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ABSTRACT: The first Inverse Low Gain Avalanche Detector (iLGAD) have been fabricated at
IMB-CNM (CSIC). The iLGAD structure includes the multiplication diffusions at the ohmic
contact side while the segmentation is implemented at the front side with multiple P* diffusions.
Therefore, iLGAD is P on P position-sensitive detector with a uniform electric field all along
the device area that guarantees the same signal amplification wherever a particle passes through
the sensitive bulk solving the main draw of the LGAD microstrip detector. However, the
detection current is dominated by holes flowing back from the multiplication junction with the
subsequent transient current pulse duration increase in comparison with conventional LGAD
counterparts. Applications of iLGAD range from tracking and timing applications like
determination of primary interaction vertex to medical imaging. The paper addresses the
optimization of the iLGAD structure with the aid of TCAD simulations, focusing on the electric
field profiles of iLGAD and LGAD microstrip structures and the corresponding gain. The
electrical performance of the first fabricated samples is also provided. For the first time, we
have experimental demonstrate the signal amplification of this novel iLGAD detectors.

KEYWORDS: Solid state detectors; Particle tracking detectors; Timing detectors; Avalanche
multiplication , Radiation-hard detectors.
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1. Introduction

Conventional avalanche detectors [1] integrated on P-type high resistivity substrates are based
on the local high electric field region where charge multiplication can take place. Electrons
generated by an incident particle in the depleted Silicon volume flows to the positively biased
shallow N-type diffusion and secondary ionization is found at the N'/P junction, provided the
electric field peak is high enough. These detectors derive from the PiN diode structure where no
multiplication is found until the reverse bias approaches the breakdown voltage of the device
with the subsequent sharp increase of the gain. PiN detectors provide information about energy
and position of the incident particles but the signal-to-noise ratio (SNR) is poor. Indeed, the
maximum reverse voltage capability of conventional detectors varies with the accumulated
radiation damage leading to possible device failure.

LGAD (Low Gain Avalanche Detector) structure [2] is designed to exhibit a moderate
gain with an almost linear evolution in a wide range of reverse voltage values. Moreover,
microstrip and pixel detector layouts with fine segmentation pitches can be easily obtained with
the LGAD approach with high SNR when compared with PiN detector. Therefore, precise
measurements of energy, position and time of arrival of the incident particles can be achieved
with LGAD designs. The process technology and design issues of LGAD detectors fabricated
on 300 pm substrates have already been discussed in the past [3]. Pad, pixel and microstrip
detectors have already been fabricated with voltage capability in excess of 1000 V, extremely
low leakage current values and gain in the 5 to 20 range. However, thick LGAD detectors suffer
from severe gain reduction when submitted to fluences higher than 1x10" cm® due to
displacement damage [4], which limits their use in extremely high radiation environments.
However, microstrip and pixel LGAD detectors are good for tracking and timing, primary
interaction vertex and medical applications where a high SNR is mandatory. Indeed, the LGAD
architecture can be applied to thin substrates (Silicon-on-Insulator with active Silicon layers of
some tenths of microns) [5], although a further optimization of the layout and the process
technology is needed.

Fabricated microstrip LGAD detectors exhibit non-uniform gain through each single
strip since the necessary P-type diffusion to provide multiplication is locally implanted in the
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central part of the strip. The iLGAD (Inverse LGAD) structure was developed for microstrip
and pixel designs with uniform gain. Initial optimization of the iLGAD structure was already
performed [6]. This paper describes the technology, the experimental performance and the
charge collection measurements of the first fabricated iLGAD detectors.

2. iLGAD Structure and Process Technology

Microstrip LGAD detectors were initially designed to be fully compatible with the standard
LGAD technology. The core LGAD microstrip schematic cross-section is plotted in Figure 1
(left) were three strips are included with a P-stop diffusion in between to prevent the formation
of a surface inversion layer. N on P microstrips are implemented with a shallow N* diffusion
overlapping the P-type multiplication diffusion. LGAD microstrips were fabricated with a total
detection area of 1 cm? and two different strip layouts: pitch of 80 um, N diffusion of 32 and
multiplication diffusion of 20 um and pitch of 160 um, N' diffusion of 112 pm and
multiplication diffusion of 100 um. Although the detectors had a voltage capability in the range
of 1000 V and a gain in the range of 10 in the center of the strip, strong gain decay was
observed at the edge of the strip [6]. This is basically due to the local multiplication diffusion,
which is narrower than the shallow N contact diffusion.

LGAD (N on P Microstrips) iLGAD (P on P Microstrips)
i S{p Stri: (\)N“m ; swe St 'SQOV\lIlm
ri
4+“—>
P-type Multiplication layer ~
300 um P () \ N 300 pm

P-type Multiplication Layer
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a) b)

Figure 1: Cross-sections of the core layout of LGAD (left) and iLGAD (right) microstrip designs.

