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a b s t r a c t
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.
& 2015 Elsevier B.V. All rights reserved.

1. Introduction
Low Gain Avalanche Detectors (LGADs) are attracting wide
interest within the HEP community [1].
These devices are similar to avalanche photodiodes (APDs)
normally used for light or X-ray detection [2]. Peculiar to LGADs
is that the gain layer doping proﬁle is engineered to yield a low
gain (from a few units to a few tens, compared to the relatively
higher gain of APDs, that can reach  1000). In fact, LGADs are
mainly intended to detect high energy charged particles, so that
their gain should compensate loss of signals due to two possible
reasons: the use of thin substrates and charge trapping, that is the
most severe phenomenon limiting detector performance at very
high irradiation ﬂuencies [3]. To this purpose, gain values of just a
few units, like those obtained from heavily irradiated n-on-p
sensors biased at very high voltage [4], would be sufﬁcient. On
the other hand, in order to boost speed properties for timing
applications, gain values in the range from 10 to 30 would be
desirable and are here considered as a target [5]. With such low
gains, standard read-out circuits could be used without risk of
signal saturation; moreover, low gain also ensures low excess
noise factor [2].
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The ﬁrst LGAD prototypes developed by CNM Barcelona [1] have
been characterized by several groups, showing very promising
performance. These devices are potentially able to provide concurrent very good position and timing resolution, a fact that could open
new opportunities in particle tracking detectors as well as in other
ﬁelds. Some studies have highlighted a severe gain reduction in
LGADs after irradiation [1,6], so radiation tolerance should be
thoroughly addressed in new device developments. In addition,
alternative design and fabrication approaches are necessary to pass
from pad detectors to strips and pixels. In fact, existing LGADs are
built with a single-sided fabrication process, and feature a blank
ohmic contact on the back side and read-out junctions on the front
side, embedding an additional doping layer to control the avalanche
multiplication mechanism and properly designed terminations to
prevent from early breakdown at the edge. This works well for pads,
but in case of patterned detectors it would lead to large spatial
nonuniformities in the signal amplitudes since charge carriers
collected at the junction edges would experience reduced (or even
null) multiplication. The problem is in fact not new: for fast X-ray
imaging applications, arrays of avalanche photodiodes featuring two
possible segmentation options (divided cathode and divided anode)
have already been proposed, but no details on the detector performance are reported [7].
In this work, we propose a modiﬁed, double-sided LGAD structure,
having a large multiplication region (n/p junction) on the back side
and ohmic read-out pixels on the front side. The device concept has
been validated with the aid of TCAD simulations, showing multiplication gains from a few units up to about 30 depending on the
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doping concentration of the multiplication layer and on the operational conditions. The design options and selected simulation results
will be presented, along with the proposed fabrication process to be
implemented at FBK (Trento, Italy).

2. Device description and fabrication strategy
In order to obtain charge multiplication at reasonably low
voltages, the avalanche process must be initiated by electrons,
that have higher ionization coefﬁcient than holes [2]. Therefore,
for highly segmented detectors like pixels, the only feasible option
consists in using p  substrates and fabricating a large, uniform
multiplication junction (n þ þ /p þ /p  ) on one side, and ohmic
pixels (p þ þ /p  ) on the opposite side. Since fast timing circuits
might be difﬁcult to embed in small pixels, the multiplication
region could also be patterned in macro-pixels (  1 mm2 area,
1 pF capacitance) with a small reduction of the geometrical
efﬁciency (  5%). By doing so, different functions could be divided
between the two sensor sides, using the pixelated ohmic side for
position resolution, and the macro-pixelated junction side for
timing resolution [8].
The schematic cross section of the proposed device is shown in
Fig. 1. The pixel side at the top is simple, since it just requires one
boron implantation or diffusion. On the contrary, the gain side is
quite complex, since it requires four different patterned doping
layers, to be obtained by a combination of ion implantation and
thermal diffusion: the gain layer is made by a thin n þ þ region and
an overlapping p þ region, the latter being the most critical for its
impact on the device gain and breakdown voltage. In addition, a
proper termination able to prevent edge breakdown is necessary.
Taking inspiration from power devices, this can be made of a deep
n þ region equipped with a metal ﬁeld plate, the so called JTE [9].
Moreover, another patterned p þ region (p-stop) is used to isolate
the n þ regions [10]. In the proposed device, p-stop is preferred to
p-spray in order for its doping proﬁle not to be overlapped to the
gain layer.
Not shown in Fig. 1, but essential for the device operation, is a
multiple guard-ring termination on the gain side, preventing early
breakdown at the periphery [11,12]. To this purpose, existing
designs, already tested at FBK and featuring breakdown voltages
higher than 1100 V, will be used.
The proposed device has some drawbacks: for pixels made on
the ohmic side, isolation requires full depletion and inter pixel
resistance after irradiation could be an issue; moreover, it is well
known that detectors with hole-reading electrodes are less radiation hard than their electron-reading counterparts. Nevertheless,
having timing resolution as the main long-term objective of our
project, this approach is deemed appropriate for applications
calling for moderate radiation hardness.
Devices will be fabricated at FBK leveraging on the strong
experience with Silicon Photo-Multipliers [13]. To control the
multiplication properties and the breakdown voltage, the Boron

