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A B S T R A C T

The Phase-2 upgrade of the Large Hadron Collider (LHC) to High-Luminosity LHC (HL-LHC) allows an increase
in the operational luminosity value by a factor of 5–7 that will result in delivering 3000 fb−1 or more integrated
luminosity. Due to high luminosity, the number of interactions per bunch crossings (pileup) will increase up
to a value of 140–200. To cope with high pileup rates, a precision minimum ionising particles (MIPs) timing
detector (MTD) with a time resolution of ∼30–40 ps and hermetic coverage up to a pseudo-rapidity of |𝜂| = 3
is proposed by the Compact Muon Solenoid (CMS) experiment. An endcap part (1.6 < |𝜂| < 3) of the MTD,
called the endcap timing layer, will be based on low-gain avalanche detector (LGAD) technology. LGADs
provide a good timing resolution due to a combination of a fast signal rise time and high signal-to-noise ratio.
The performance of the ETL depends on optimising the crucial features of the sensors, namely; gain, signal
homogeneity, fill factor, leakage current, uniformity of multiple-pad sensors and long term stability. The paper
mainly focuses on the study of the fill factor of LGADs with varying temperature and irradiation at varying
proton fluences as these sensors will be operated at low temperatures and are subjected to a high radiation
environment.

The 3.1 production of LGADs from Hamamatsu Photonics K.K. (HPK) includes 2x2 sensors with different
structures, in particular, different values of narrower inactive region widths between the pads, called the
no-gain region. In this paper, the term interpad-gap is used instead of no-gain region in order to follow the
conventional terminology. These sensors have been designed to study their fill factor, which is the ratio of the
area within the active region (gain region) to the total sensor area. A comparative study on the dependence of
breakdown voltage with the interpad-gap width for the sensors has been carried out. Using infrared light (as the
electron–hole pair creation by IR laser mimics closely to the traversing of MIPs) from the Scanning-Transient
Current Technique (Scanning-TCT) set-up shows that the fill factor does not vary significantly with a variation
in temperature and irradiation at high proton fluences.
. Introduction

The High Luminosity Large Hadron Collider (HL-LHC) run, also
nown as the Phase-2 operation of the LHC, will start after Long
hutdown 3 (LS3). During the HL-LHC phase, the number of interac-
ions per bunch crossing (pileup) will increase to an average value of
40, corresponding to a nominal luminosity of 5.0 × 1034 cm−2s−1.
he amount of collected data corresponding to an integrated luminos-

ty of 3000 fb−1, will increase the precision of the Standard Model
easurements, such as, the search for di-Higgs production and direct
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measurement of the Higgs self coupling which is one of the main priori-
ties of the HL-LHC physics program. The HL-LHC will also increase the
sensitivity for Beyond Standard Model searches, such as, electroweak
SUSY chargino–neutralino production [1]. Due to increased pileup,
the spatial overlapping of the tracks and energy deposition will cause
a degradation in the particle identification and reconstruction of the
tracks during the hard 𝑝𝑝 interaction. Therefore, the upgraded detector
must be able to survive and function efficiently in the harsh radiation
environment.
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In the upgrade plan for the HL-LHC run, the Compact Muon
olenoid (CMS) experiment will install a precision minimum ionising
articles timing detector (MTD) to measure ionising particles with a
ime resolution of nearly 30–40 ps, degrading slowly to a magnitude
f 50–60 ps due to radiation damage. The MTD will allow time of
rrival (ToA) measurements that can separate the collisions very close
n space as well as in time with a hermetic angular coverage up to a
seudo-rapidity of |𝜂| = 3 [2].

The MTD is located between the tracker and the electromagnetic
alorimeter of the CMS experiment. It will consist of a barrel (|𝜂| < 1.5)
nd an endcap part (1.6 < |𝜂| < 3), as shown in Fig. 1. The endcap part
f the MTD, known as the endcap timing layer (ETL), will be based on
ow gain avalanche detector (LGAD) technology.

