for an
improved quantum efficiency for soft x-rays.

These sensors were fabricated and considerations for their
design, together with a first characterization, are shown in [45].

A 1 × 1 cm2 iLGAD pixel sensor with 25 μm pitch and 275 μm
thickness was bonded to a charge integrating readout electronics
[10]. The sensor leakage current and its noise were improved by
cooling the sensor-ASIC assembly, resulting also in an increase of
the sensor’s gain [45].

Due to x-ray interactions, the use of iLGADs for synchrotron
light applications causes the silicon dioxide to acquire a positive
charge, that over time can impact the sensor performance. The effect
of this type of radiation damage was explored for iLGADs and a
modification of the sensor periphery resulted in an improved
radiation hardness for x-rays [46].

The characterization of standard LGADs continues in parallel to
iLGAD development. Standard LGAD pad sensors with an area of
1.3 × 1.3 mm2 and thickness of 20 and 50 μm were characterized
using a 500 MHz bunched x-ray beam with energy between 5 and
70 keV [47]. The sensors were read out using discrete components
electronics. The x-ray bunches could be resolved, maintaining the
earlier result of the same group [20]. In this study the timing
performance of the sensors was studied more accurately, showing a
time resolution between 50 and 200 ps for LGADs and of ~80 ps for
a 50 μm thick silicon sensor with the same pad geometry. The 20 μm
thick LGAD performed better than the 50 μm thick ones, with the
latter having a time resolution worse than 100 ps. The LGAD timing
performance is significantly worse than what is observed for
minimum ionizing particles (MIPs), usually around 30 ps. This is
explained considering the shape of the deposited ionization cloud in
the sensor: a cylinder along the whole sensor thickness for aMIP and
a point-like distribution for x-rays. The shape of the ionization cloud
together with the signal formation mechanism in LGADs and
sensors without gain account for the different performance with
the two particle types and the better resolution of a sensor without
gain compared to an LGAD of the same thickness [47]. The effect of
the different shapes of the ionization cloud for MIPs and x-rays also
resulted in a reduction of the sensor gain for the latter [47]. A
dependence of the sensor gain on the density of the ionization cloud
reaching the gain layer was also studied in the detection of MIPs
[48]. Both studies reach the shared conclusion that too high charge
density, resulting from the multiplication, can lower the electric field
in the gain layer, self-quenching the multiplication process. The
energy resolution of the LGADs was studied and found to be
between 6% and 20% depending on the bias voltage [47]. The
sensors also show a worse resolution at higher operating voltages as
shown in [44]. The linearity in the energy response of these LGAD
pads was found to be better than 4% [47]. In the same study AC-
LGAD strip sensors with a strip length of 5 and 10 mmwere exposed
to the same x-ray beam and demonstrated an energy resolution
between 12% and 21% [47].

The last sensor characterization study to be mentioned in this
section features the same 275 μm thick iLGADs used in [45] but
with pad geometry. In the study the photocurrent generated by
monochromatic x-rays with energies from 200 to 1000 eV was
measured. The gain as a function of photon energy of iLGADs
was measured, and their quantum efficiency (QE) was estimated
using sensors without gain with the same TEW as the iLGADs [49].
The QE measurement of the sensors without gain shows a QE
between 55% and 65% for 250 eV photons. Using the dependence of
the QE on x-ray energy, the main parameters of the TEW were
extracted, showing that the main source of inefficiency are the
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dielectric layers used on the TEW, while the charge collection
efficiency is close to unity [49]. The gain of the iLGAD shows a
dependency on the photon energy, with higher gains being achieved
at higher energies. This is explained by the distribution of the x-ray
interaction positions relative to the multiplication structure [49].
The dependence of gain on x-ray energy is exploited to infer the gain
as a function of the position of the x-ray interaction within the
sensor. Different multiplication structures were studied, whose
multiplication regions were placed at different depths in the
sensors. The gain for electrons (holes) entering the multiplication
structure Mn (Mp) was determined and it is shown that a thinner
multiplication structure has a largerMp/Mn ratio than a broader one
[49]. The effect of the depth of interaction of the x-ray photons
relative to the multiplication structure and the ratio betweenMn and
Mp are discussed in Section 6.

The characterization work done on LGADs using x-rays and the
fabrication of sensors dedicated to photon science is a sign of interest
in this technology. The performances of the sensors and the level of
detail reached in their characterization are steadily evolving. These
sensors are close to being employed in measurements at synchrotron
light sources instead of being brought to the beamlines to be
characterized. The first use of LGAD sensors for photon science
measurements is mentioned in a conference [50] and documented
in an article preprint [51] where an iLGAD pixel sensor was used in
ptychography measurements with soft x-rays.

4 Thin entrance window for soft X-rays

Detecting soft and tender x-rays in the energy range of 200 eV to
2 keV presents new challenges, particularly in achieving high
quantum efficiency. In hybrid silicon detectors, x-rays enter the
sensors from the side opposite to the collecting junction where the
read-out electronics is located. Similarly, in CMOS sensors, the
wafer is thinned from the backside to approach the active volume of
the sensor. In both cases, an entrance window must be designed and
incorporated into the sensor backside to facilitate proper x-ray
transmission and the collection of photogenerated charge in the
sensor medium. The entrance window comprises two distinct
regions: 1) an insensitive layer made of dielectric material or
metal, deposited onto the silicon surface, and 2) a highly doped
silicon layer (typically of the same sign as the substrate if the
entrance window is opposite to the junction).