Fig. 1. Schematic cross section of proposed double-sided pixelated low gain
avalanche detector (not to scale).

dose of the p þ gain layer will be used, hence it is the main process
parameter considered in the simulations. The ﬁrst batch of sensors
will be fabricated at FBK on relatively thick (275 μm) 6″ wafers, in
order to disentangle the issues inherent to LGAD operation from
those set by processing thin wafers. However, in order to improve
the timing performance, we aim at later work with thinner
( 100 μm) substrates. Processing 6″ wafers thinner than
200 μm is not easy and probably not compatible with most of
the automatic equipment in the fabrication laboratory. To address
this problem, we plan to use thin substrates having a support
wafer that should then be selectively removed by local etching
based on deep reactive ion etching (normally used for 3D detectors [14]) or chemical etching [15].

3. TCAD simulations
Simulations have been performed with the Sentaurus Device
program, incorporating parameters typical of FBK technology.
Depending on the type of simulations, different domains have
been used: in particular, 2D simulations were used to predict the
electrical characteristics of the devices (e.g., leakage current and
breakdown voltage). For the dynamic simulations (charge collection and gain), 2D simulations are not ideal since they do not
properly account for the lateral spread of charge clouds, thus
overestimating the effects of high charge concentrations [16]. To
this purpose, 3D simulations would be the best solution, but they
are very time-consuming due to the very large numbers of grid
points. Therefore, we have used 2D simulations with cylindrical
coordinates that are a good trade-off.
Results are here presented showing direct comparisons
between data relevant to the ﬁrst batch (275 μm thickness) and
the future one (100 μm thickness). Fig. 2 shows the breakdown
voltage as a function of the boron dose of the gain layer. The dose
dependence of the breakdown voltage is pretty high in both cases,
and more pronounced in the thicker device, thus conﬁrming the
need for ﬁne tuning of this parameter with process splits.
In order to compare the device performance for different
thicknesses, we considered two doses providing very similar
breakdown voltages of about 1050 V, i.e., 2.6  1012 cm  2 for
275 μm and 2.1  1012 cm  2 for 100 μm. Fig. 3 shows the leakage
currents as a function of voltage (I–V) in the two devices. Simulation results are scaled to pixels of 50  50 μm2 size. Of course,
larger current is observed in the thicker device, due to the larger
depletion volume. In both cases, impact ionization effects start
affecting the leakage current well below the breakdown voltage.
Fig. 4 shows the capacitance curves as a function of voltage
(C–V), which exhibit a two-phase behavior: at low voltage, the
gain layer is initially depleted, then the substrate is depleted until
the curves saturate at different values due to the different
thicknesses. The transition between the two phases correspond

Fig. 2. Breakdown voltage as a function of the boron dose of the gain layer for
100 μm and 275 μm thick sensors.
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Fig. 3. Leakage current as a function of reverse voltage for 100 μm and 275 μm
thick sensors.

Fig. 5. Gain as a function of reverse voltage for 100 μm and 275 μm thick sensors.
Data refer to the sensor response to a mip.

Fig. 4. Capacitance as a function of reverse voltage for 100 μm and 275 μm thick
sensors.