Fig. 2 shows the cross-sectional view of the active thickness of an
GAD (without the support wafer). The high electric field region in the
oderately doped p-implant allows impact ionisation which gives rise

o the multiplication of charge carriers generated within the bulk of the
etector. This multiplication process provides the gain to the detector;
herefore, the p-implant is also known as the gain/multiplication layer.
he gain provides a fast signal rise time with a good timing resolution,
s well as a sufficiently high signal even after irradiation. The area
nder the multiplication layer consists of a full-gain region and a
mall transition region. The full-gain region is the area under the
ultiplication layer that corresponds to a high and uniform electric

ield within a fully depleted bulk. The transition region corresponds to
he low electric field section within the p−-substrate of the detector [4].
he no-gain region is the distance between the gain region of the two
djacent pads of the sensor. The no-gain region consists of deep n-
oped implants, called junction terminal extension (JTE), at the edges
urrounded by a p-stop implant to improve the breakdown behaviour
f the detector.

As per the convention, the authors have used the term interpad-
ap instead of no-gain region. There are two interpad-gap values. One
s the nominal interpad-gap and the second is the measured interpad-
ap. The nominal interpad-gap refers to the actual distance between
he gain region of the adjacent pads as per the actual design layout of
he sensors. The measured interpad-gap is the actual effective value we
btain by measuring with the help of the IR laser in the scanning-TCT
et-up.

The timing resolution and performance of the ETL depend upon
he design of the sensor. These objectives can be achieved by studying
nd optimising some of the crucial features of the LGADs, which are:
i) high gain and low noise as the sensors must provide large signals
n order to have an excellent timing resolution, (ii) high fill factor to
ncrease the number of two hit tracks, (iii) wafer uniformity, quality
f multi-pad sensors and single pad leakage current to ensure that
ll sensors have the same gain and provide uniform charge collection
fficiency, and therefore an equal timing resolution, (iv) a high hit
fficiency which can be achieved only if the gain is uniform within the
ndividual pads and the signal is uniform across the whole sensor, so
hat all hits are above the threshold, and (v) a long-term stability since
he stability of the sensors may be affected by annealing effects [5].

In this paper, the authors have focused on the study of fill factor,
hich is the ratio of the active area (= area of gain region) and the total

ensor area. This value can be less than 100% due to the edge width
nd the no-gain region between the adjacent pads within the sensor
shown in Fig. 2).

The 3.1 production batch LGADs provided by one of the vendors,
amamatsu Photonics K.K (HPK), have been studied in this paper. The

pecification of the samples are described in Section 2. The sensor
eometry plays a significant role in determining the fill factor, which
n turn affects the efficiency and the performance of the detector. The
ill factor depends upon the active area (gain region) of the sensor.
herefore, there is a need to optimise the active area of the sensor
hich is affected by the nominal interpad-gap. Further, the design

f the gain termination region also affects the breakdown voltage of

2

he sensor (shown in Section 3.1). Therefore, the aim of the study is
o investigate the geometry of the sensors, specifically the nominal
nterpad-gap.

Furthermore, since the gain of these sensors depends upon tem-
erature and proton fluence of irradiation, the measured interpad-gap
nd fill factor have been studied with these varying factors by using
he Scanning Transient Current Technique (TCT) set-up (shown in
ection 3.2).

. Samples measured

The samples measured are LGADs from the HPK 3.1 production
atch. The design of the sensors studied are mentioned in the 2019
MS MTD Technical Proposal (TP) [2]. The thickness of the active p-
ype bulk (p−-substrate shown in Fig. 2) region of the sensors is 50 μm.
s shown in Fig. 3, the sensors have four pads (2 × 2) with a common
uard ring around them. Each of the pads has an area of 1 × 3 mm2.

The samples differ in their nominal interpad-gap values.
The nominal values of interpad-gap are 30, 50, 70 and 95 μm,

respectively. The sensors have been categorised into two types: Type
A and Type B on the basis of the presence of a broad metallisation area
above the active region of the sensor (as shown in Fig. 3).

3. Measurements

3.1. IV–CV measurements

Capacitance versus voltage (CV) and current versus voltage (IV)
measurements were performed at the probe station in the Detector
Laboratory of the Helsinki Institute of Physics, Finland.

For IV measurements, bias voltage is provided to the back-plane
of the sensor through the probe station chuck by the Keithley 2410-C
SourceMeter, which can provide voltage within the range of ± 1000 V.
A Keithley 6487 picoammeter is used to measure the pad current
through a probe needle attached to the pad of the sensor while Keithley
2410-C SourceMeter is used to measure the total current of the device.

