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This paper introduces a new concept of silicon radiation detector with intrinsic multiplication of the
charge, called Low Gain Avalanche Detector (LGAD). These new devices are based on the standard
Avalanche Photo Diodes (APD) normally used for optical and X-ray detection applications. The main
differences to standard APD detectors are the low gain requested to detect high energy charged particles,
and the possibility to have fine segmentation pitches: this allows fabrication of microstrip or pixel
devices which do not suffer from the limitations normally found [1] in avalanche detectors. In addition, a
‘moderate multiplication value wil allow the fabrication of thinner devices with the same output signal
of standard thick substrates.

‘The investigation of these detectors provides important indications on the ability of such modified
electrode geometry to control and optimize the charge multiplication effect, in order to fully recover the
collection efficiency of heavily imadiated silicon detectors, at reasonable bias voltage, compatible with
the voltage feed limitation of the CERN High Luminosity Large Hadron Collider (HL-LHC) experiments
[2]. For instance, the inner most pixel detector layers of the ATLAS tracker will be exposed to fluences up
0 2x10'® 1 MeV negf/cm?, while for the inner strip detector region fluences of 1x 10'® neg/em? are
expected.

‘The gain implemented in the non-irradiated devices must retain some effect also after irradiation,
with a higher multiplication factor with respect to standard structures, in order to be used in harsh
environments such those expected at collider experiments.
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The first LGAD diode detectors have been fabricated and they
have shown excellent breakdown performances before and after
irradiations. Simulation shows that the adjustment of the p+
plant is ci I, due to its effect on the gain and on the voltage
capability for the detector studied.

LGAD detectors exhibit a signal improvement of a factor § at
300V compared to the signal given by the PiN-type detector. The
multiplication factor experiences an increase as the temperature is
reduced, moving from a factor 8 at 300 V for room temperature to
a factor 10 at —10°C.

The multiplication factor decreases significantly for detectors
irradiated with neutrons, anyway staying above 1 for fluences up
02 x 10" 1 MeV negfem?

The preliminary results reported in this paper show that LGAD
detectors technology can be considered as an option for the
detectors of the HL-LHC experiment. Anyway further studies are
still required in order to prove that this technology can be applied
to segmented detectors (pixel and strips) and that their radiation
hardness will withstand the fluences expected in the innermost
layers of the experiments, up to 2 x 10'° T MeV n./cm?
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TCAD simulation for Low Gain
Avalanche Detectors
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TCAD simulation of Low Gain Avalanche Detectors
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In the present work, detailed simulation using Technology Computer Aided Design (TCAD) tool, Silvaco
for non-irradiated and irradiated LGAD (Low Gain Avalanche Detector) devices has been carried out. The
effects of different design parameters and proton irradiation on LGAD operation are discussed in detail.
An already published effective two trap bulk damage model is used to simulate the radiation damage
without implementing any acceptor removal term. The TCAD simulation for imadiated LGAD devices
produce decreasing gain with increasing fluence, similar to the measurement results. The space charge
density and electric field distribution are used to illustrate the possible reasons for the degradation of
gain of the irradiated LGAD devices.
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We have presented simulation results for the LGAD devices. The
simulation predictions provide a reasonable qualitative description
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of both the non-irradiated and irradiated LGAD device behavior. It
has been emphasized that the gain of the non-irradiated LGAD
devices is strongly influenced by the overall doping profiles of the
p-well and n* implantations. We have studied the (N, d,) para-
meter space of (8.75-1025 x 10'®cm™?, 5.5-7.1 ym) and (Np, dn)
parameter space of (0.9-11 x 10" cm =3, 4.0-4.6 um). It has been
found that within the parameter space studied, a minimum p-well
dose is required to achieve the desired gain, however, beyond that
dose, a combination of high implant diffusion depth and low peak
doping concentration of the p-well provides higher gain.