The QE for soft x-rays interacting closely to the surface may be
affected by three loss mechanisms: 1) the absorption of photons in
the insensitive layer; 2) the recombination of charge carriers
generated by x-rays at the silicon surface, or 3) the loss of charge
carriers in the neutral highly doped region via trap-assisted or Auger
recombination. In simpler designs, the entrance window is typically
made of a thin metal layer (usually aluminum), connected to a
highly doped region. However, this design significantly affects QE at
low energies due to absorption in themetal and recombination at the
silicon-metal interface, where the surface recombination velocity
(SRV) approaches the saturation value (approximately 106 cm/s). A
more efficient approach involves using a thin layer of dielectric
material to passivate the silicon surface and reduce SRV. Materials
like thermal silicon dioxide can provide good surface passivation
with SRV as low as 10 cm/s. Excellent alternatives are hydrogenated

silicon nitride (deposited by Plasma Enhanced Chemical Vapor
Deposition - PECVD) [52] and aluminum oxide (deposited using
Atomic Layer Deposition - ALD) [53]. Nevertheless, it is crucial to
maintain the film thickness as low as possible due to the attenuation
length of soft x-rays in the mentioned materials, which is
comparable to that of Silicon (Figure 9).

Manufacturing of thin entrance windows (TEW) for soft x-rays
poses challenges due to the strong dependencies of doping
concentration profile, surface passivation, and carrier lifetime on
specific fabrication processes. While it is difficult to provide a
universal set of parameters, a well-passivated silicon surface via a
dielectric thin-film coupled to a shallow and steep doping profile
with a surface concentration in the order of 1019 atoms/cm3

promises good QE for energies down to 250 eV [56]. Only a few
studies systematically investigated TEW for soft x-rays. One recent
study investigated the manufacturing of TEW on n-type silicon
sensors by using low-energy Arsenic ion implantation or
Phosphorous diffusion, and a thin dielectric layer as passivation
material. Using LED light they estimated a QE around 50% at
276 eV for wafers fabricated using As ion implantation annealed at
high temperatures, and equal to 70% by using Phosphorous
diffusion [57]. Another study on back-side illuminated CMOS
sensors reported a remarkable QE above 90% in the 100–1000 eV
range, corresponding to an equivalent 5 nm dead-layer [58]. This
result was obtained on CMOS x-rays sensors back-thinned down to
9.5 μm, and doped with low-energy ion implantation.

As discussed in this paper, the integration of a TEW into LGADs
can occur on either the gain side or the bulk side, depending on the
specific technology. For AC-LGADs, DC-RSDs, TI-LGADs, and DJ-
LGADs, the TEW can be placed on the back side, opposite to the
gain, following a similar approach used in standard silicon sensors.
For iLGADs, where the TEW is positioned on themultiplication side
of the sensors, certain constraints in tuning the doping profile and in
the thermal budget have to be considered to preserve the
multiplication junction functionality. One of the first studies that
investigated the QE on a p-type iLGAD, reported a QE around 60%
and 90% at 250 eV and 500 eV, respectively, with charge collection
efficiency close to 1 in the full investigated energy range [49]. The
encouraging outcomes suggest that incorporating an effective TEW
in an iLGAD structure is viable, as the QE appears to be only limited
by absorption in the dielectric material, and potential enhancement
may be achieved by further reducing the thickness of this insensitive
layer. Other studies have successfully demonstrated the integration
of a TEW on n-type iLGAD using a 4 nm thick layer of aluminum
oxide and 15 nm of aluminum, but no characterization with soft
x-rays has been reported [36].

Recent advancements in microfabrication technologies
suggested novel techniques for manufacturing TEW for low-
energy particles or ultraviolet (UV) light. For instance, using low-
energy (5 keV) Arsenic implantations followed by low-temperature
(500°C) microwave annealing has been proposed to achieve unitary
internal QE at 200 eV [56]. Other advanced techniques, such as
plasma immersion ion implantation (PIII) followed by laser
annealing, have already proven their effectiveness in detectors for
UV light [59]. Compared to conventional ion implantation, PIII can
implant at energies below 0.2 keV and when coupled with laser
annealing it allows for obtaining a very shallow junction with an
abrupt profile, by limiting the dopant diffusion. Alternative
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technologies to ion implantation have also been proposed: Pure-B
deposition has been demonstrated able to produce shallow junctions
for UV light detection below 220 nm [60], while superlattice-doping
via Molecular Beam Epitaxy (MBE) reached record QE at deep and
far UV wavelengths [61].

5 Theory summary of signal and noise
of LGAD sensors

This section presents a summary of the theory used to describe
the signal and noise properties of the multiplication structure of
LGADs. The main references for this section use the local theory of
impact ionization developed for avalanche photodiodes [62, 63]. A
more accurate description takes into account the space needed by
the charge carriers to reach the energy necessary for impact
ionization (non-local impact ionization theory) [64, 65]. An
example of the considerations presented below applied to APDs
for light detection can be found in [66].

