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In this study the effects of proton irradiation and annealing on Low Gain Avalanche Detectors (LGADs) are
investigated. Two LGADs and one p-in-n diode, produced by CNM (Centre Nacional de Microelectronica 2018),
were irradiated with 24 GeV /c-protons to a fluence of 1x10'" n,, /cm? and annealed at 60 °C for up to 5000 min.
The sensors have an active area of 3 x 3 mm? and a thickness of 277 ym. Current— and capacitance-voltage
measurements, as well as laser measurements using the transient-current-technique were carried out to study

the change of gain and the electric field after irradiation and consecutive annealing steps. The reduction of gain
after irradiation is the main concern when using LGADs in high energy physics experiments. After annealing
the sensors, no recovery of gain was observed. Different ways to measure the gain layer depletion voltage are

discussed.

1. Introduction

Ever increasing particle energies and track densities in modern high
energy particle physics experiments pose high demands on the radia-
tion hardness of detector systems. With the High Luminosity upgrade
of the Large Hadron Collider, the integrated luminosity will increase
by about a factor of 10 and the radiation doses will be as high as
10'% n, /em?. For future hadron collider projects these numbers will
be significantly higher. For high luminosity environments, sensors for
timing applications become more and more important: Due to the
higher number of particle interactions, disentangling primary vertices
purely by spatial track measurements becomes increasingly challeng-
ing. Resolving different particle interactions also in time will help to
reconstruct tracks and assign them to the correct primary vertex. The
two main factors limiting the timing resolution are time jitter and Lan-
dau noise [1]. Where as the Landau noise, resulting from fluctuations
in deposited charge, cannot be avoided, the time jitter can be reduced
by increasing the signal slew rate while maintaining the same noise
level. To maintain a good signal-to-noise ratio and to decrease the
signal rise time, sensors with intrinsic gain have been developed [2-
5]. The increase of signal charge is obtained by exploiting the effect

of avalanche multiplication of drifting charge carriers in a high electric
field. Plans to include silicon detectors designed for timing applications
exist for example for the ATLAS High Granularity Timing Detector [6],
the CMS MIP Timing Detector [7], the CMS/TOTEM Precision Pro-
ton Spectrometer [8] or the LHCb detector [9]. Low Gain Avalanche
Detectors (LGADs, [10]) are based on the technology of Avalanche
Photodiodes (APD) [11] but are designed to have a lower gain value
for increased temperature and voltage stability, lower fluctuations in
signal amplitude and to allow for finer segmented sensors [2]. LGADs
have a heavily n-doped read-out electrode and a thin (several pm) p-
doped multiplication layer directly beneath it. The electric field at the
junction is high enough for charge multiplication to occur. Read-out
and multiplication layers are implanted in a p-type bulk. The gain of
the device is defined by the doping profile and doping concentration of
the multiplication layer.

To develop detectors for applications in high energy physics exper-
iments a good understanding of the radiation damage mechanisms is
crucial. Tests of LGADs revealed that the gain of the device is heavily
degraded after irradiation with highly energetic particles, which is
detrimental for operation [12,13]. It is known that the gain is more
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heavily reduced after irradiation with charged hadrons compared to
neutrons [14]. A prominent way of explaining the reduction of gain
after irradiation is the effect of acceptor removal [15-17]. A pro-
posed reason for this is that boron dopants can be removed from
their position in the silicon lattice inside the multiplication layer by
impinging high energy particles. The dislocated boron atom can then
form a defect complex with an oxygen interstitial (B;0;) and is thus
electrically deactivated [16,18,19]. By this process the effective doping
concentration of the multiplication layer is reduced. This leads to a
lower electric field at the junction and reduces the amount of multiplied
charge. On the other hand, device simulations of radiation damage
after proton irradiation on LGADs, even without implementation of the
acceptor removal process, show a decrease in electric field strength,
and therefore a reduction of gain, at the multiplication implant [20].
The radiation effects are explained by solely modeling two effective
(donor/acceptor) trap levels and the predominant trapping of holes
produced in the multiplication process. The reduction of the electric
field at the multiplication implant is accompanied by the build up of
an electric field region at the backside of the sensor (double junction)
and a reduced electric field in the middle of the device and directly
below the multiplication implant. The effective space charge is affected
both in the multiplication implant and the sensor bulk, which becomes
effectively n-type. In a similar approach, taking acceptor removal into
account, the agreement with experimental data can be improved [21].

