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We report on electrical and charge collection tests of silicon sensors with internal gain as part of our
development of ultra-fast silicon detectors. Using C-V and a TCT measurements, we investigate the non-
uniform doping profile of so-called low-gain avalanche detectors (LGAD). These are n-on-p pad sensors
with charge multiplication due to the presence of a thin, low-resistivity diffusion layer below the
junction, obtained with a highly doped implant. We compare the bias dependence of the pulse shapes of
traditional sensors and of LGAD sensors with different dopant density of the diffusion layer, and extract

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

We propose an ultra-fast silicon detector (UFSD) that will estab-
lish a new paradigm for space-time particle tracking [1]. Presently,
precise tracking devices determine time quite poorly while good
timing devices are too large for accurate position measurement. This
fact is imposing severe limitations on the potential of many applica-
tions ranging from medical positron emission tomography (PET) to
mass spectroscopy or particle tracking.

We plan to develop a single device able to concurrently measure
with high precision the space (~10 pm) and time (~ 10 ps) coordi-
nates of a particle. Our analysis of the properties of silicon pixel
detectors, which already have sufficient position resolution, indicates
that it is possible to improve their timing characteristics to achieve
this goal. In order to obtain the high signal-to-noise ratio (S/N)
needed for UFSD, we will use and control the silicon sensors internal
charge multiplication mechanism. This is a recent, very active field of
investigations within the CERN based RD50 collaboration [2].

The development of UFSD research is poised to open up a range
of new opportunities for applications that benefit from the
combination of position and timing information. As explained in
more detail in Ref. [3], UFSD will help sharpen PET images and
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monitor more accurately the dose delivered in cancer treatment.
UFSD will increase the precision of time of flight (ToF) measure-
ment in applications like mass spectroscopy, robotic vision and
particle identification. Additionally, UFSD can improve particle
tracking by suppressing random accidental coincidences in high-
rate experiments as planned in High-Energy Physics.

UFSD are pixelated silicon sensors based on the LGAD design. In
the following, we describe the principle, properties and expected
performance of the UFSD. Then, we discuss the observation of
internal gain in silicon sensors, a crucial part of UFSD, and the
description of LGAD. We present data on I-V and C-V measure-
ments, correlated with results from o TCT measurements, which
provide both pulse shape and charge collection information and
allow determination of the gain.

2. Principle of UFSD

High-rate operation of silicon sensors faces the obstacle that the
drift velocity in silicon saturates at about 107 cm/s, and thus the
collection time of electrons inside a silicon layer of 300 um thick-
ness is limited to ~3 ns. Fast silicon sensors need therefore to be
very thin and be able to function even though the charge collected
is reduced with respect to that of thicker sensors. However, since
the time resolution of a sensor depends on the signal-to-noise ratio
SIN, the charge collected from a thin active layer might not be
enough to achieve good time resolution. To overcome this limita-
tion, we propose to exploit charge multiplication to increase the
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charge yield of very thin silicon sensors so that they can be used in
ultra-fast timing applications [1,3].

2.1. Internal gain in silicon sensors

It has been demonstrated that in silicon sensors the charge
multiplication factor, which is responsible for the charge gain
(similar to the first Townsend coefficient [4] in gas multiplication),
has an exponential dependence on the electric field [5,6]. Close to
breakdown, at an electric field of E=300 kV/cm, the achievable
multiplication reaches ~0.66/um for electrons and ~0.17/um
for holes.

As shown by simulation [7], planar sensors with uniform low
doping density cannot obtain such an extended high-field region
needed for avalanche charge multiplication. Moderate internal
gain has been observed in silicon sensors after irradiation by
several groups due to the non-uniformity of the electric field
[8-11]. Thus, in order to have silicon sensors with internal gain, a
non-uniform doping profile similar to silicon photomultipliers
(SiPM) [12,13] or multi-pixel photon counters (MPPC) [14] is
required, as explained in the next section.