The multiplication structure of an LGAD can be represented as
shown in Figure 10 where the multiplication of charge carriers
happens in a region between 0 and w. In this region the ionization
coefficients, denoted as α for electrons and β for holes, are larger
than 0. The ionization coefficients are functions of the electric field
and therefore of the position in the multiplication region. The
currents traversing the system are In and Ip for electrons and
holes respectively (the figure reports the direction of motion of
the charge carriers). A generation rate g(x) due to thermal effects or
particle interaction is considered in the multiplication region. This
general representation was used in [62] to derive expressions for
gain and noise of avalanche photodiodes. This section summarizes
the relevant elements for LGAD sensors. The multiplication factor
M(x) is the average total number of electron-hole pairs that are

generated in the multiplication region as a result of one initial pair
being generated at a position x. The multiplication factor takes the
form (Eq. 2)

M x( ) � exp −∫w

x
α − β dx′[ ]

1 − ∫w

0
α exp −∫w

x′α − β dx″[ ] dx′ (2)

Neglecting trapping and recombination effects, the multiplication
factor varies as a function of x only in the multiplication region,
remaining constant outside. For a given electric field, in silicon, β <
α [67] resulting in a lower gain for holes entering in the gain region
when compared to electrons (M(0) < M(w)). The gain of electrons
and holes entering the multiplication structure is represented in the
following by Mn = M(w) and Mp = M(0), respectively.

Considering the currents Ip(0) and In(w) being the result of
thermal generation of charge carriers in the sensor, the total dark
current of the device can be expressed as (Eq. 3)

I � Ip 0( )Mp + In w( )Mn + ∫w

0
gMdx (3)

The multiplication affects the noise of the sensor by increasing its
leakage current and due to the fluctuations of the multiplication for
each charge carrier traversing the multiplication region. This in
particular affects the shot noise of the sensor. For a readout
bandwidth B, the current fluctuations due to shot noise are
σ i �

���
ϕB

√
, with the noise spectral density ϕ expressed in units

[ϕ] = A2/Hz. In [62] the shot noise spectral density takes the form

ϕ � 2qe 2 Ip 0( )M2
p + In w( )M2

n + ∫w

0
gM2 dx[ ] + I 2∫w

0
αM2 dx −M2

n[ ]{ }
(4)

where qe is the elementary charge. In LGAD sensors the width of the
multiplication region is smaller than the active thickness of the

FIGURE 9
Attenuation length as a function of x-ray energy for Silicon and materials commonly used in the realization of entrance windows for x-rays. Data
from [54], that is based on [55].
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sensor, representing at most a few percent of it. Assuming that
generation effects related to the electric field in the multiplication
region (e.g., trap assisted tunneling and field-enhanced emission) do
not play a major role, the current generated in the multiplication
region can be neglected in comparison to the current generated in
the rest of the sensor volume. Disregarding the current generated in
the multiplication region (g = 0) the shot noise spectral density can
be expressed as ϕ � 2qeIp(0)M2

pFp + 2qeIn(w)M2
nFn where Fn, Fp

are the excess noise factors for electrons and holes entering the
multiplication structure, respectively. These represent the
fluctuations of the multiplication and increase the noise
compared to what is expected by Poisson statistics only.
According to [62] the excess noise factors are given by

Fn � 2 + 1
Mn

2∫w

0
αM2 dx −M2

n[ ]
Fp � 2 + 1

Mp
2∫w

0
αM2 dx −M2

n[ ] (5)

As in siliconMn >Mp, the holes excess noise factor is larger than the
electrons one (Fp > Fn). The excess noise factors do not depend only
on the values of gain at the edges of the multiplication structure, but
are sensitive to the shape of the electric field in the multiplication
region. In the approximation β = kα with k being constant, it is
possible to show that the excess noise factors can be reduced if the
multiplication of holes is kept at a minimum (k ≪ 1) [62] and it is
shown experimentally in [66]. If the gain for holes entering the
multiplication region is not important for x-ray detection, reaching a
given electrons gainMn with a broader multiplication region results
in lower excess noise factor values.

The shot noise can be expressed in units of electrons using a time
constant τ related to the bandwidth of the readout electronics τ = 1/
(2B), taking the form

σe � σ i
τ

qe
A3 (6)

where A3 accounts for the effect of the readout electronics,
considering that electronics with the same bandwidth can result
in different values of σe depending on their delta-pulse response
function [68]. The A3 parameter can assume values between 0.5 and

a few units [68], however, for the sake of simplicity, A3 is set to 1 in
the rest of this section. τ is also related to the time response of the
readout electronics and is usually referred to as shaping time. Using
Eq. 6 with A3 = 1, the shot noise becomes (Eq. 7)

σe �
�����������������
NnM

2
nFn +NpM

2
pFp

√
(7)

where Nn, Np are the number of electrons and holes entering the
multiplication region in a time τ, respectively. For an equal current
value of electrons and holes entering the multiplication region (Nn =
Np), the contribution to the shot noise is larger for the electrons as
Mn > Mp, so that M2

nFn >M2
pFp (see Eq. 5).

