
Nuclear Inst. and Methods in Physics Research, A 1055 (2023) 168377

G
J
S
a

b

A

K
L
X

1

f
b
e
H
f
d

p
p
t
a
a
t
t
i
b
P

t
p
p
i

h
R
A
0
(

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

ain measurements on NLGAD detectors
airo Villegas a,∗, Neil Moffat a, Dzmitry Maneuski b, Oscar Ferrer a, Giulio Pellegrini a,
alvador Hidalgo a

Instituto de Microelectrónica de Barcelona, IMB-CNM-CSIC, 08193 Cerdanyola del Vallès, Barcelona, Spain
SUPA School of Physics and Astronomy, University of Glasgow, G12 8QQ, United Kingdom

R T I C L E I N F O

eywords:
GAD
-rays and charged particle detectors

A B S T R A C T

In the last few years, Low Gain Avalanche Detectors (LGAD) have demonstrated their outstanding performance
when detecting high-energy charged particles. However, due to the difference in the multiplication mechanism
for holes and electrons, the detection performance for low penetrating particles (e.g low-energy protons or soft
x-rays) is significantly reduced. A novel design of an LGAD detector, the NLGAD, was designed and fabricated
at CNM to overcome this drawback. A qualitative description of the NLGAD concept is presented in this work,
along with gain response measurements of the first prototypes under visible light of 660 nm and 15 keV x-rays.
Additionally, a review of the gain response under visible light of 404 nm and IR light of 1064 nm, previously
studied, is also evaluated in this work. The results demonstrate that the NLGAD concept has the potential to
detect low penetrating particles.
. Introduction

The first Low Gain Avalanche Detectors (LGAD) were designed and
abricated at the IMB-CNM [1]. Since then, the LGAD technology has
een gradually established as the baseline for High Energy Physics
xperiments, including the upcoming ATLAS and CMS upgrade at the
L-LHC. Despite the ongoing work to increase their radiation hardness

or high fluences, their outstanding timing resolution and SNR when
etecting high energy particles have been demonstrated [2].

This excellent performance arises from the intrinsic charge multi-
lication mechanism, which is inherent to the LGAD design. A shallow
-type multiplication layer is diffused in between the 𝑁 electrode and
he high resistivity p-type bulk, which generates a high electric field
round the junction when the detector is reverse biased (Fig. 1). Thus,
ny charge carrier generated by an impinging high-energy particle
hat traverses the high electric field region will have sufficient energy
o cause impact ionization and hence avalanche multiplication. This
ncreases the signal with respect to a standard PiN detector. The ratio
etween the generated charge by a particle in an LGAD and a standard
iN is the so-called gain.

However, there is a distinction between how electrons and holes
rigger this avalanche multiplication mechanism. Therefore, the LGAD
erformance will be dependant on the depth at which the traversing
article generates the charge. In other words, it will depend on the
mpinging particle energy.
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E-mail address: jairo.villegas@imb-cnm.csic.es (J. Villegas).

1.1. Avalanche multiplication for electrons and holes

The charge multiplication mechanism can be quantified with the
impact ionization rate 𝛼, which is defined as the number of electron–
hole pairs that a charge carrier generates by unit length at a given
external electric field intensity. 𝛼 is directly linked to mobility, a
parameter that gives information about the probability of collision
of a charge carrier with a silicon atom in the lattice (e.g. to cause
ionization). It has been widely proven that the impact ionization rate
(hence the mobility) is smaller for holes than electrons. An extensive
analysis about this topic can be found in [3].