2.2. Low-gain avalanche detectors (LGAD)

Low-gain avalanche detectors (LGAD), as developed by Centro
Nacional de Microelectronica (CNM) [15,16], are n-on-p silicon
sensors with a 300 um thick high-ohmic Float Zone (FZ) p-bulk
which have a p+ implant extending a few microns underneath the
n-implant. This implant generates a large local field at a depth of
about 1-5 pm, as shown in Fig. 1 [7]. The doping concentration of
the p+ implant is chosen to generate a gain of 10-100, in contrast
to a gain of 10* or more in SiPM and MPPC. LGAD sensors work by
inducing multiplication for electrons, while the multiplication of
holes, given the field and depth values involved, is less important.
Therefore, LGAD sensors do not have a large positive feedback loop
formed by concurrent electron and hole multiplication processes,
present in SiPM, which causes the avalanche and the subsequent
dead time. At sufficiently high bias voltage, the drift field in the
remainder of the 300 um deep bulk can be almost as high with the
p+ implant (“Gain”) as in sensors without it (“No Gain”), and thus
the large drift field > 20 kV/cm needed for fast collection of the
charges [17] can be established.

2.3. Gain requirements for ultra-fast timing

Charge multiplication in silicon sensors allows increasing the
signal-to-noise ratio S/N as long as the extra noise due to the
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Fig. 1. Simulation of electric field profile in a LGAD (“Gain”) for several bias
voltages compared to the field in a pad sensor without gain (“No Gain”) [7].

multiplication process is small, which is true for fast sensors with
shaping time below 1 ns, gain of about 10, and leakage current of
the order 1 nA per pixel or less [18].

The time resolution o, ignoring small effects due to TDC
binning, can be parameterized as:

N \2 /aSSy \2]"
Ot = ETR + ?TTR >

where S is the pulse amplitude, zy its rise time, N the jitter due to
the electronic noise and AS/S the time walk due to the amplitude
dispersion from the Landau distribution [19] with respect to a fixed
threshold Sgp,,. In the following, the rise time will be set equal to the
collection time to get optimal timing performance, and this corre-
lates the rise time and the sensor thickness. Following
Ref. [20], we will assume (i) a noise N=1000e~ at a shaping time
of 500 ps, and (ii) the noise scaling like 1/v/zz with the shaping
time. These assumptions are consistent with the measured noise on
the ATLAS pixels [21]. Furthermore, when assuming (iii) the thresh-
old be set at 10 x N to suppress noise counts, and (iv) a reduction of
the time walk by a factor CFD due to the use of a constant fraction
discriminator [20], the time resolution can be expressed as:
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For high-rate sensors, we look for the fastest rise time with a
realistic S/N > 30. Then the time resolution depends on the gain as
shown in Table 1, with a marked improvement with the use of a
constant fraction discriminator even with a modest CFD=1/3. For
a gain G=10, a rise time of 7g=800 ps and a sensor thickness of
36 um the time resolution will be 30-40 ps.

3. Electrical properties of low-gain avalanche detectors
(LGADs)

The electrical properties of LGADs are probed with current-bias
voltage (I-V) and capacitance-bias voltage (C-V) measurements.
Under the assumption of a uniform planar diode, the C-V data are
used to extract the depth of the depleted region x and an estimate
of the doping profile.

3.1. Comparison with no-gain diodes

Fig. 2 shows a comparison of C-V curves between a LGAD and a
pad sensor without gain. The bias dependences of 1/C? (Fig. 2a)
and of the depth of the depleted region (Fig. 2b) shows for the
LGAD a shift in the depletion of the bulk due to the need to deplete
the p+ implant located directly below the junction. The apparent
step in the capacitance curve at bias of ~100V for the LGAD and
~50V for the no-gain pad (corresponding to an apparent depth of
the about 200 um in both sensors) is still being investigated but it
is believed to be caused by a fairly complex interplay between the
oxide charge on the surface and the deep implant at the edge of
the n+ electrode in the process of lateral depletion [7].