An effective two trap bulk damage model is used to simulate
the radiation damage. The incorporated radiation damage model
successfully explains the decrease in gain of the LGAD devices with
an increase in proton fluence, as observed in measurements. It
may be interesting to observe that the ulation for
diated LGAD structures is carried out without changing the
ceptor concentratio le the p-well region. The gain variation
with fluence seems to be due to the traps effect only, which is
further corroborated using the electric field, leakage current and
effective space charge density of the irradiated LGAD devices. It
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has been found that the space-charge density of the sensor bulk
and the p-well regions change in a way such that the sensor bulk
becomes effectively donor type after irradiation. Hence, these si-
mulations provide another plausible explanation for the lowering
of the gain as opposed to incorporation of only acceptor removal
mechanism [8]. Authors would like to emphasize that this work
provides a useful insight into the working of LGAD devices, how-
ever, further simulation and experimental results are needed to
understand and utilize the potential of LGAD devices in the future
high energy physics experiments.
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Recent technological developments on LGAD and iLGAD detectors for
tracking and timing applications
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‘This paper reports the latest technological development on the Low Gain Avalanche Detector (LGAD) and
introduces a new architecture of these detectors called inverse-LGAD (LGAD). Both approaches are based
on the standard Avalanche Photo Diodes (APD) concept, commonly used in optical and X-ray detection
applications, including an intemal multiplication of the charge generated by radiation. The multiplication
is inherent to the basic n* *—p-p structure, where the doping profile of the p™ laer is optimized to
achieve high field and high impact ionization at the junction.

The LGAD structures are optimized for applications such as tracking or timing detectors for high
energy physics experiments or medical applications where time resolution lower than 30 ps is required.
Detailed TCAD device simulations together with the electrical and charge collection measurements are
presented through this work.
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The electrical performances of the fabricated strip LGAD de-
tectors demonstrated a supply voltage range of up to 1000 V with
leakage current of 20 nAjcm?®. The gain linearity was found sa-
tisfactory in an operating voltage range of 200-800 V for a gain
range from 4-6. However, red laser scanning measurements re-
vealed a non-uniform multiplication across the strips, basically
due to technological constraints.

Based on TCAD simulations, the strip iLGAD structure can
provide similar voltage capability and leakage current with the
benefit of a uniform gain across the strips due to the non-seg-
mentation of the multiplication junction.
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Radiation resistant LGAD design
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In this paper, we report on the radiation resistance of 50-micron thick Low Gain Avalanche Diodes (LGAD)
‘manufactured at the Fondazione Bruno Kessler (FBK) employing different dopings n the gain layer. LGADs with
a gain layer made of Boron, Boron low-diffusion, Gallium, Carbonated Boron and Carbonated Gallium have
been designed and successfully produced at FBK. These sensors have been exposed to neutron fluences up to
6, ~ 310 njem” and to proton fluences up to ¢, ~ 9 - 10'> p/em’ to test their radiation resistance. The
experimental results show that Gallium-doped LGAD are more heavily affected by the initial acceptor removal
‘mechanism than those doped with Boron, while the addition of Carbon reduces this effect both for Gallium and
Boron doping. The Boron low-diffusion gain layer shows a higher radiation resistance than that of standard Boron
implant, indicating a dependence of the initial acceptor removal mechanism upon the implant density.
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50-um thick LGADs manufactured by FBK with 5 different types of
gain layer doping (B, B+C, Ga, Ga+C and B LD) have been irradiated
with neutrons and protons. The results show that (i) carbonated gain
layer are atleasta factor of two more radiation resistant than the equiv-
alent non-carbonated gain layer, (i) Gallium doping is less radiation
resistant than Boron doping, (iii) narrower gain layer implants are more
radiation resistant than wider implants, (iv) considering the true fluence
value, protons with 24 GeV/c momentum are similarly harmful than
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1 MeV neutrons with respect of the initial acceptor removal mechanism,
and that (v) if the fluence of protons with 24 GeV/c momentum is
converted using the NIEL factor to 1 MeV equivalent neutrons, proton
irradiation is much more harmful than that from 1 MeV neutrons .