The excess noise factor affects also the signal through its
multiplication. An x-ray photon of a given energy creates an
average of Nx electron-hole pairs in the sensor, these undergo
multiplication resulting in a signal S = NxM, where the value of
M depends on the absorption position of the x-ray. The variance of
the signal due to the multiplication of its charge carriers is given by
[63] as (Eq. 8)

σ2SM � NxM
2 Fsi + F − 1( ) (8)

where Fsi is the Fano factor of silicon, and F is the excess noise
factor at the absorption position of the x-ray. Eq. 5 shows the
excess noise factors to be used if the x-ray interaction results in
the injection of electrons or holes at the edges of the
multiplication structure. If the x-ray interacts in the
multiplication region at a position x, considering a point-like
ionization distribution resulting from the interaction, the excess
noise factor can be extracted from Eq. 4 similarly as done for Fn,
Fp by imposing g = g(x′)δ(x′ − x) (where x′ is the integration
variable). The excess noise factor for 0 < x < w is (Eq. 9)

F x( ) � 2 + 1
M x( ) 2∫w

0
αM2 dx −M2

n[ ] (9)

By including all noise contributions other than the shot noise
(e.g., thermal noise, readout electronics noise, etc.) in a term σ0, the
total variance of the signal can be expressed as (Eq. 10)

σ2S � NxM
2 Fsi + F − 1( ) + σ2e + σ20 (10)

FIGURE 10
Geometry used in [61] to describe themultiplication region of LGADs. The electric field is high enough to result inmultiplication between 0 andw. In
the same area a generation rate g due to thermal effects or particle interaction is considered. Ip, In are the holes and electrons currents in the device,
respectively. Note that the arrows below the currents Ip, In represent the direction of movement of the respective charge carriers.
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The quantity
������
σ2e + σ20

√
represents the noise of the detector system

when no x-ray interactions are present.
It is interesting to compare the signal-to-noise ratio (SNR) of a

sensor with gain to the one of a sensor without gain (M = 1, F = 1). In
the case of a sensor with gain, the SNR depends on the absorption
position of the x-ray. For an x-ray being absorbed at a position x the
SNR takes the form

S

σS
�

Nx/ ������������������
NxFSi +Nn +Np + σ2

0

√
No gain

Nx/ ������������������������������������������������
Nx FSi + F x( ) − 1( ) +NnFn

M2
n

M2 x( ) +NpFp

M2
p

M2 x( ) +
σ2
0

M2 x( )

√
Gain

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
(11)

It is worth noting that the SNR of the sensor without gain is always
better than the one with gain in case σ0 = 0, that is if the only noise
source is shot noise. In case σ0 > 0, the sensor with gain reduces this
term by the square of the gain at the absorption position of the x-ray.
As in silicon the gain for electrons entering the multiplication region
is higher than for holes (M(w) >M(0)), it is advantageous to have a
sensor geometry where the x-rays absorption happens at x > w
resulting in the electrons generated by the x-ray interaction entering
the multiplication region.

The conclusions that can be drawn by this summary are that, in
order to achieve the best SNR, it is convenient to have the x-rays
interactions in a position where the resulting electrons enter the
multiplication region as they have a larger gain and lower excess
noise factor compared to holes. At the same time, to reduce the shot
noise, it is convenient that the thermal generation current from the
sensor bulk results in holes entering the multiplication region as
M2

pFp <M2
nFn. These conditions however can not be always fulfilled

due to constraints in the sensor fabrication or the necessity to have a
large enough thickness of silicon for the x-rays to interact. Different
approaches to realize an LGAD sensor for x-rays are discussed
in Section 6.

6 Technological approaches to LGADs
for photon science

LGADs for x-ray detection can be realized in different ways, with
different LGAD technologies being detailed in Section 2. In general,
the multiplication structure can be placed on either the entrance
window side of the sensor, on the segmented readout side, deep
(more than a couple of μm) below the sensor surface. This section
describes these technological choices and their impact on the
performance and manufacturing of the sensors.

6.1 Gain structure on the readout side

In soft and tender x-ray detection, when dealing with a sensor
thickness of approximately 200 μm or more, positioning the
multiplication structure on the readout side of the sensor and
allowing x-rays to enter from the opposite side leads to all x-ray
interactions occurring in the bulk. As a result, the charge carriers
undergo multiplication with a single average value of gain (M is
either Mn or Mp). The polarity of the sensors bulk is usually chosen
so that electrons enter the gain layer. This results in a larger value of
gain for the charge carriers generated in the bulk, whether they result

from an x-ray interaction or thermal generation. This configuration
results in a better SNR compared to the choice of having holes from
the bulk entering the multiplication region. This can be seen by
comparing at the terms under the square root in Eq. 11 for a sensor
with gain and imposingM(x) =Mn, F(x) = Fn,Np = 0 for the case of a
p-type bulk andM(x) =Mp, F(x) = Fp,Nn = 0 for an n-type bulk, with
the same generation current so that Nn, Np assume the same value
when they are not 0. As the charge carriers entering from the readout
side are considered to be negligible compared to the ones coming
from the bulk Nn, Np can be set to 0 depending on the bulk polarity.
If electrons from the bulk are multiplied, the realization of a given
gain would favour a multiplication structure as broad as possible
while maintaining a bulk thick enough to absorb the x-rays. This
reduces the electric field in the multiplication region and in turn the
multiplication of holes, resulting in a reduction of the excess noise
factors and an improved SNR.