LGADs have been tested with respect to their charge collection
capabilities after irradiation with reactor neutrons, 192 MeV pions and
800 MeV protons [13]. The proposed method [13] for measuring the
bias voltage at which the multiplication layer is depleted is to inject
charge in a volume close to the multiplication layer (e.g. using a red
laser). Due to the very limited drift length of the charge carriers in
the non-depleted multiplication layer, no signal is detectable. Only
if the multiplication layer is depleted and the depleted region starts
to extend into the sensor bulk, the charge carriers can drift over a
large enough distance to create a current signal. The injection of red
light to the top side of the detector (location of the multiplication
layer) showed that the depletion voltage of the multiplication layer
decreases with fluence. This effect was explained by effective acceptor
removal in the multiplication layer, which leads to a reduced depletion
voltage of the p*-layer. The compensation of space charge within
the multiplication layer due to the build-up of positive space charge
introduced by radiation induced defects, was excluded from being the
main reason by the exponential decrease of the depletion voltage of
the multiplication layer. The amount of reduction depends on the type
of particle used for irradiation and was found to be in agreement with
the expected gain reduction after hadron and neutron irradiation. Also,
the effect was observed to be independent from temperature and free
carrier concentration, which further supports the explanation by initial
acceptor removal.

In contrast to the aforementioned results, an increase of depletion
voltage of the multiplication layer was observed with higher irradi-
ation, using 24 GeV/c-protons [22]. The effect was related to the
formation of a double junction, which can be explained by increased
positive space charge, i.e. increased occupancy of defects with holes,
at the backside of the device, eventually leading to a positive space
charge region in the bulk of an irradiated p-type sensor [23,24]. Using
backside-illumination, it was observed that already at low voltages an
electric field develops at the rear of the devices. The decrease in overall
gain was attributed to both the formation of a double junction and the
aforementioned acceptor removal.

In the study presented here, irradiated LGADs are investigated
using the Transient Current Technique (TCT) [25] as well as current—
voltage (IV) and capacitance-voltage (CV) measurements. The sensors
were irradiated to a fluence of 10'* n/cm? using 24 GeV/c-protons.
To further investigate the effect of irradiation on LGAD devices an
annealing study was performed. For annealing times ranging from 80 to
about 5000 min at 60 °C, the collected charge, the gain and the electric
field profile is measured.
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Fig. 1. Schematic cross-section of the LGAD pad design with a JTE structure protecting
the junction edge termination [10].

2. Experimental method
2.1. Samples

Two LGADs and one p-in-n (PIN) diode were used for this study
(LGADs: W5_E3_1, W513_1, PIN: W5 _E3 4). All three samples were
produced by CNM [26] in run 8622 and are originating from the same
wafer (W5). The LGADs have a medium dose multiplication implant
directly beneath the top read-out electrode and a Junction Termination
Extension (JTE) [10]. A schematic drawing is shown in Fig. 1. The JTE
is used to obtain a more homogeneous electric field profile along the
edge of the multiplication implant, to increase gain homogeneity and
high voltage stability. All sensors are equipped with a guard ring. The
PIN diode is identical to the LGADs except for the fact that it does
not have an multiplication layer. Therefore, the PIN diode served as a
reference sensor, to identify effects related to the multiplication layer.
All sensors have an active area of 3 x3 mm? and a thickness of 277 pm.
The samples were irradiated at the CERN IRRAD facility [27,28] to a
fluence of 1 10" n., /em? using protons with an energy of 24 GeV /c.
The 1 MeV neutron equivalent fluence was calculated using a hardness
factor of x = 0.62. Before irradiation the depletion voltage, obtained
from CV measurements, of the LGADs and the PIN diode was 70 V and
40 V respectively. The current at full depletion ranges from 30 nA for
the PIN diode to 60-90 nA for the LGADs at room temperature.