Carbonated gain layer holds the possibility of designing silicon
sensors with gain with enhanced radiation resistance. We plan to further
investigate the property of carbonated gain layer by producing gain
layers with several carbon doses, to optimize the radiation resistance of
the LGAD design. We are confident that these findings, albeit obtained
for LGAD sensors, can be successfully implemented in other silicon
sensors with gain such as SiPM and APD.
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Radiation hardness of gallium doped low gain avalanche detectors”
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Low Gain Avalanche Detectors (LGADs) are based on a n**-p*-p-p** structure where appropriate doping of
‘multiplication layer (p*) leads to high enough electric fields for impact ionization. Operation of these detectors
in harsh radiation environments leads to decrease of gain attributed to the effective acceptor removal in the
‘multiplication layer. In order to cope with that devices were produced where boron was replaced by gallium.
‘The initial radiation hardness studies show a smaller degradation of gain with neutron fluence indicating that
gallium is more difficult to displace/deactivate from the lattice site than boron.
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First LGADs of standard thickness (285 pm) were produced with
gallium replacing boron as shallow dopant in the multiplication layer.
Due to unreliable process simulations, the concentration of gallium in
the multiplication layer was too high causing an early break down of
devices before irmadiations. After irradiations, the decrease of gain and
appearance of deep traps led to electric field profiles similar to those
of forward bias detectors. Only after the gain decreased sufficiently, the
devices performed similarly to standard boron doped LGAD devices. The
removal rate of gallium was found to be ¢ = 5 - 10-16 em?2, around two
times smaller than for so far studied boron LGAD detectors. This feature
could lead to significantly improved performance of thin Ga-LGADs at
HL-LHC. Higher initial dopant concentration and smaller removal rate
led to sizable gains also at fluences > 10'5 an~2. Short term annealing
decreases effective acceptor concentration in the multiplication layer,
hence causing smaller gain.
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Low Gain Avalanche Detectors (LGAD) for particle physics
and synchrotron applications
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AsstrAacT: A new avalanche silicon detector concept is introduced with a low gain in the region of
ten, known as a Low Gain Avalanche Detector, LGAD. The detector’s characteristics are simulated
via a full process simulation to obtain the required doping profiles which demonstrate the desired
operational characteristics of high breakdown voltage (500 V) and a gain of 10 at 200 V reverse bias
for X-ray detection. The first low gain avalanche detectors fabricated by Micron Semiconductor
Lid are presented. The doping profiles of the multiplication junctions were measured with SIMS
and reproduced by simulating the full fabrication process which enabled further development of the
manufacturing process. The detectors are 300 um thick p-type silicon with a resistivity of 8.5 kQcm,
which fully depletes at 116 V. The current characteristics are presented and demonstrate breakdown
voltages in excess of 500 V and a current density of 40 to 100 nAcm™2 before breakdown measured
at 20°C. The gain of the LGAD has been measured with a red laser (660 nm) and shown to be
between 9 and 12 for an external bias voltage range from 150 V to 300V.
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Low Gain Avalanche Detectors have been simulated and then fabricated at Micron Semiconductor
Ltd with a process based on the simulation results.

The simulation shows that the gain is strongly dependent upon the effective p-type doping areal
density. Qefrective- defined as the net p-type doping concentration integrated over the depth of the
implant. For a Qegrective above a critical value (Qt . ) of 1.6x 10'2 cm™ the gain increases steeply
with doping concentration. The breakdown voltage of the device has been shown to be strongly
affected by the electric field at the edge of the n* cathode. Simulation shows significant improve-
ments in breakdown performance with a JITE structure, with the breakdown voltage increasing from
290V without a JTE to 780 V with the JTE.

Detailed understanding of the device fabrication process allowed simulation to obtain rea-
sonable agreement with real doping profiles obtained from SIMS. However, small changes in the
simulation give rise to changes in the doping profiles, which change the gain of the device in the
range of 10%.

LGAD diode detectors have been fabricated and show excellent electrical properties of low
leakage current and reasonably high breakdown levels and a gain of 10.

The fabricated LGAD detectors demonstrate the expected increase in breakdown voltage with
the inclusion of a JTE. Measured values increased from < 300V without a JTE to > 500V with a
JTE. The measured current in the device was between 40 and 100 nAcm~2 measured at 20°C and
at200V

The measured gain of the LGAD was ten at 210V, measured for 660 nm light illumination.
The gain showed a dependence with voltage and increased to 12.5 at 300 V.

The results shown in this paper show that LGAD detectors fabricated at Micron Semiconductor
Ltd can produce the required gain for both particle physics and x-ray applications. Further process
developments are underway to improve the yield and reproducibility of these results. The near
future plans are to make x-ray fluorescence measurements at the University of Glasgow and the
design of a new mask set to include pad diodes. strip detectors and Medipix pixel arrays. We aim to
include a shallow backside P* in order to detect low energy x-rays which inherently have a shallow
penetration depth in silicon.
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Design and TCAD simulation of double-sided pixelated low gain
avalanche detectors
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We introduce a double-sided variant of low gain avalanche detector, suitable for pixel arrays without
dead-area in between the different read-out elements. TCAD simulations were used to validate the
device concept and predict its performance. Different design options and selected simulation results are
presented, along with the proposed fabrication process.
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We have reported on the design and technological options for
the development of double-sided pixelated low gain avalanche
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detectors. TCAD simulations have been used to predict the sensor
performance with encouraging results. Multiplication gains in the
order of 15 can be achieved at bias voltages in the range from
800 V to 1000V, with reasonably low excess noise factor.