For CV measurements, the device was connected by a probe needle
through an isobox that couples the signal from an Agilent E4980A
Precision LCR meter to the high bias voltage, supplied by Keithley
2410-C, and filters the bias voltage out of the capacitance meter.
Capacitances were recorded at an AC frequency of 10 kHz. The plot for
the inverse of square capacitance versus voltage from CV measurements
shows that the full depletion voltage of the gain layer (VGL) and the
entire bulk of the detector (VFD) are of a magnitude of 38 V and 49 V,
respectively (shown in Fig. 4).

IV measurements of type A and B sensors with varying nomi-
nal interpad-gaps were performed in two different modes depending
upon the floating/grounding configuration of the remaining pads while
current was read out from one of the pads (shown in Fig. 5). The
sensors have a breakdown voltage of 220 V. The breakdown voltage
is independent of the floating and/or grounding configuration of the
remaining pads for sensors with 50, 70 and 95 μm nominal interpad-
gap; but is not the same for the ones with 30 μm nominal interpad-gap.
It is clear from Fig. 5a that the sensor with 30 μm nominal interpad-
gap has a breakdown voltage of about 120 V if the remaining pads
are floating. This shows that the breakdown voltage is dependent upon
the design of the gain termination region and the nominal interpad-gap
value. The gain termination region consists of the edge termination and
the peripheral regions. As a consequence of the fabrication process,
at a high operational reverse bias voltage, the electrostatic potential
increases at the n+-p junction edge which causes a local increase of
the electric field in this region. The edge termination region consists
of the JTE which lowers the electric field at the n+-p junction cur-
vature and ensures a uniform electric field profile at the edges of the
active region of the detector. Further, after fabrication, the field oxide
contains a certain concentration of positive oxide charges within its
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Fig. 1. CMS MTD design layout showing the positioning of its barrel and endcap part [3].
Fig. 2. Cross-sectional view of the active thickness (without support wafer) illustrating the gain and no-gain regions across two adjacent pads of an LGAD.
Fig. 3. HPK 3.1 production sample with 2×2 pads showing sensors (a) with broader metallisation region on pads and small optical slit running across adjacent pads (Type A) and
b) individual pads with wider optical opening (Type B).
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olume, which induces an accumulation of negative charges at the
urface of the peripheral region. This subsequently generates a shallow
nversion layer in the low doped p−-substrate which is responsible for
he increase in surface currents. However, the p-stop implant in the
eripheral region provides a solution to eliminate the surface current
ath by preventing an accumulation of negative charges [6]. Therefore,
he optimum electrical performance of LGADs requires, apart from an
ccurate control of the multiplication layer, a careful optimisation of
he edge termination and peripheral regions in order to make sure that
here is no premature breakdown or rise in the surface leakage current
evels.
 s

3

It also shows that the grounding of adjacent pads is crucial in
rder to avoid very early breakdown for sensors with narrower nominal
nterpad-gap. In practical operation, the metallic contacts over the
ndividual pads and the guard rings of the sensors would be bump-
onded to the read-out chip (ROC). The electrical connection for each
ensor is such that the guard ring is grounded while each of the pads is
erminated as they are bump-bonded to the ROC amplifier input which
rovides a virtual ground to the individual pads. If there are any dead
ump-bonds, it would mean that the pads will be left floating. There-
ore, it is relevant to check whether the breakdown voltage is affected
f the pads are in grounding/floating mode configuration; especially
ince all the pads are read out simultaneously. Further, Fig. 5a and b
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Fig. 4. Capacitance−2 versus voltage plots for HPK 3.1 production sensors showing the
etermination of the full depletion voltage of the gain layer and the entire bulk of the
ensors with different nominal interpad-gaps.

how that, irrespective of the floating/grounding configuration of the
djacent pads, the breakdown voltage is not dependent on the presence
f a broad metallisation over the active region of the sensor.