Placing the multiplication structure on the readout side poses
the challenge of the segmentation of the gain layer in order to
achieve channel segmentation. This can result in volumes in the
sensor where the charge carriers from an x-ray interaction do not
undergo charge multiplication. This is the case for standard and
trench isolated LGADS. In the case of standard LGADs, the
segmentation of the gain layer is not suitable for reaching the
pitch needed by pixel or strip detectors for synchrotron radiation
experiments as their fill factor would be too poor. Trench isolated
LGADs might fulfill the requirements, however their performance
regarding the fill factor is not yet demonstrated on substrates of a
suitable thickness. The resistivity of the most superficial doped layer
of the multiplication region are exploited by AC coupled LGADs
and the proposed DC-RSD to achieve channel segmentation without
interrupting the gain layer. These sensors feature a continuous gain
structure for the whole active area, avoiding regions where the
charge carriers from x-ray interactions do not undergo
multiplication.

Placing the multiplication structure close to the sensors surface
allows to use dopant diffusion or ion implantation to realize the
sensors, without the necessity of less common fabrication
techniques. A further advantage of this approach is that the
TEW can be developed and fabricated almost independently
from the multiplication region allowing for an optimization of
these components with less constraints.

6.2 Gain structure on entrance window side

Placing themultiplication structure on the entrance window side
of the sensor allows to achieve channel segmentation while avoiding
to interrupt the multiplication structure. This avoids regions where
the charge carriers from x-ray interactions do not reach the
multiplication region. Inverted LGADs follow this design, and
these are the only LGAD sensor type so far specifically developed
for soft and tender x-ray detection [45]. With an absorption length
spanning between ~ 100 nm and ~ 10 μm, x-rays in this energy
region interact on both sides of the multiplication region when this is
placed on the entrance window side of the sensor. This results in a
spectrum of signals even for a single x-ray energy. These spectra are
sensitive to the depth and width of the multiplication region,
allowing for an optimization of these parameters. To look at a
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possible optimization, two multiplication structures are considered
in this subsection. A deep and broad multiplication structure with a
high field region between 0.2 and 1 μm in the silicon, and a shallow
and narrow structure presenting high field between 0.1 and 0.5 μm
from the silicon surface. Both structures have a gain for electrons
entering the multiplication region of Mn = 10. The gain for holes
entering the multiplication region varies between the two designs, as
a narrower multiplication structure requires a higher electric field to
maintain the same gain for electrons. The gain for holes entering the
multiplication region is Mp = 3 for the broad region and Mp = 6 for
the narrow region. The gain and depth values chosen for these
examples (as well as the M(x) used later) do not come from an
existing or proposed design and are arbitrary. They are however
realistic as they fall in the region of possible values for an LGAD
gain structure.

In the top row of Figure 11 the multiplication structures are
applied to an iLGAD with p-type bulk (see Figure 5). The red line
represents M(x) and is referred to the left vertical scale, and the
shaded area represents the high field region. Given the polarity of the
bulk, the x-ray interactions taking place to the right of the
multiplication structure result in electrons entering the high field
region. The two colored lines represent the intensity of x-rays of two
different energies (350 and 700 eV) and are referred to the vertical
scale on the right. The entrance window is placed to the left of the
multiplication structure, with the silicon starting at 0 and the bulk

extending for ~ 200 μm to the right. The resulting signal spectra for
the considered x-ray energies are shown in the bottom plots of
Figure 11. The spectra are derived by considering the distribution of
interaction depths for the different x-ray energies and the
consequent gain value. The signal is convoluted with a 100 e−

noise, representing the total noise of the detector. This is again a
value in the range of noises of readout electronics for synchrotron
light applications [7, 8, 12]. The statistical fluctuations of the gain
and creation of electrons hole pairs by the x-ray interaction are
disregarded (F = 1, FSi = 0). The area of the spectra is the same for all
plots. Each spectra presents two peaks with different signal values for
a given x-ray energy. These are the result of the x-ray interactions
resulting in a gain ofMp orMn for the charge carriers, with the peak
at higher values being the one from electrons entering the gain
region. The bottom left plot of Figure 11 shows the spectra for the
deep and broad multiplication structure. The 350 eV spectrum for
this structure is dominated by events where holes enter the
multiplication region forming a peak at about 290 e−, while the
700 eV spectrum is dominated by events with electrons entering the
gain structure with a peak at about 1940 e−. Looking at the spectra
obtained from the shallow and narrow multiplication structure,
bottom right plot of Figure 11, the effect of the different gain
structure become evident. The higher value of Mp for the
narrower structure results in a shift of the peak from events
where the holes enter the multiplication region, making the