The iLGAD structure is also based on the conventional LGAD process technology but
the segmentation is now located at the P" side, according to the schematic cross-section of the
core iLGAD depicted in Figure 1 (right). Therefore, the multiplication diffusions are no longer
locally performed and the gain is the same through the strip providing a position-sensitive
detector with uniform amplification wherever a particle hits the detector. Holes generated in the
depleted Silicon volume immediately flow towards the P* strips while electrons flow towards
the multiplication region where additional holes are generated reaching the P* strips after
traveling back through the depleted region. As a consequence, the collecting time is larger in the
iLGAD P on P miscrostrips when compared with the equivalent N on P LGAD microstrips.

The cross-section of the iLGAD structure is shown in Figure 2, where the different
diffusions and the periphery of the device are clearly detailed. The multiplication junction is
protected by a JTE N-type diffusion surrounding the multiplication area to ensure a high voltage
capability. The back side metal is only placed at the edge of the mutiplication area for not
masking the incident particles while the top side metal is segmented to define the microstrips.
Finally, a P* diffusion surrounding the microstrip area is implemented to extract the leakage
current generated at the device periphery. Although the iLGAD process technology requires



75  double side alignment and four additional mask layers, diffusion, implantation and thermal steps
76  are identical to those used in the LGAD fabrication process.
77
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79 Figure 2: Cross-sections of the complete iLGAD structure including edge termination and extraction
80 rings. Simulated paths of incident MIP particles are also indicated.
81 3. TCAD Optimization
82  The iLGAD optimization was performed once the doping profiles of the multiplication junction
83  are in agreement with those obtained from the LGAD fabrication process with the aid of
84  Secondary Ion Mass Spectrometry (SIMS) technique. Microstrip LGAD and iLGAD structures
85  were simulated in a 300 pm lowly doped P-type substrate to compare the gain uniformity in the
86  strips and its relation with the electric field distribution.
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88
89 Figure 3: Simulated electric field distribution at the first 50 um of the multiplication side in the three
90 incident particle paths depicted in Figure 2 for iLGAD (left) and LGAD (right) at 1000 V.
91
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Figure 4: Simulated gain evolution versus the applied reverse voltage for iLGAD and LGAD microstrips
as a function of the incident particle path (left) and simulated transient charge collection at the center of
the strip for iLGAD and LGAD structures at 800 V (right).

The simulated electric field distribution at the multiplication side for the three incident particle
paths depicted in Figure 2 is provided in Figure 3 at a reverse voltage of 1000 V. The electric
field distributions corresponding to the iLGAD microstips shows no difference between the
center of the strip, the edge of the strip and the inter-strip locations, thus providing a uniform
gain performance. On the contrary, the simulated electric field distributions corresponding to the
LGAD microstrips have a very different shape depending on the incident particle path. At the
center of the strip the electric field shape is the expected for multiplication but at the edge of the
strip and at the inter-strip regions there are no electric field peak and no multiplication can be
expected.

The comparison of the simulated gain evolution versus the applied reverse voltage in
iILGAD and LGAD microstrip structures is provided in Figure 4 (left). In the iLGAD
microstrips case, the simulated gain exhibits an almost linear evolution with slight difference
between the incident particle paths, ranging from 3 to 8. However, the LGAD microstrip
structure only exhibits gain if the particle hits the center of the strip. The simulated charge
collection evolution when the incident particle hits the center of the strip for iLGAD and LGAD
microstrips is shown in Figure 4 (right) at a reverse voltage of 800 V. The charge collection is
much faster in the LGAD case since the current is basically due to the electrons reaching the N
diffusion, although a tail can be distinguished as a consequence of the holes flowing back from
the multiplication N'P junction to the P’ contact. In the iLGAD case, the current mainly
corresponds to the holes flowing back from the multiplication N'P junction. The use of thinner
substrates will help in reducing the collecting time of the iLGAD structure.

4. Electrical Characterization

Fabricated iLGAD structures with pitch values of 80 and 160 um have been extensively
characterised to obtain the electrical and detection performances. Different implantation doses
were used for the creation of the P-type multiplication diffusion to determine the optimum
process technology in terms of minimum leakage current and highest gain in the linear region.
The experimental reverse blocking performance of iLGAD pad detectors from two wafers with
different implantation doses, close to the optimum value, are shown in Figure 5 (left). The
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measured leakage current of the iLGAD devices is in the range of 100-200 nA with a voltage
capability higher than 900 V.
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Figure 5. Experimental reverse blocking characteristics of three iLGAD microstrip detectors with a
detection area of 1.3x1.3 mm? for two different implantation doses of the multiplication diffusion (left)
and experimental capacitance evolution in three iLGAD microstrip detectors (right).

The capacitance measurements on three different iLGAD microstrip devices from the
wafer with the optimum implantation dose for the multiplication diffusion are shown in Figure 5
(right). The full depletion of the P-type multiplication diffusion is achieved at 35 V while the
full depletion of the high resistivity substrate is found at 70 V.