Table 1
Time resolution for fastest rise time allowed by S/N > 30 as a function of gain.

Gain Thickness Time resolution [ps]
G [ps]  [um]
No CDF CFD=1/10 CFD=1/5 CFD=1/3
1 3000 130 282 132 139 154
10 800 36 85 30 33 40
100 200 9 29 7.5 9.0 11.6
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Fig. 2. Electric parameters of two pad sensors with (LGAD) and without gain: (a) 1/C? vs. bias voltage and (b) the depth of the depleted region.
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Fig. 3. Electric parameters of two LGAD pad sensor with gain: (a) I-V curves (b) doping density, N, within the p+ implant depth vs. depth extracted from the C-V data.

3.2. Comparison of LGAD with different leakage currents

It has been argued that the leakage current in LGAD should be
subject to the same multiplication factor as the particle signals
[22]. We have investigated two LGAD with leakage currents
differing by a factor of about 100 (Fig. 3a) to verify that. We
observe good breakdown behavior up to 900 V. We extract the
doping density from the C-V measurements using the fact that the
slope of the 1/C? vs. V curve is related to it. The data indicate a
doping density about 10% higher in the low leakage current device
W8-C8 with respect to the high current device W7-14 (Fig. 3b). The
p+ doping excess of W8-C8 over W7-14 inferred from the
manufacturing data was 20% [23]. For the no-gain diode W9-E10
the doping density is measured to be constant at 2 x 10’2 cm 3 up
to 2 um from the junction, the smallest depth we could measure.

From these observations we can conclude that the diode with
higher dopant concentration has significantly smaller leakage
current, indicating no correlation between these parameters.
On the contrary, there is expected correlation of the doping
density with gain, as it is shown in Section 4.

4. TCT in un-irradiated LGAD and no-gain sensors

We expect the pulse shapes in charge collection studies to
reveal details of the charge collection dynamics in the sensors.
Both LGAD and no-gain pad sensors with the same geometrical
details are used in a time-resolved charge transient (TCT) study

with o particles from an Am(241) source. The sensors are read out
with a MiteQ amplifier AM-1607-3000, which has a gain of 40 dB
and a band pass of 10 kHz to 3 GHz. The output of the amplifier is
connected to a Tektronics oscilloscope DPO 7254 with 2.5 GHz
bandwidth. The « particles enter in the low-field region on the
backside of the sensor (on the right in Fig. 1), where they are
absorbed within a few microns. Current vs. time waveforms are
recorded during the drift through the entire bulk and the high-
field region to the front of the sensor (on the left in Fig. 1). In TCT
language this is called electron injection.

4.1. Pulse shapes in a TCT

Fig. 4 shows pulse shapes at two different bias voltages for the
two LGAD discussed in Section 3.2 and a no-gain diode. At a bias
above 900V, the pulse durations of all 3 sensors reach their
minima due to saturation of drift velocity. All pulses are char-
acterized by a leading part of about 3 ns duration which can be
identified with the drift of the primary electrons. In the following,
it is called the “initial pulse”. For the LGAD, the initial pulses are
followed by a longer signal from the electrons and holes generated
in the charge multiplication, with the holes taking about 2 ns
longer than the initial pulse duration to drift back to the back
plane. This signal from the multiplication process is absent in the
TCT signal of the no-gain diode, and varies in strength between the
two LGADs selected. The collected charge is calculated separately
for the initial pulse and for the total pulse by integrating them and
dividing them by the input resistance of the amplifier (50 Q).
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Fig. 4. o TCT pulse shapes from electron injection for two LGAD and a no-gain
diode at two bias voltages.
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Fig. 5. Initial « TCT pulse shapes from electron injection for two LGAD and
a no-gain diode at 1000 V bias.
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Fig. 6. Bias dependence of initial pulse charge and the total charge for two LGAD
with a 20% different p+ implant dose and the total charge of a no-gain diode.