2.2. Experimental setup

For this study TCT and edge-TCT as well as [V and CV measurements
were performed. TCT and edge-TCT measurements were carried out on
the TCT+ setup of the SSD laboratory at CERN [29]. The response of
the sample can be measured using infrared (1064 nm) or red (660 nm)
laser pulses which can be injected from the front or back side of the
sample, as well as from the edge for infrared light. The devices under
test (DUTSs) are glued to a printed circuit board (PCB) which is equipped
with SMA-connectors for the bias voltage supply, read-out and optional
guard-ring connection. The glue is conductive and establishes the back
side connection. The read-out electrode and guard ring on the front
side of the sensor are connected to the PCB with wire-bonds. A PT1000
temperature sensor is attached to the PCB close to the DUT. To facilitate
measurements from the back side or the edge, the PCBs feature holes
and cut-outs for the laser. The PCB is mounted on a copper plate,
which is cooled by a Peltier element. The heat is removed from the
setup with a Huber CC505 chiller. The minimum reachable temperature
of the setup, depending on the sample and its power dissipation, is
about —25 °C. The sample holder is mounted on a Newport three-axis
linear stage system. The stages have a stepping resolution of 300 nm
in x and y and 100 nm in the z direction. Stage system and laser
optics are contained in a Faraday-cage for electro-magnetic isolation.
To avoid condensation, the whole cage is flushed with dry air. For light
generation, two PicoQuant lasers with a pulse length of 200 ps are used.
The light is guided to the objectives using optical fibers. The DUT signal
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is amplified by a Cividec 2 GHz/40 dB amplifier and displayed on an
Agilent Technologies DSO9254A digital oscilloscope. To monitor the
power of the laser, part of the beam is directed onto a reference diode.
Its signal is recorded with the DUT data and used in the analysis to
normalize the signal to account for fluctuations in the laser output.
Most components of the setup are controlled by a LabView software.
After mounting the sample and setting up the measurement parameters,
the measurement is performed automatically and the data is saved to
disk.

For IV and CV measurements a Binder MKT115 climate chamber
is used for cooling the sensors. Current and capacitance are measured
with a Keithley 6487 picoammeter and a Keysight E4980A LCR-meter.
For measurements in the climate chamber the DUTs remain on the same
PCB as for TCT measurements.

For annealing, the samples/PCBs are put in an oven at 60 °C for the
respective amount of time.

2.3. Measurements

TCT measurements, illuminating the sample from the top surface
using a red laser (RF-TCT), were performed at —20 °C and +20 °C.
Edge-TCT (eTCT) measurements were only performed at —20 °C. For
RF-TCT measurements a spot in the middle of the opening in the top
metallization of the DUT was used for light injection. For a fixed laser
position the bias voltage was ramped from 0 to 400 V in 2 V steps. For
eTCT measurements a voltage range from 0 to 300 V, in 5 or 10 V steps
was used. In addition, the laser beam position along the sensor edge
(z-axis) was varied in 2 or 3 pm steps. For each point the oscilloscope
averages over 256 individual waveforms. The sensor was biased from
the backside and the signal was read out from the top electrode at
ground potential. The guard ring was connected to ground over a 50 Q
resistor. RF-TCT measurements before irradiation were performed with
the signal read out at the backside. All recorded signals are normalized
to the same laser power, using the reference diode, as described in
Section 2.2. For measurements of the collected charge, the signal was
integrated for 25 ns.

IV and CV measurements are performed at —20 °C. The guard ring
was left floating for these measurements for technical reasons. The
capacitance was measured in parallel mode at a frequency of 10 kHz
and a signal amplitude of 0.5 V. The bias voltage was varied from 0 to
400 V.

The samples were measured before irradiation and after 80 min of
annealing at 60 °C after irradiation. After this, all measurements were
repeated after consecutive steps of increasing annealing time.

3. Results
3.1. Gain

It is possible to calculate the signal gain due to multiplication in
different ways. One way is to measure the response of an LGAD to top
and backside illumination. A comparison of the respective integrated
signals allows to calculate the gain of the device. A second way is to
compare the TCT measurements with top injection after full depletion
of an LGAD to those of a PIN-diode with the same design parameters,
except for the multiplication layer. In this study the value is obtained by
the latter method only. For this, measurements of an LGAD and the PIN
diode at the same annealing state are compared. For both devices, the
collected charge as a function of bias voltage is calculated individually,
by integrating the current signal for 25 ns. The gain is then calculated

by
QLGA D(V)

Gain(V) = % (1)
25ns (V)

In Fig. 2 the gain at a bias voltage of 400 V is shown as a function of
annealing time for both LGADs for measurements at —20 °C and +20 °C.
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Fig. 2. Charge gain at 400 V as a function of annealing time at 60 °C. The gain is
calculated using RE-TCT measurements, comparing the PIN diode and the LGADs in the
same annealing state. Measurements before irradiation are shown as horizontal lines.