The wafer layout of the first batch of the proposed sensors, to
be fabricated at FBK on 275 pm thick sensors, is being completed,
and first samples are expected for delivery in Spring 2015. The
timing performance of these first prototypes is not expected to be
very good, due to the non-negligible drift time of multiplied holes,
but it can be significantly improved for 100 um thick sensors, that
will be fabricated in the second batch.
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Design and fabrication of an optimum peripheral region for low gain
avalanche detectors
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Low Gain Avalanche Detectors (LGAD) represent a remarkable advance in high energy particle detection,
since they provide a moderate increase (gain ~10) of the collected charge, thus leading to a notable
improvement of the signal-to-noise ratio, which largely extends the possible application of Silicon
detectors beyond their present working field. The optimum detection performance requires a careful
implementation of the multiplication junction, in order to obtain the desired gain on the read out signal,
but also a proper design of the edge termination and the peripheral region, which prevents the LGAD
detectors from premature breakdown and large leakage current.

This work deals with the eritical technological aspects required to optimize the LGAD structure. The
impact of several design strategies for the device periphery is evaluated with the aid of TCAD simula-
tions, and compared with the experimental results obtained from the first LGAD prototypes fabricated at
the IMB-CNM clean room. Solutions for the peripheral region improvement are also provided.




image34.png
The optimum electrical performances of Silicon LGAD detectors
require, a part from an accurate control of the P-type multi-
plication layer, a careful optimization of the edge termination and
the peripheral region to be sure that no premature breakdown or
high surface leakage current levels will arise. Three approaches are
contemplated for the edge termination structure, with the deep N-
type diffusion as the best performing solution in terms of electric
field profile at the Silicon surface. The design of the peripheral
region is driven by the effect of the inherent positive oxide charges
which create a surface inversion layer in the extremely low doped
P-type substrates. Therefore, two technological solutions have
been tested (P-Spray and P-Stop) to eliminate the surface current
path. Experimental results (leakage current and capacitance) cor-
roborate the voltage sustaining capability in excess of 1000 V and
the effectiveness of the implemented edge termination and per-
ipheral region.





image35.png
Time resolution of silicon pixel sensors
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‘We derive expressions for the time resolution of silicon detectors, using the Landau theory as a
minimum model for describing the charge deposit of high energy particles. First we use the center of
gravity time of the induced signal and derive analytic expressions for the three components contributing
to the time resolution, namely charge deposit fluctuations, noise and fluctuations of the signal shape
due to weighting field variations. Then we derive expressions for the time resolution using leading edge
discrimination of the signal for various shaping times. Some aspects of time resolution for silicon detectors
with gain are discussed as well.
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We have developed a fast simulation program to study the performance of silicon and diamond
detectors, Weightfield2. The program uses GEANT4 libraries to simulate the energy released by an
incoming particle in silicon (or diamond), and Ramo's theorem to generate the induced signal current. A
graphical interface allows the user to configure many input parameters such as the incident particle,
sensor geometry, presence and value of intemal gain, doping of silicon sensor and its operating
conditions, the values of an extemal magnetic field, ambient temperature and thermal diffusion. A
simplified electronics simulator is also implemented to include the response of an oscilloscope and
front-end electronics. The program has been validated by comparing its predictions for minimum
ionizing and a particles with measured signals and TCAD simulations, finding very good agreement in
both cases.
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Electric fields, weighting fields, signals and charge
diffusion in detectors including resistive materials
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Asstract: In this report we discuss static and time dependent electric fields in detector geometries
with an arbitrary number of parallel layers of a given permittivity and weak conductivity. We derive
the Green’s functions i.e. the field of a point charge, as well as the weighting fields for readout
pads and readout strips in these geometries. The effect of “bulk’ resistivity on electric fields and
signals is investigated. The spreading of charge on thin resistive layers is also dis ed in detail,
and the conditions for allowing the effect to be described by the diffusion equation is discussed. We
apply the results to derive fields and induced signals in Resistive Plate Chambers, MICROMEGAS
ve layers for charge spreading and discharge protection as well as detectors
ss in detail how

detectors including resi
using resistive charge division readout like the MicroCAT detector. We also dis
resistive layers affect signal shapes and increase crosstalk between readout electrodes.
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Inverse Low Gain Avalanche Detectors (iLGADs) for precise tracking and timing
applications
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Low Gain Avalanche Detector (LGAD) is the baseline sensing technology of the recently proposed Minimum lonizing Particle
(MIP) end-cap timing detectors (MTD) at the Atlas and CMS experiments. The current MTD sensor is designed as a multi-
pad matrix detector delivering a poor position resolution, due to the relatively large pad arca, around 1 mm?; and a good timing