FIGURE 11
(A)Multiplication and x-ray intensity as a function of depth in silicon for iLGAD sensors. (Left) Deeper and broader gain region. (Right) Shallower and
narrower gain region. The shaded area represents the high field region of the sensor. The intensity of 350 and 700 eV x-rays as a function of depth is also
shown, and is referred to the right vertical scale. (B) The resulting signal spectra for 350 and 700 eV x-rays. The signal is convoluted with a 100e− noise.
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overall spectrum for each energy narrower. The narrower high field
region also results in fewer interactions that receive values of gain
betweenMp andMn. In addition, as the high field region is closer to
the sensor surface, the fraction of events withMn gain increases. The
shallow and narrow multiplication structure results in improved
spectra for a p-bulk iLGAD when compared to the deep and broad
one. An element that is not evaluated in this example is the increased
excess noise factor expected for a narrower gain structure that
achieves the same Mn of a broader one. This affects both the
fluctuation of the signal and shot noise, decreasing the sensor
SNR. As the excess noise factor depends on the details of the
electric field distribution in the gain layer no general conclusions
can be drawn. The features of the spectra described in these
examples are documented in presentations at conferences [69, 70].

It is interesting to see the effect of applying the multiplication
structures described above to a n-bulk iLGAD sensor (see Figure 6).
The results can be seen in Figure 12, where the same quantities as
Figure 11 are shown, with the difference that the bulk to the right of
the multiplication structure is n-type, resulting in the holes from the
bulk entering themultiplication region. The only effect of the change
in bulk polarity for this example is which side of the multiplication
region reaches a gainMn orMp. The areas of the spectra in Figure 12
are the same as in Figure 11, allowing for a direct comparison. The
spectrum of 350 eV x-rays for the deep and broad multiplication

structure (bottom left of Figure 12) is now dominated by events with
Mn gain, while the 700 eV x-rays spectrum is similar to the one
calculated for the same multiplication structure and p-bulk iLGAD.
The shallow and narrow gain structure on a n-bulk iLGAD results in
the spectra in the bottom right plot of Figure 12. For this structure
the 700 eV x-ray spectrum is narrower, mainly as a result of the
higher Mp of this structure. The 350 eV x-ray spectrum sees a
reduction of the peak of events with Mn gain as the
multiplication structure is closer to the silicon surface. In the
case of the n-bulk iLGAD the deeper multiplication structure
shows a better performance than the shallower one. Compared to
the p-bulk iLGAD, the n-bulk iLGAD is a more suitable sensor for
the lower energies of soft x-rays, while the p-bulk iLGAD performs
better with higher energy x-rays. To better see the effect, Figure 13
shows the fraction of interactions resulting in Mp or Mn gain for a
n-bulk iLGAD with a deep and broad multiplication structure and
the same quantities for a p-bulk iLGADwith the narrow and shallow
structure.The n-bulk iLGAD provides a gain of Mn predominantly
to lower energy x-rays compared to the p-bulk iLGAD. However, if
the gain for holes entering the multiplication structure is high
enough, the SNR for the higher energy x-rays might be sufficient
for detection as they create a larger number of charge carriers in their
interaction with the silicon bulk. The n-bulk iLGAD, for low energy
x-rays, can fulfill the conditions derived from the theory of

FIGURE 12
(A) Multiplication and x-ray intensity as a function of depth in silicon for n-bulk iLGAD sensors. (Left) Deeper and broader gain region. (Right)
Shallower and narrower gain region. The shaded area represents the high field region of the sensor. The intensity of 350 and 700 eV x-rays as a function of
depth is also shown, and is referred to the right vertical scale. (B) The resulting signal spectra for 350 and 700 eV x-rays. The signal is convoluted with a
100e− noise.
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multiplication: a signal where the electrons enter the gain region and
noise dominated by holes entering the gain region.

Placing the gain structure on the entrance window side of the
sensor is the only strategy used so far for LGAD sensors dedicated to
photon science applications, with the available sensors having a
p-type bulk. N-bulk iLGADs were fabricated with the aim of
detecting low-energy charged particles and have not yet been
characterized using x-rays. The choice of the bulk polarity allows
to choose which energy region receives the higher gain values. As a
drawback, these sensors will produce a spectrum with two peaks for
most x-ray energies, complicating the interpretation of
measurements acquired with charge integrating or spectrally-
discriminating ASICs.

Regarding the fabrication of these sensors, their complexity is
increased with respect to sensors with the gain structure on the
readout side. Both sides of the sensor require the realization of
complex structures to allow for a fine-enough segmentation on the
readout side and the gain structure coupled with the TEW on the
opposite side. As the gain structure is close to the TEW, the
optimization of these two components is entangled. Despite their
complexity, common fabrication techniques can be used to realize
these sensors as their components are placed close to the
sensor surfaces.