The values before irradiation are shown as a horizontal line at the left
side of the plot. Before irradiation the gain is around 4.5 and 6 for
measurements at +20 °C and —20 °C, respectively. The different gain
values for different temperatures can be explained by the temperature
dependence of the impact ionization coefficient in silicon. The relative
decrease in gain of about 20%-25% with an increase in temperature of
40 °C is comparable to observed and simulated values in literature [30,
31]. The sensor named W5_E3_1, depicted in black, has a slightly lower
gain before as well as after irradiation and annealing. After irradiation
the gain is reduced to values ranging from 2.5 to 3.5. This corresponds
to a relative decrease in gain of about 40 to 45%. This reduction of gain
can be compared to other studies, where the gain almost completely
vanished after charged hadron irradiation of LGADs to a fluence of
Ix 104 N /cm? [13]. As pointed out earlier, the reduction of gain due
to irradiation can be explained by a combination of acceptor removal
and a redistribution of the electric field due to charged defects. The
measurements presented here show that the amount of gain does not
change with annealing. A process which is believed to be significantly
contributing to acceptor removal is the formation of B,0; defect levels,
effectively deactivating the implanted boron. Also thermally stimulated
current (TSC) measurements reveal that this defect level is not affected
by annealing [19].

3.2. Leakage current

Measurements of the leakage current of LGADs, or similarly of APDs,
show a distinct shape which is caused by the different doping concen-
trations of the sensor bulk and the multiplication layer [11,32]. The
charge multiplication in LGADs is a consequence of impact ionization,
which depends mainly on the local electric field [33,34]. At low reverse
bias voltages the multiplication layer starts to deplete well before the
electric field extends into the sensor bulk. Due to the strong doping
of the gain layer, the increase in voltage mainly causes an increase of
electric field strength in the multiplication layer while the increase in
depletion width is minimal. Once the multiplication layer is depleted,
the depleted volume quickly extends into the sensor bulk, giving rise to
a sharp increase of the leakage current. An increase in bias voltage after
the multiplication layer is depleted will lead to an enlarged depleted
volume in the bulk and eventually to an increased electric field over
the whole detector.
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Fig. 3. Leakage current of LGAD W5 13 1 as a function of bias voltage at —20 °C for
different annealing times. The data is shown in a limited voltage range (top) and in
the full range (bottom).

In Fig. 3 the leakage current measured at —20 °C is shown for
LGAD W5_I3_1 for different annealing times. No temperature scaling is
applied in this figure. As expected, the leakage current decreases with
increasing annealing time (see also Fig. 11). As described above, two
distinct trends can be identified in the leakage current measurements:
(1) Because of the relation of impact ionization and electric field
strength the increase of the leakage current for voltages below the
depletion of the gain layer roughly follows an exponential trend. It
was verified that this exponential increase in current at low voltages
is a result of multiplication in the gain layer by performing IV mea-
surements on unirradiated LGADs and PINs of the same production
run with different gain layer doping concentrations while continuously
illuminating the devices with a red LED during the measurement. (2) At
26 V an abrupt increase of leakage current is observed. The position of
the kink is independent of annealing time. It can be assumed that at this
voltage, the electric field extends into the bulk, quickly increasing the
depleted volume and therefore the leakage current. The second LGAD
shows the same behavior, again at 26 V for all annealing times. The
amount of impact ionization increases less quickly after depletion of the
gain layer and the increase in current is mainly caused by the increase
of depletion width. In the top figure the focus is on the leakage current
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Fig. 4. Collected Charge in 25 ns with RF-TCT as a function of bias voltage for
both LGADs, depicted in red and black, at different annealing times. The shown
measurements were performed at —20 °C. Measurements before irradiation are depicted
as dashed lines. The data is shown in a limited voltage range (top) and in the full range
(bottom).

behavior at low voltages. The current was measured to up to 400 V
(bottom figure). No breakdown of any of the devices was observed
during the measurements. Under the assumption, that the sensor bulk
only depletes once the gain layer is fully depleted, the leakage current
measurements indicate a gain layer depletion voltage of V,, =26 V.