4.2. The initial « TCT pulse

The initial pulses of the LGAD are compared in Fig. 5 with the
total pulse of the no-gain diode. For the first three ns, the three
pulses match very well, proving their common origin. The charge
in the initial pulse of the LGAD can be determined only up to the
“cut-off” time when the pulse due to the multiplication process
starts. This deficit in the charge of the initial pulse of the LGAD can
be corrected by estimating the fraction of charge in the pulse of
the no-gain diode beyond the cut-off time. The correction factor
amounts to 1.13 for W8-C8 and 1.06 for W7-I4, respectively. The

collected charges for the initial pulses of the LGADs and the total
pulse of the no-gain diode are shown in Fig. 6 as a function of bias
voltage. The bias voltage dependence is less than 1%, and the
averages of the three agree within 5%. These results validate our
identification of the initial pulse with the initial electron drift, for
which the collected charge should be independent of the bias
voltage. They also indicate that the systematics of our a TCT set-up
are under control.

The collected charge of the no-gain diode corresponds to an
absorbed energy of 2.92 MeV, about 54% of the « energy from the
Am(241) decay. The energy difference can be explained by energy
losses in the Pd window of the source, in the air and in a thin inert
Si layer in the detector.

4.3. Gain derived from a TCT pulse shapes

The collected charge of both initial pulse and the total pulse are
shown in Fig. 6 as a function of the bias voltage. The total charge
for the LGADs increases monotonically with bias, while the initial
pulse charge is constant, as mentioned before. Defining the gain as
the ratio G=(total charge)/(corrected initial charge), we observe
an almost linear increase in gain when increasing the bias from
200V to 1000 V: from G=8.0 to G=13.6 for W8-C8 and G=2.5 to
G=3.0 W7-I4. Even at a low bias voltage of 90 V, we observe a gain
G=6 for W8-C8. There is clearly a difference in gain between the
two LGAD shown: G(W8-C8)/G(W7-14) ~ 4 at 1000V bias. Given
that W8-C8 has much lower current than W7-14, as mentioned in
Section 3.2, the data do not support the notion that the leakage
current scales with the gain.

On the other hand, as mentioned before, W8-C8 has a higher
p+ implant dose than W7-I4. Taking the increase in p+ dose to be
20% as in the fabrication specifications, this corresponds to a gain
increase of AG/G=0.15 for 1% increase in p+ dose, showing the
extreme sensitivity of the gain on the p+ dose, which also has
been reported in Ref. [23].

5. Conclusions

We are pursuing the development of ultra-fast silicon detectors
UFSD, which are estimated to be able to reach 10 ps timing
resolution in addition to the fine spatial resolution typical for
silicon sensors. A crucial part of UFSD is the use of sensors with
internal gain.

We investigate the correlation between required shaping time,
sensor thickness and the expected time resolution for sensors as a
function of the gain.

Low-gain avalanche detectors (LGAD) have been identified as
suitable candidates for UFSD. In electrical testing of the LGAD, we
find high breakdown voltages in I-V curves and strong non-linear
effects in C-V measurements due to the non-uniformity of the
doping profile.

We analyze pulses in o TCT study in terms of the charge
collection during the initial electron drift and the subsequent
collection of electron and holes generated in the charge multi-
plication process. This allows the normalization of the gain, which
is rising almost linearly with the bias.

We find a strong dependence of the gain on the dose of the
low-resistance p-implant, which is responsible for the gain pro-
cess. Differences up to a factor of 4 were measured for diodes with
doping density difference of 20%.

We do not find the level of leakage current to be correlated
with the gain values for the sensors we measured.

The highest gain measured in our samples was about 14 at
1000 V bias for the LGAD sensor with low leakage current and high
p+ implant dose.
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