The fact that the electrons and holes mobilities are different arises
from the very nature of the carriers. A conduction electron is excited
from the outermost atomic shell of the silicon atom. The electron is free
to move towards the 𝑁 electrode under the influence of an external
electric field and its motion is only perturbed by random collisions
with the scattering centers in the silicon crystalline lattice. In contrast,
the motion of a conduction hole starts when a Si-Si bond breaks and
its electron occupies the vacancy left behind by the electron that
first drifted. This bond breaking and vacancy occupation mechanism
continues until the hole (a vacancy) has been pushed away from the
active region of the detector to the P electrode. In short, both the drift
of electrons and holes is caused by the motion of electrons, but in the
case of holes they are not free. Transitioning between vacancy states
is not as straightforward as freely drifting, hence holes have a lower
collision probability than electrons.
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Fig. 1. Left: Basic schematics of the doped silicon layers in an LGAD. Right: TCAD simulation of the active doping concentration and electric field (at 250 V of reverse bias) of
an LGAD and a PiN. The simulation served to design the LGADs on 6’’ epitaxial wafers fabricated at CNM and studied in [2].
Fig. 2. TCAD simulation of active doping concentration (left) and optical generation by laser pulses of 404 and 1064 nm wavelength in a 50 μm LGAD (right). The laser pulses
ave the same intensity, duration and width in both cases. Pulses are injected through the 𝑁 electrode. The horizontal brown line represents the 𝑁++ − 𝑃 + junction, where the

electric field is at its maximum. The pictures have been cut at a depth of 15 μm to clearly remark the gain layer and the optical generation for 404 nm light.
One could conclude that the gain of an LGAD in response to incident
ionizing radiation will depend on the depth at which the particles
are most likely depositing their energy, as this will determine which
charge carrier (electrons or holes) is the primary contributor to trig-
ger avalanche multiplication. The gain response of an LGAD when
traversed by photons of 404 nm and 1064 nm will be evaluated.

Photons in this energy range interact with silicon mainly via the
photoelectric effect, so, unlike charge particles, they give up all their
energy to generate a single 𝑒− − ℎ+ pair. Fig. 2 shows the TCAD
simulation of the optical generation (average 𝑒− − ℎ+ pairs generated
by volume and unit time) when an LGAD is illuminated through the
𝑁 electrode (Fig. 1) by identical laser pulses (in terms of intensity,
duration and width) of 404 nm and 1064 nm wavelength. The optical
generation is proportional to the photoabsorption probability at a given
depth.

A photon of 1064 nm, with an absorption depth of ∼ 1000 μm in
silicon [4], will be absorbed in any depth of the 50 μm LGAD with the
same probability (Fig. 2). Thus, the IR pulse will generate a uniform
distribution of 𝑒− − ℎ+ pairs within the active depth of the detector.
Under these circumstances, there will be a greater number of electrons
crossing the high electric field region, so they will be the main carrier
contributing to the avalanche mechanism triggering.

However, a visible photon of 404 nm, with an absorption depth of
∼ 0.1 μm in silicon [4], will be either absorbed within the 𝑁 electrode
(not causing any detectable signal) or close to the 𝑁++ − 𝑃+ junction.
In this latter situation, most of the electrons will quickly drift to the
2

𝑁 electrode without traversing the high electric field region. This will
mean that the majority of charge carriers crossing the high field region
will be holes.

With all that said, we could hypothesize that the gain response of
a LGAD upon impinging 404 nm photons is diminished in contrast
to the 1064 nm one. This result was predicted by means of TCAD
simulation and confirmed by TCT (Transient Current Technique [5])
measurements at CNM, as Fig. 3 shows.

The same stands for charged particles. If they have a low range in
silicon (≲ 1 μm) and deposit most of their energy in the surface (close
to the 𝑁++∕𝑃+ junction), holes are expected to be the main contributor
to cause impact ionization, hence the gain response of a LGAD will be
reduced.