“resolution, around 20-30 ps. Besides, in his current technological incamation, the timing resolution of the MTD LGAD sensors
is severely degraded once the MIP particle hits the inter-pad region since the signal amplification is missing for this region. This
limitation is named as the LGAD fill-factor problem. To overcome the fill factor problem and the poor position resolution of
the MTD LGAD sensors, a p-in-p LGAD (ILGAD) was introduced. Contrary to the conventional LGAD, the iLGAD has a non-

'segmented deep p-well (the multiplication layer). Therefore, iLGADs should ideally present a constant gain value over all the
sensitive region of the device without gain drops between the signal collecting electrodes; in other words, LGADs should have a
100% fill-factor by design. In this paper, tracking and timing performance of the first iLGAD prototypes is presented.
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In this work a detailed characterization of iLGAD strip detec-
tors were presented. It is a very promising candidate to become
a true 4-dimensional tracking technology. Test beam measure-
ments demonstrated the homogeneity in the amplification over
all the sensitive region of the device without gain drops be-
tween the signal collecting electrodes. Morcover, a comparison
between the timing performance of one iLGAD strip detector
with a similar PIN strip detector was presented. The time res-
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olution was estimated using a dedicated laser setup without an
external reference and it was computed emulating an electronic
CFD method. Simulations show that these promising results
can be improved further if thinner sensors are used. As shown
in figure[§} they benefit from a much smaller rise time of the
signal maintaining a good SNR. This feature will improve the
time resolution with respect to the thicker devices studied here.
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A comparison between WF2 predictions and laboratory mea-
surements is presented in Fig. 6. The first column of the figure
shows the signals from a MIP at 400V and 600V, the middle
column the signals from an o particle impinging on the top part of
the sensor, while the third column on the bottom part. For all
three cases the agreement is excellent. In these cases the initial
current signals are convoluted by the RC circuit produced by the
detector capacitance (10 pF) and the oscilloscope input impedance
(50Q). A comparison between WF2 and the TCAD software
Synopsys Sentaurus s presented in Fig. 7. The top part shows
the induced current signal from a MIP in an LGAD detector
(gain=19) 100 pm thick as computed by the two programs. The
agreement is excellent, signifying that the e—h charge transport
and the gain mechanism is correctly implemented in WF2. The
bottom picture shows the same comparison for a thicker LGAD
detector with slightly lower gain. Here a 20% disagreement on the
signal roll off part is present, indicating that in Sentaurus the e—h
spread during a longer drift is stronger than that of WF2.

WE2 is a very good tool for fast and easy prototyping, it does
not require a large amount of cpu power or a license. The code is
open-source and the user can easily control it.
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Use of “LGAD” ultra-fast silicon detectors for time-resolved low-keV X-ray
science
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‘The recent development of silicon diode Low Gain Avalanche Detectors (LGADs) has opened the possibility
of enhanced response and faster frame rates for the detection of Xrays produced by next-generation light
Sources. Preliminary results are presented on the exposure of an LGAD to a series of 500 MHz streams of X-
rays with energies between 6 and 16 keV from the SLAC SSRL. X-ray absorption pulses from neighboring beam
pulses, separated by 2 nsec, are well resolved. Additional results from a novel, AC-coupled LGAD, excited by a
narrow infrared laser beam, indicate a point-spread function with a full width of approximately 400 ym. Further
optimization of the AC-LGAD design should allow the extent of the point-spread function to be further reduced,
and a granularity of 100 x 100 pm? or finer to be reached.
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Therecent development of solid-state Low Gain Avalanche Detectors
(LGADS) may offer a new approach to the detection of X-rays that en-
hances both the sensitivity and frame rate relative to existing detection
systems. An LGAD with a bulk thickness of 50 um was illuminated by
streams of X-rays with energies between 6 and 16 keV, exhibiting a rate
capability in excess of the 500 MHz repetition rate of the X-ray beam,
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Technology developments and first measurements of Low Gain
Avalanche Detectors (LGAD) for high energy physics applications
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