.2. Scanning-transient current technique measurements

TCT is a method commonly used for electrical characterisation of
emiconductor detectors. In TCT, a fast pulsed IR laser is used to
mitate the crossing of MIPs through the detector [7]. The current
nduced by this pseudo-track, due to the charge carriers generated by
he photons traversing the bulk of the depleted region, is amplified and
ime resolved using a wide band oscilloscope. On studying the shape of
he induced current one can deduce information of the electric field,
oping and charge collection efficiency properties of the detector [8].

The measurements in this study were performed by a Particu-
ars d.o.o. (Ljubljana, Slovenia) based Scanning-TCT setup [9]. Optical
xcitation was performed with an infrared (IR) laser (𝜆 = 1064 nm)

directed on the optical opening in the front side plane of the sensor. The
measurements were performed at a low laser intensity equivalent to the
charge deposition of 4–5 MIPs, in order to study the effect of charge
multiplication due to the gain layer. The reverse bias voltage is applied
to the back-plane of the sensor while the transient signal is read from
the front side with the n+ implant. The laser illumination generates
charge carriers within the bulk of the active depleted region. Usually in
PIN diodes, the transient current signal read out is due to electrons and
holes. In case of LGADs, the resulting signal read out by an oscilloscope
is a fast signal, mainly due to holes generated by the gain layer that drift
to the p+ electrode (shown in Figure 5 of Ref. [10]). The signal lasts
for 2.5 ns due to the sensor thickness (Figure 6 of Ref. [11]).

In addition to the IR laser, the other components in the mea-
surement setup were focusing optics, a sample holder mounted on a
XYZ stage for scanning the entire surface of the detector, a Keithley
2410 1100 V Sourcemeter unit, 180 V (maximum allowance) Bias-Tee,
a wide band current amplifier with a Tenma power supply, a LeCroy
WaveRunner 8404M-MS 4 GHz oscilloscope and a PC and DAQ with
LABview based software. The repetition rate of the laser is adjustable
from 5 kHz to 500 kHz. In order to obtain the measured interpad-gap
profile, the laser was illuminated through the optical opening of the
sensors and was scanned across two adjacent pads over 1000 μm with
a step size of 2 μm. During the measurement campaign, an average of
more than four hundred waveforms were recorded at each scanning

point by the oscilloscope.

4

The laser pulse was transmitted to the detector by an optical fibre.
The interpad profile observed in the TCT scan is a convolution of a step
function and the Gaussian beam of the IR laser resulting in a S-curve
(as shown in Fig. 6a). The curve fitting function is an error-function of
the form

𝑓 (𝑥) = 𝑎 +

[

𝑏
2
× erf

{

√

2(𝑥 − 𝑐)
𝑑

}

]

(1)

The step ends (= gain layer ends) at 50% of the convolved function
relative to its maximum value. This 50% value of the convolved func-
tion (S-curve) is determined by parameter 𝑐 of Eq. (1). We compute
the measured interpad-gap width as the distance between the 50%
amplitude points of the two interpad profiles (i.e. the distance between
2 gain layers) of adjacent pads [2]. On performing a focus scan, the
size of the Gaussian laser spot was determined to be of a magnitude of
25 μm (shown in Fig. 6b), which is much smaller than the size of the
optical opening. Therefore, the laser spot is centred within the active
area of the sensor.

3.2.1. Measured interpad-gap with varying temperature
The study on temperature dependence of the internal gain of LGADs

plays an important role in the sensor performance due to the satu-
ration in drift velocities of charge carriers [12] and the exponential
dependence of the impact ionisation rate on temperature [13]. Impact
ionisation is a multiplicative phenomena observed in avalanche detec-
tors where they generate a cascade of electron−hole pairs with high
drift velocities due to the strong electric fields. Since the impact ioni-
sation of the sensors depends on temperature, a proper understanding
of the LGAD functionality with temperature variation is crucial as the
gain affects the time resolution as well as the breakdown voltage of
the detector [11]. The breakdown due to gain is not a real break of the
electric field within the sensor, but it is more related to a multiplication
of the dark current [14,15].

Since the gain increases with a decrease in temperature [11], the
collected charge increases as the temperature decreases. Fig. 7a shows
the pulse shape and amplitude of the signals recorded by the LeCroy
oscilloscope as the laser is projected at the optical opening of one of
the pads. The amplitude of the signal increases by a factor of 2.5 as
the temperature is decreased from 25 ◦C to −25 ◦C. This is coherent
to the increase in the charge collected due to the gain layer as the
laser is projected at the optical opening of the sensor. The normalised
value of collected charge increases by a factor of 2.8 as the temperature
decreases from 25 ◦C to −25 ◦C [16].