2. The NLGAD concept

A good gain response of an LGAD is limited to high penetrating
particles, that is, to highly energetic charged particles (e.g. MIP) and
photons with a high wavelength . For low penetrating particles, a new
design of LGAD is necessary: the NLGAD. The design features of an
NLGAD are similar to the ones described in Fig. 1 for a traditional
LGAD, with the difference that the dopant type is exchanged in every
one of its silicon layers (Fig. 4): a shallow n-type multiplication layer
is diffused between the P electrode and the high resistivity n-type bulk,
creating a high electric field around the 𝑃++ − 𝑁+ junction when the
detector is reverse biased.
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Fig. 3. TCT measurements and TCAD simulation of the gain response, at room
emperature (20 ◦C), of an LGAD fabricated with the CNM-6LG3 (LGADs on epitaxial

wafers of 6’’) technology, for two different laser wavelengths: 404 nm and 1064 nm. It
is worth mentioning that the intensity of the laser pulses during the TCT measurements
was different for 404 and 1064 nm light to avoid saturation of the amplifier. However,
the intensity was kept at a sufficient low value to avoid gain suppression [6].

As in the case of the traditional LGAD, the first NLGADs were
designed, fabricated and tested at IMB-CNM [7].

Since electrons and holes are drift in opposite directions compared
to a traditional LGAD, for an NLGAD it is expected that the gain
response is higher for the low penetrating 404 nm photons than for the
1064 nm ones. This hypothesis was confirmed by TCT measurements,
which showed that the gain for 404 nm photons was close to 10 times
higher than for 1064 nm photons [7].

3. NLGAD gain response to photons of different energy

The NLGADs were fabricated at the IMB-CNM on 4’’ n-type high
resistivity Si-Si wafers (CNM-4NLG1 technology). The devices have an
active area and thickness of 5.3 × 5.3 mm2 and 275 μm, respectively.
They have a full depletion voltage of ≃ 30 𝑉 , a breakdown voltage
of ≃ 170 𝑉 (at room temperature) and their leakage current in the
operational voltage region is of the order of 100 nA. Their electrical
characterization can be found in [7].

Detectors of this first NLGAD production were tested for visible

(404 nm) and IR light (1064 nm), where a higher gain response was

3

shown for the 404 nm case [7]. In this work the characterization of
such NLGADs is extended to photons of different energy and type:
visible light of 660 nm and X-ray photons of 15 keV. In both cases,
the measurements were carried out focusing the beam close to the
center of the devices, at room temperature (≈20 ◦C) and up to 120
V (≈50 V away from breakdown). Fig. 6 shows the absorption depth
(inverse of the attenuation coefficient) for these photon energies [4,8].
As evaluated in the previous section and demonstrated by the results
in [7], it is expected that the NLGAD gain is higher (at a given reverse
bias) for 660 nm visible light with respect to 15 keV X-rays, given their
absorption depth in silicon.

3.1. The importance of the entrance window for very low penetrating
particles

TCT measurements using a pulsed UV laser of wavelength 369 nm
were also performed in NLGADs and reference PiN devices, however no
signal response could be seen. This result highlights the importance of
having a thin entrance window for low penetrating particles detectors,
as pointed out in [7]. Devices from the CNM Run 4NLG1-v1 have a
non active layer (passivation plus SiO2) of ≈ 1 μm, thick enough to
completely attenuate 369 nm UV photons, which absorption depth is
of the order of 10 nm in silicon (Fig. 6).

3.2. TCT measurements: Gain response to visible light (660 nm)

An NLGAD detector from the CNM Run 4NLG1-v1 was investi-
gated for its gain response while illuminated by 660 nm visible light.
The measurements were carried out at room temperature with a TCT
setup [5]. The laser beam (with a beamspot of the order of 10 μm)
was focused around the center of the device. Such center was found by
scanning the devices in X and Y using steps of 100 μm. The laser pulse
intensity, frequency and width were kept constant for both NLGAD
and reference PiN during the measurements. The gain was calculated
by dividing the integrated amplified output signal (Fig. 7), for every
reverse bias point, of the NLGAD by the PiN one.