6.3 Deep gain structure

Placing the gain structure a few μm or further from the readout
side of the sensor allows for a continuous structure and a fine
segmentation of the readout channels without areas where the
charge carriers from the x-ray interactions do not receive

multiplication. If the gain structure is close to the readout side,
almost all of the soft and tender x-ray interactions will result in
electrons entering the multiplication region. A multiplication
structure placed a few μm from entrance window of the sensor
would result in part of the events where the holes enter the
multiplication region receiving a lower gain. This is similar to the
situation detailed in the previous sub section. The distance of the
multiplication structure from the entrance window of the sensor
determines which is the fraction of events resulting receiving Mn or
Mp gain. This is shown in Figure 14 for a 1 μm wide gain region
placed at different depths in the sensor.

The dark current in a sensor with a deep gain structure results in
both holes (from the n-type region) and electrons (from the p-type
bulk) entering the multiplication region. Assuming the same
generation rate for both the p- and n-type regions, placing the
multiplication structure closer to the readout side increases the
fraction of electrons from the dark current entering the
multiplication region, and results in a higher noise compared to
the same multiplication structure placed closer to the entrance
window side of the sensor.

As the fraction of events receiving Mn gain favours a gain
structure closer to the readout side and the noise favours a
multiplication structure closer to the entrance window, an
optimization of the position of the multiplication region is
possible if a particular energy of x-rays is targeted for detection.

The realization of a deep gain structure requires methods not
often employed in sensor fabrication. In case the structure is placed a
few μm from one of the sensor surfaces, high energy ion
implantation or epitaxial growth of silicon can be used. In the
case of deeper structure, this can be realized through wafer-to-wafer
bonding and eventual thinning of one of the starting wafers to

FIGURE 13
Fraction of events that results in the electrons (full lines) or holes (dashed lines) entering the multiplication region as a function of the x-ray energy.
The iLGAD refers to the shallow and narrow multiplication structure shown in Figure 11 top right. The n-bulk iLGAD refers to the deep and broad
multiplication structure shown in Figure 12 top left.
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achieve the desired position in the sensor. The wafer bonding and
epitaxy procedures result in different silicon substrates being placed
on either side of the multiplication structure, this can influence the
optimization discussed above as the substrates can have different
dark current generation rates.

7 Comparison of possible sensor
structures

In this section different LGAD technologies are compared in their
possible application in photon science. For this comparison it is assumed
that all the sensor technologies are produced on thick-enough substrates
and are equipped with a thin entrance window for soft x-rays. A few
figures of merit are summarized in Table 1 and described below.

7.1 Collected charge

The sign of collected charge might constraint the ASIC that can
be connected to the sensor as some ASICs are optimized for either
electrons or hole collection.

7.2 Signal

The sensor signal can either be uni- or bi-polar, the only sensor
type with bipolar signals is the AC-LGAD. The AC-coupling of the
channels renders impossible the use of these sensors with charge
integrating electronics. The readout of AC-LGADs using photon
counting ASICs is constraint by the time scale of the development of
the bipolar signal: if the signals present both its positive and negative

lobe within the integration time constant of the ASIC amplifier, then
the signal registered by the electronics might be too small to cross the
set threshold. These considerations might render AC-LGADs
incompatible with the available ASICs developed for photon science.

7.3 Gain structure side

The side where the gain structure is placed, together with the
sensor polarity, has interesting implications for the signals produced
by the sensors, as shown in Section 6.

7.4 Fill factor

The fill factor of the sensors is qualitatively categorized. The standard
LGAD technology does not allow for the channel segmentation
necessary for photon science applications, while TI-LGADs might
achieve a sufficient fill factor assuming that the performances
obtained on ~ 50 μm substrates hold true also for thicker substrates.
The remaining sensor technologies are more promising in this regard.

7.5 Charge sharing

The charge sharing is classified in a qualitative manner. Standard
LGADs and TI-LGADs sensors often do not offer this feature that is
used to improve the position resolution of the sensors through
interpolation. The other considered technologies feature charge
sharing, with the AC-LGADs and DC-RSD having a resistive
sharing mechanism instead of a charge sharing driven by charge
carrier diffusion.

FIGURE 14
Fraction of events that results in the electrons (full lines) or holes (dashed lines) entering the multiplication region as a function of the x-ray energy.
For DJ-LGADs with their multiplication structure at different depths (measured from the entrance window) in silicon.
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7.6 Constant gain

The constant gain refers to the sensors response to monochromatic
x-rays, as discussed in Section 6 the point of interaction of the x-ray
photons can impact the gain for each event. All sensor technologies are
expected to provide a constant gain for soft and tender x-rays with the
exception of iLGADs and n-bulk iLGADs.

7.7 Fabrication complexity

The fabrication complexity qualitatively ranks the sensor
technologies. All LGAD sensors are going to have a more complex
fabrication process than standard silicon sensors due to the gain implant
and the gain termination structure (junction termination extension). The
fabrication complexity can have consequences on the cost of the sensors
and their yield. Due to the presence of a thin entrance window all sensors
require a double sided fabrication process with lithography operations
performed on both sides of the silicon wafer. For sake of comparison, the
standard and AC-coupled LGADs are assigned a “low” complexity as
they present, in principle, the easiest production path. The TI-LGADs
together with DC-RSD are assigned a “medium” complexity as the
former require the etching and filling of trenches in the silicon, and the
latter (yet to be produced) seem to require a precise control of the
resistance between channels. The iLGADs of both bulk polarities and the
DJ-LGADs are rankedwith a “high” fabrication complexity. The iLGADs
foresee complex structures on both sensor sides, with the realization of
the TEW being entangled with the multiplication structure. The DJ-
LGADs require fabrication processes that are not usually employed in
standard silicon sensors in order to place themultiplication structure at a
depth of more than a couple of μm in the sensor bulk.