5. Experimental Observation of Charge Multiplication

A distinct and unambiguous signature of the presence of electron-driven avalanche
multiplication can be obtained from the shape of the transient-current induced by the injection
of electrons into the P* ohmic side. Such transient current presents two very distinct parts.
Initially, the early current is dominated by the drift of the primary carriers (electrons) towards
the multiplication junction; then, once the primary carriers reach that junction, the impact
ionization and the consequent avalanche carrier multiplication starts; at this time, the secondary
holes become dominant in the transient current; eventually, all the holes are collected at the P*
ohmic side and the transient current goes back to the DC level.

Electron injection experiments have been carried out using a conventional TCT system [7]
where the non-equilibrium charge carriers are generated by means of a picosecond red laser and
being the microstrip signal read through a channel whose bandwidth is limited by the detector
capacitance [8]. Three different detectors have been tested: a microstrip N on P detector (W2-
G9) without multiplication, a microstrip LGAD N on P detector (W3-H6) and a microstrip
iLGAD P on P detector.

As it is well known, the observed transient current can be described by means of the
Ramo’s theorem. In Figure 6 it is shown the transient current induced by a laser light with a
low-penetrating wavelength (670 nm) and with the laser beam impinging on the non-segmented
P" ohmic side of a standard microstrip PiN detector with a layout identical to that of a
microstrip LGAD. The observed current waveform is very peaked towards the end of the
electron drift as expected from the Ramo’s theorem since both the weighting and the electric



156  field are very peaked near the strip-like electrode; the primary electrons mostly induce this
157  transient current.
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163
164 Figure 7. Transient-current waveform corresponding to the electron injection into an N on P microstrip
165 LGAD detector (W3-HO6).

166 The analogous electron-injection transient-current waveform for a microstrip LGAD
167  detector can be observed in Figure 7. As already stated, the waveform duration is significantly
168  longer since now both primary electrons and secondary holes are contributing to the signal. The
169  drift of the electrons towards the segmented multiplication junction dominates the first part of
170  the transient-current waveform, up to about 15 ns. Once the electrons reach that junction the
171  avalanche process starts and secondary holes are then drifted towards the P" ohmic side and
172 inducing the second part of the waveform. For this device, the closeness of the electric and
173 weighting field peaks to the multiplication P-type diffusion makes the electron-injection
174  waveform very peaked around the multiplication onset time.
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Figure 8. Transient-current waveform corresponding to the electron injection into a P on P microstrip
iLGAD detector.
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Figure 9. Collected charge versus the reverse voltage for the standard microstrip PIN N on P detector.

Using this shape analysis technique, the signal amplification on a full-fledged iLGAD
detector (microstrip P on P LGAD) has been observed for the first time, as shown in Figure 8.
In this case, the peaks of the weighting and the electric fields do not overlap and, as a
consequence, the waveform presents a horns-like shape, being the first pole induced by the drift
of primary electrons and the second pole dominated by the drift of secondary holes generated by
impact ionization effect thus demonstrating the gain of the new microstrip iLGAD detector.

At the first pole, the laser-created primary electrons drifting from the segmented P* side
towards the non-segmented multiplication side mostly induce the current. Then (at 12 ns)
electrons reach the multiplication P-type diffusion and the drift of the secondary holes towards
the segmented P’ side starts (second pole). The weighting field peak is located near the P*
diffusion while the electric field peak is located at the multiplication junction, leading to the
horn-like shape.
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Figure 10. Collected charge versus the reverse voltage for the microstrip LGAD N on P detector.

In addition to the current waveform analysis, the dependence between the amount of
collected charge and the applied reverse voltage has also been measured. This dependence is
plotted in Figure 9 for the standard microstrip PIN N on P detector and in Figure 10 for the
microstrip LGAD N on P detector. As expected, once the detectors are completely depleted the
microstrip LGAD detector still increases the collected charge with the reverse voltage.

6. Conclusions

The paper describes the design, optimization, fabrication and electrical performance of the
microstrip iLGAD detectors addressed to tracking and timing in moderate radiation
environments, primary vertex interaction and medical applications. The segmentation of the P
diffusion instead of the multiplication region provides a uniform electric profile and gain
wherever the incident particle hits the detector, solving the main drawback of the microstrip
LGAD counterparts where gain is only found at the centre of the strips. TCAD simulations of
electric field distribution, gain and transient current collection have been used for the
optimization of the iLGAD structure. The first fabricated microstrip iLGAD prototypes exhibit
a leakage current as low as the microstrip LGAD with a voltage capability in the range of 900
V. Finally, the Transient Current Technique (TCT) has been used to corroborate the charge
collection capability of the fabricated prototypes where both electrons and holes contribute to
the detection current. Signal amplification has been observed in iLGAD structures for the first
time.
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