3.3. Measurements at diamond light source: Gain response to 15 keV X-rays

Measurements were carried out at the B16 beamline available at
Diamond Light Source [9]. With the use of a crystal monochromator,
this beamline is able to provide monochromatic X-ray beams in the
range of 4–45 keV out of synchrotron radiation. Also, a compound
refractive lens (CRL) was used in the beamline to obtain a microfocused
X-ray beam with a spot size of a few μm. The beam spot size was found
to be 2.6 ± 0.1 μm FWHM (X direction) and 1.3 ± 0.1 μm FWHM (Y
direction). The projection of the beam around the center of the devices,
Fig. 4. Left: Basic schematics of the doped silicon layers in an NLGAD. Right: TCAD simulation of the active doping concentration and electric field (at 100 V of reverse bias)
of an NLGAD. The simulation served to design the NLGADs fabricated at CNM and studied in this paper.
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Fig. 5. TCAD simulation of active doping concentration (left) and optical generation by laser pulses of 404 nm and 1064 nm wavelength in a 275 μm NLGAD (right). The laser
pulses have the same intensity, duration and width as in Fig. 2. Pulses are injected through the P electrode. The horizontal brown line represents the 𝑃 ++∕𝑁+ junction, where
the electric field is at its maximum. The pictures have been cut at a depth of 15 μm to show clearly the gain layer and the optical generation for 404 nm light.
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Fig. 6. Absorption length for photons in the energy range of IR, visible light and
X-rays [4,8].

mounted perpendicularly to the X-ray beam direction, was achieved
with the help of a visible laser available at the experimental hutch
of the beamline. The beam intensity was controlled at all times by an
ionization chamber composing the beamline setup. In contrast to the
TCT case, the gain of the NLGAD device is not evaluated by illumination
with short light pulses, but with a beam of X-rays in continuum. Thus,
the gain was calculated by dividing the photocurrent (defined as the
current generated in the device, when depleted and with the X-ray
beam focused on the center, minus the leakage current) of the NLGAD
by the one of the reference PiN. The current was measured with a
Keithley 2410, taking 20 measurements per voltage step (Fig. 8).

3.4. Gain response and simulation

Fig. 9 shows the gain response results for 660 nm visible light and
15 keV X-rays, using the two different techniques and gain evaluation
methods described in the above paragraphs, along with TCAD simula-
tions. As in Fig. 3, the simulated gain has been obtained by using the
Van Overstraeten De Man avalanche model [3] to detectors (NLGADs
and PiNs) with a doping profile optimized to predict the electrical
characterization of devices fabricated at the IMB-CNM clean room.

4. Conclusions

The studies presented in this work demonstrate that the gain re-
sponse of a NLGAD is higher for visible light of 660 nm than for 15 keV
 D
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Fig. 7. TCT output signal for the studied NLGAD and reference PiN under illumination
with 660 nm visible light, at 100 V reverse bias and room temperature (20 ◦C).
For every reverse bias point, the TCT output signal is composed of 5000 averaged
waveforms.

X-rays. Fig. 11 presents a comparison of gain measurements, obtained
illuminating the NLGADs from the CNM Run 4NLG1-v1 with photons of
different energies, combining the TCT measurements presented in this
work with the ones presented in [7].

The results demonstrate that the novel NLGAD may be suitable for
experiments that imply detection of low penetrating charged particles
(some of them are listed in ref [7]) and soft X-rays, such as synchrotron
applications.

Also, the unresponsiveness for UV light of 369 nm wavelength
highlighted the importance of reducing the non-active layers of the
entrance window for future designs. A good example of it can be found
in [10]: by creating the PN junction utilizing single layer graphene, UV
light down to 200 nm wavelength could be detected by silicon sensors.
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Fig. 8. Leakage current and current under irradiation with a micro-focused 15 keV X-ray beam for the tested NLGAD and reference PiN. The photocurrent for each case is
alculated by subtracting the leakage current to the current under irradiation for every voltage step over the depletion voltage (30 V for the NLGAD, 5 V for the reference PiN).
Fig. 9. Gain response of NLGADs from the CNM Run 4NLG1-v1 to 660 nm visible
light and 15 keV X-rays.
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