The interpad-gap profiles, leakage current values as well as the
measured interpad-gap value with temperature variation from 25 ◦C
to −25 ◦C at a constant bias voltage of 180 V are displayed in Figs. 7b,
7c and 7d, respectively. As expected, the leakage current decreases by
nearly two orders of magnitude with a decrease in temperature [16].

As shown in Fig. 8, a positive signal is read out from one of the
pads of the sensor when projected with the IR light. Simultaneously, a
negative current signal with low amplitude is read out from its adjacent
pad. This negative signal observed from the adjacent pad contributes
to the negative charge collection values in the measured interpad-gap
profiles as shown in Fig. 7b. This observation is due to the charging
and discharging of the adjacent pad (similar to that of a capacitor) due
to holes, as each of the pads share a common ohmic back-plane.

The measured interpad-gap values and the calculated fill factor of
different sensors with varying nominal interpad-gaps are summarised
in Table 1. It shows the percentage decrease in the interpad-gap as
well as the variation in fill factor with decreasing temperature. The
measured interpad-gap for the HPK 3.1 production sensors has an offset
of approximately 40 μm from the nominal interpad-gap value. The
offset value is constant for all of the sensors with different nominal
interpad-gap values. This is coherent to the values measured at room
temperature at test beams in Fermi National Accelerator Laboratory,
mentioned in the MTD Technical Design Report (TDR) [2]. The fill
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Fig. 5. Current versus voltage plots of HPK 3.1 sensors in two different configurations is shown. In (a) current is readout from one the pads while the three pads are left floating
and the common guard ring is grounded, and in (b) current is readout from one of the pads, while the other pads as well as the common guard ring are grounded. Note: All the
plots are in logarithmic scale.
Fig. 6. (a) Measured interpad-gap is the distance between the mid-point of the S-curves of adjacent sensors. (b) FWHM vs optical distance of the IR laser from sensor. Gaussian
shape IR spot with size: 25 μm. Focus position of the laser: 1650 μm.
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actor values measured at room temperature are consistent with the
easured fill factor provided in the MTD TDR [2].

We observe that with a decrease in temperature from 25 ◦C to
25 ◦C, the measured interpad-gap decreases by 2–13%. However, the

change in the fill factor value is not significant as it increases by
about 0.1%.

Due to the temperature dependence of the multiplication layer,
the collected charge increases with a decrease in temperature. This
leads to an increase in the area of the active region with decreasing
temperature. However, when we measure the fill factor with IR laser,
the scanned area of the active region is a combination of the charge
collected due to the gain region as well as due to the edge effects
between the JTE and the ends of gain layer. It is because of the small
amount of collected charge arising due to the edges of the p-implant
and JTE that we observe a sharp steepness in the slope of the interpad
profile (S-curve) as we scan the IR laser across adjacent pads at lower
temperatures. Therefore, the decrease in measured interpad-gap values
with decreasing temperature is expected because of the increase in the
collected charge due to the gain layer; which in turn causes an increase
in the slope of the S-curves. As a result of this, the 50% value of the
convolved function has a horizontal shift at low temperatures. This
explains the decrease in the measured interpad-gap with decreasing
temperature.

3.2.2. Measured interpad-gap with varying proton fluence
The HPK 3.1 production sensors with different nominal interpad-gap

values were irradiated with 10 MeV protons at the IBA cyclone 10/5
cyclotron (Fig. 9a) in the Department of Chemistry at the University of
Helsinki [17]. The sensors were placed in a sample holder consisting
 a