Fig. 6. Excess noise factor as a function of gain calculated analytically according to
McIntyre's theory [16] for the two devices of different thickness, and ﬁtting line of
Eq. (1) for k ¼ 0.22.

to a sharp decrease in the capacitance, that takes place at a slightly
lower voltage in the 100 μm thick device due to the lower boron
dose. From the 1/C2 V curves (not shown), the full depletion
voltages are found to be 40 V and 170 V for the 100 μm thick and
the 275 μm thick devices, respectively.
Simulations also demonstrated that the gain layer can be
patterned in macro-pixels without compromising the high voltage
capability of the device. In fact, the breakdown voltage of JTEs
separated by a p-stop is higher than 1200 V.
As for the charge collection properties, Fig. 5 shows the gain as a
function of the voltage, as obtained by simulating the collected
charge in case the sensor is hit by a minimum ionizing particle (mip).
Particle hit was simulated using the Heavy-Ion model available in the
simulator: the released charge was 80 electron–hole pairs per
micrometer and the spatial distribution was Gaussian in a region of
1 μm diameter around the track. The gain was calculated as the ratio
of the collected charge values obtained by activating the avalanche
model divided by those obtained without avalanche multiplication. It
can be seen that gain values in the order of 15 can be obtained at
high voltages in both cases, but with different trends. In fact, for the
100 μm thick device, the gain remains relatively low up to 800 V, and
then sharply increases at higher voltage (a similar behavior can be
observed in the I–V curves in Fig. 3). This is due to the lower boron
dose, which requires higher voltages to reach the electric ﬁeld values
necessary for signiﬁcant charge multiplication. It should also be
noticed that, in spite of the relatively low amount of charge released
by a mip, high charge concentrations in the gain layer cause a small
reduction of the electric ﬁeld ( 2 kV/cm), yet high enough to slightly
reduce the gain, because of the exponential dependence of the
ionization coefﬁcients with the electric ﬁeld. Care should therefore
be taken when measuring LGADs with lasers or alpha particles, for
which this effect might be much more pronounced.
The gain was also calculated analytically using McIntyre model
[17], and it was found in excellent agreement with the simulated one.
The model was also used to predict the excess noise factor (F) that
takes into account the statistical nature of impact ionization processes

and the ﬂuctuations in the actual value of the multiplication gain (M).
F depends on M and on the ratio between the ionization coefﬁcients of
holes and electrons (k) [16]. As can be seen in Fig. 6, no appreciable
differences are observed in the values of F between devices of different
thickness, since the value of k is practically the same for both devices.
In fact, both data sets are well ﬁtted by the same curve representing
the following equation [17]:


1
F ¼ M Ukþ 1
U ð1  kÞ
ð1Þ
M
for a value of k¼ 0.22. Such a value is about ten times higher than
those typical of low-noise APDs, but still good enough for the
applications of interest.
The simulated signal current waveforms at different reverse
voltages are shown in Fig. 7. In the 275 μm thick device, current
pulses have a peak at about 4 ns and a total width of almost 10 ns
even at 800 V, due to the drift time of the multiplied holes through
the substrate. As expected, much faster ( 3 times) signals are
observed in the 100 μm thick device, with a pulse width of about
3 ns regardless of the voltage, as a result of the smaller distance
holes have to travel and to their faster drift at the saturation
velocity that is achieved already at low voltage.
These results are promising in view of obtaining LGADs with
very good timing resolution. Nevertheless, it should be noticed
that these simulations were carried out on a domain corresponding to pad structures, for which the weighting ﬁeld pattern is
much more favorable than that of pixel detectors. If electrode
segmentation is considered, the current signals can be signiﬁcantly delayed in case of thick substrates.
As an example, Fig. 8 shows the signals simulated with the
software Weightﬁeld [18], comparing pad and pixel sensors, the
latter with 50 μm pitch, with both 275 μm and 100 μm thickness.
The gain is set to 15 for both devices. It can be seen that for thick
sensors the p þ electrode segmentation results in a signiﬁcant
delay of the signal, as well as in a shape that is not suitable for

Please cite this article as: G.-F. Dalla Betta, et al., Nuclear Instruments & Methods in Physics Research A (2015), http://dx.doi.org/
10.1016/j.nima.2015.03.039i

G.-F. Dalla Betta et al. / Nuclear Instruments and Methods in Physics Research A ∎ (∎∎∎∎) ∎∎∎–∎∎∎

4

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 1000 V, with reasonably low excess noise factor.
The wafer layout of the ﬁrst batch of the proposed sensors, to
be fabricated at FBK on 275 μm 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 μm thick sensors, that
will be fabricated in the second batch.
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