7.8 Demonstrated

All sensor technologies considered in the paper have been
demonstrated with sensors either produced for high energy

physics or photon science, with the exception of DC-RSD that
have not yet been produced. The AC-coupled and TI-LGADs
were produced so far on thin (45–60 μm) substrates and their
performance is yet to be characterized on thicker substrates. Only
a few DJ-LGAD sensors have been produced, so this technology is
not considered to be at the same level as others.

7.9 Integrated with TEW

For soft and tender x-ray detection the integration of a TEW
with the sensor is necessary. So far only iLGADs of both bulk
polarity have been produced with an integrated TEW.

7.10 “Large” sensors

The last figure of merit is the possibility to produce “large”
sensors, with a dimension of about 4 × 4 cm2 or larger. The
possibility of covering a sufficient area is fundamental in order to
obtain all the necessary data from measurements at synchrotron
light sources, providing a large enough acceptance without gaps in
the sensitive surface of the sensors. The distance between the sample
being studied and the sensor is also important in order to exploit the
“lever arm” so that the relevant features projected on the sensor
appear far enough from each other to be resolved by the sensor. In
this context a sensor with a too-small area will need to be placed
either too close to the sample for this separation to be present or will
not cover enough of the solid angle to collect all the needed
information. In this section, the considered limit in realizing
large sensors is given by the lithographic technology necessary to
realize the sensors. TI-LGADs require the fabrication of trenches
with a width of less than 1 μm, a feature size that is only possible with
projection lithography. This lithography technique allows to expose
only a part of the silicon wafer, limiting the size of a device obtained
with a single exposure. A large device could be divided in smaller
exposure areas that fit the exposure area and be composed in

TABLE 1 Comparison of different LGAD technologies for their application in photon science.

Standard AC-coupled Trench isolated Inverted N-bulk inverted Deep junction DC-RSD

Collected Charge e− e− e− h+ e− e− e−

Signal Unipolar Bipolar Unipolar Unipolar Unipolar Unipolar Unipolar

Gain Structure Side Readout Readout Readout TEW TEW Deep in the bulk Readout

Fill Factor Low 100% Medium 100% 100% 100% 100%

Charge Sharing No Yes (resistive) No Yes Yes Yes Yes
(resistive)

Constant Gain Yes Yes Yes No No Yes Yes

Fabrication Complexity Low Low Medium High High High Medium

Demonstrated Yes Yes† Yes† Yes Yes Yes† No

Integrated with TEW No No No Yes Yes No No

“Large” Sensors+ Yes Yes Maybe Yes Yes Yes Maybe

+ “Large” sensors are in the order of 4 × 4 cm2 or larger.
† The sensor technology was either demonstrated on thin (45–60 μm) substrates or with a few prototypes.
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multiple exposures (the so-called stitching method). This path could
be taken to produce “large” sensors requiring projection lithography.
These considerations hold true also for the foreseen DC-RSD where
the contact between the metallization and the n+ layer might require
the use of projection lithography.

Looking at the sensor performances, the most promising sensor
technologies for photon science applications seem to be iLGADs of
both bulk polarities and DJ-LGADs. The favoured bulk polarity of
iLGADs depends on the energy of the x-rays to be measured. DJ-
LGADs would be more versatile, with a single technology covering a
larger energy range, but this technology is less mature. Finally, DC-
RSDs could be an interesting technology for photon science
applications, however these sensors have yet to be produced.

8 Summary

Photon science measurement in the 200–2000 eV energy region
can be applied to a wide variety of research topics. The currently
available hybrid detectors find a limited use in this energy region due
to their quantum efficiency and signal-to-noise ratio. LGAD sensors
feature internal charge multiplication, providing a possible
improvement of the signal-to-noise ratio of the detector system.
Different LGAD technologies are available, and are described in this
paper. A summary of the results obtained through with different
LGAD technologies in x-ray detection is provided. The quantum
efficiency of the sensors can be improved by the use of a thin
entrance window, and the most relevant aspect of this component
are described. A summary of the theory describing charge
multiplication in LGADs is given and is used in the discussion of
the features obtained by placing the LGAD multiplication structure
in different parts of the sensor. Finally, the sensor technologies are
compared using figures of merit relevant for their application in
photon science measurements. The most promising technologies
seem to be iLGADs of both bulk polarities, DJ-LGADs, and DC-
RSD. These show different technological maturity, with DC-RSD
not having been proven yet. The characterization work done on
LGADs using x-rays and the fabrication of sensors dedicated to
photon science is a sign of interest in this technology. The
performances of the sensors and the level of detail reached in
their characterization are steadily evolving. These sensors are
close to being employed in measurements at synchrotron light

sources as opposed to being brought to the beamlines to be
characterized.
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