5

of collimation slits (of dimensions approximately close to the area
of the sensors) such that the integrated current read out from the
Keithley 6487 Picoammeter is due to the irradiation of the sensors. The
beam profiling was done in such a way that the sample placed under
slit 1 and 3 gets an integrated current of 0.15 μA/cm2 while sensors
under slit 2 and 4 (shown in Fig. 9b) of the sample holder receive an
integrated current of 0.09 μA/cm2. The four samples were irradiated
simultaneously over 1040 s such that samples in 1 and 3 are irradiated
with a fluence of 1015 protons/cm2 while 2 and 4 are irradiated with
a fluence of 5 × 1014 protons/cm2. Total integrated current read out
rom the four slits was 0.42 μAh. The uniformity of the fluence values

for each of the individual slits on the sample holder were cross-checked
by performing an autoradiography of a silver foil that was placed
under the collimation slits of the sample holder and irradiated at the
current values mentioned earlier (shown in Fig. 9b). The sensor with
95 μm nominal interpad-gap irradiated at 1015 protons/cm2 underwent
reakdown even at low bias voltages.

The performance of LGADs is affected by the removal of the accep-
or atoms in the gain layer of the device [18], as a result of which
t worsens the time resolution [19] as well as increases the leakage
urrent due to the bulk which is typical of silicon sensors [20]. This can
e observed in Fig. 10c where the leakage current value measured at
80 V at a constant temperature of −25 ◦C, increases by approximately
–3 orders of magnitude with an increase in proton fluence. The
ifference of an order of magnitude in the leakage current for sensors
ith different nominal interpad-gap irradiated at a given fluence is due

o the difference in absolute proton fluence values while irradiating
he samples. Further, trapping of charge carriers leads to lower signals
shown in Fig. 10a) and hence the degradation of the spatial resolution

nd the efficiency (as shown in Fig. 11) [21,22].



S. Bharthuar, J. Ott, K. Helariutta et al. Nuclear Inst. and Methods in Physics Research, A 979 (2020) 164494

t
p

Fig. 7. (a) Pulse shapes, (b) Charge collected (normalised value) vs scanning distance for sensors (at 25 ◦C, 0 ◦C and −25 ◦C) as the laser scans across the two adjacent pads of
he sensor with 50 μm nominal interpad-gap, (c) Leakage current with varying temperature and (d) Variation in the measured interpad-gap with temperature. Measurements were
erformed at a bias voltage of 180 V.
Fig. 8. A diagrammatic representation for explaining the negative current signal observed in adjacent pads as the gain signal is studied when the IR light traverses through one
of the pads.
At a fluence of 5×1014 protons/cm2, the interpad-gap is reduced by
20%–40% from its value before irradiation and the collected charge de-
creases by a factor of 3–4. On irradiating the sensors at 1015

protons/cm2, interpad-gap increases in comparison to its value at 5 ×
1014 protons/cm2 as its charge collection value decreases by a factor
of 6. Therefore, on irradiating the sensors at 1015 protons/cm2, the
value of the measured interpad-gap decreases by 11%–15% from its
value before irradiation. Correspondingly, even though the interpad-
gap decreases with an increase in fluence, the fill factor decreases by
approximately 1% as the charge collection efficiency (CCE) is worsened
due to the effect of irradiation (see Table 2).
6

The decrease in the interpad-gap with irradiation is due to a com-
bination of: (i) a significant amount of trapping of the multiplication
holes within the bulk of the sensor and (ii) a decrease in the signal
amplitude which in turn causes a decrease in the amount of charge col-
lected due to the acceptor removal of the gain layer. Before irradiation,
there are no deep-level traps within the bulk of the sensor. However,
after irradiation, there is a space charge inversion of the p−-layer
which causes the depletion region to grow from the back of the sensor
towards the front, thereby generating a triple-junction effect within the
irradiated sensor [23]. As a result of this distortion in the electric field
after irradiation due to trapping of the multiplication holes as well as
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Table 1
Variation in the measured interpad-gap and fill factor with temperature at a bias voltage of 180 V.
HPK Sensor
(nominal
interpad-gap)

Measured interpad-gap of sensor Fill factor

At 25 ◦C
(in μm)

At 0 ◦C
(in μm)

At −25 ◦C
(in μm)

Decrease from
25 ◦C to −25 ◦C
(in %)

At 25 ◦C
(in %)

At 0 ◦C
(in %)

At −25 ◦C
(in %)

Increase from 25
◦C to −25 ◦C (in
%)

30 μm 71.7 63.1 62.4 12.97 89.71 89.73 89.74 0.03

50 μm 90.3 88.1 85.3 5.54 87.62 87.67 87.71 0.09

70 μm 104.3 101.5 99.1 4.98 85.60 85.68 85.69 0.09

95 μm 128.3 128.2 125.5 2.18 82.50 82.52 82.53 0.03
Fig. 9. (a) IBA 10/5 cyclone cyclotron in the Department of Chemistry, (b) Collimator with sample holder showing autoradiograph (using Ag foil) of the beam profile across the
four collimation slits.
Fig. 10. (a) Pulse shape of non-irradiated and irradiated samples at different proton fluences and (b) Charge Collected (normalised values) vs. scanning distance for sensors as the
laser scans across two adjacent pads for sensors with 50 μm interpad-gap. (c) Leakage current with varying fluences and (d) Variation in the measured interpad-gap with proton
fluence for sensors with 30, 50, 70 and 95 μm interpad-gap measured at a temperature of −25 ◦C and 180 V bias voltage.
7
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Table 2
Variation in the measured interpad-gap and fill factor with proton fluence.
HPK Sensor
(nominal
interpad-gap)

Measured interpad-gap of sensor

Un-irradiated
(in μm)

Irradiated at
5 × 1014 p/cm2

(in μm)

%
decrease

Decrease in Fill
factor (in %)

Un-irradiated
(in μm)

Irradiated at
1015 p/cm2

(in μm)

%
decrease

Decrease in Fill
factor (in %)

30 μm 68.1 41.4 39.21 0.11 66.0 57.6 1.73 0.11

50 μm 84.8 68.2 19.58 0.39 83.2 70.7 15.02 0.25

70 μm 103.0 84.5 17.96 1.41 101.1 89.8 11.18 0.93

95 μm 117.8 97 17.66 0.80 125.0 – – –
f
T
t

Fig. 11. Voltage scans for the non-irradiated and irradiated samples with varying
inter-pad gaps measured at −25 ◦C.

he decrease in the gain signal amplitude due to the removal of ac-
eptor atoms from the gain layer, the measured interpad-gap decreases
ith proton irradiation. The decrease in the measured interpad-gap is
bserved as a result of the decrease in slope of the convolved function
nd the collected charged values. This explains the horizontal shift in
he 50% value of the convolved function and decrease in the measured
nterpad-gap value of the LGADs on irradiation.

. Conclusions and summary

Since the fill factor plays a crucial role in determining the perfor-
ance of the detector, the study of interpad-gap with varying tempera-

ure and proton fluence is relevant as the detectors are operated at low
emperatures in radiation harsh environment.

The fill factor values for HPK 3.1 LGAD production with different
ominal interpad-gaps were measured by varying temperature and
rradiating them at different proton fluences. The signal waveform as
ell as the collected charge of the detectors were studied by recording
064 nm wavelength IR-laser induced current transients with a TCT
easurement set-up. The measurements were performed at 180 V and

ow laser intensity equivalent to charge deposition of 4–5 MIPs.
Since gain is dependent on temperature, the charge collection in-

reases with a decrease in temperature. Our results show that the mea-
ured interpad-gap decreases by 2–12% as the temperature decreases
rom 25 ◦C to −25◦C. However, the fill factor is not affected signifi-
antly by changing temperature as its value increases by approximately
.1%.

Further, the measured interpad-gap decreases on irradiating the
ensors at varying proton fluences. At 1015 protons/cm2, our study
8

shows the measured interpad-gap decreases by 11%–15%. The decrease
in the measured interpad-gap is due to a combination of the decrease in
the collected charge within the gain region due to acceptor removal of
the multiplication layer, since the CCE decreases by a factor of 4–6 with
irradiation at high proton fluences, as well as due to trapping of the
multiplication holes within the p−-bulk of the detector. However, the
ill factor decreases by 0.1–0.9%. This change is not significantly large.
hus, we conclude that the fill factor does not change significantly with
emperature and irradiation at varying proton fluences.

Our study has also shown that sensors with 30 μm interpad-gap
have a high fill factor but have risks in undergoing an early breakdown
when the pads are left floating. For an optimal performance of the ETL
for CMS experiment, further studies on the design of LGADs require an
optimisation of the gain termination and peripheral regions to prevent
early breakdown when not all pads are terminated, while at the same
time providing a high fill factor value.
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