3.3. TCT - onset voltage

The value of the bias voltage at which a sharp increase in induced
charge is observed after charge injection by red laser light to the top
side of an LGAD (RF-TCT) is called onset voltage in the following. In
Fig. 4 the collected charge in 25 ns as a function of bias voltage is shown
for both LGADs, measured at —20 °C. Measurements before irradiation
are shown with a dashed line. The two LGADs, depicted in red and
black, show the same behavior qualitatively: Nearly no signal can be
seen up to a certain point from where on the signal rises abruptly. The
bias voltage needed for a signal to be measured varies with annealing
time. The value of the onset voltage is determined by a fit to the
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The obtained values of the onset voltage are shown in Fig. 5 as a
function of annealing time for the two LGADs, measured at —20 °C
and +20 °C. No systematic dependence on temperature is observed.
The onset voltage before irradiation (horizontal line) is about 32 V.
After irradiation the same measurement results in values of 45 to 50 V
for both devices. With increasing annealing time the onset voltage is
reduced to values around 26 V. This last value coincides with the gain
layer depletion voltage which was extracted from measurements of the
leakage current (Fig. 3).

Before the signal onset voltage is reached, especially for low anneal-
ing times, the collected charge is not exactly zero. Rather two distinct
steps in the measured signal charge can be observed: One at a fixed
voltage of around 26 V, followed by the onset voltage discussed above.
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voltages, measured after 80 min of annealing at 60 °C. The front side of the sensor
(position of the multiplication layer) corresponds to the position z = 7.15 mm.

Fig. 6 shows the exact same data as Fig. 4 but is plotted on a smaller
scale. It can be seen that two separate processes lead to the increase
of the signal charge at different voltages. The plateau between 25 and
40 V for the measurement after 80 min of annealing is not described
by Eq. (2).

3.4. Electric field

To better understand the influence of irradiation and annealing on
the electric field inside an LGAD, edge-TCT measurements were carried
out. The drift velocity of the charge carriers is calculated by integrating
the first 600 ps of the measured signal. From the relation between the
signal current, drift velocity and electric field and under the assumption
of a constant charge carrier mobility u, it is possible to estimate the
shape of the electric field [35]:

(1 7 0) & vgy; 1y & p(E)E(2) )

In Fig. 7 the drift velocity, at a temperature of —20 °C, is shown
as a function of the beam position in LGAD W5_3_1 for different
bias voltages. Here only results for one sensor are shown, the second
LGAD shows the same behavior. The measurement was performed
after irradiation and 80 min of annealing. The left hand side of the
plot (at z = 7.15 mm) corresponds to the front side (location of the
multiplication layer) of the device. For voltages below 30 V, before
the gain layer is depleted, a non-zero drift velocity can be observed
at a narrow region towards the multiplication layer. This effect is also
visible in measurements before irradiation and might be attributed to
the non-homogeneous doping profile, charges diffusing into the gain
region and the widening of the laser beam traversing the silicon sensor.
More remarkably, it can be seen that, increasing the bias voltage from
25 V to 30 V, the measurement yields non-zero values across the whole
sensor bulk. This increase in signal throughout the bulk is observed
as well for annealing times of 240 and 560 min at the same voltages.
The measurements of the unirradiated sensor show a significant signal
increase at higher voltages of about 35 V to 40 V. Additionally one
can see that for low bias voltages the electric field is higher at the
backside of the device, with a lower electric field strength in the middle
of the sensor. This behavior is usually referred to as a double junction.
For longer annealing times this effect is not visible anymore, as can
be seen in Fig. 8: The drift velocity profile is shown for only one bias
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(position of the multiplication layer) corresponds to the position z = 0. The reference
point on the horizontal axis to overlay the individual measurements is arbitrary.

voltage (55 V) for the different annealing times. Here it is evident that
after 80, 240 and 560 min of annealing the electric field is higher
towards the backside of the device. With progressive annealing time
the double junction effect vanishes and the electric field seems to be
more confined to the front side of the sensor. The measurement of the
unirradiated device shows a linearly decreasing field towards the rear
side, which extends throughout the full detector bulk. The narrow peak
at the backside of the device originates from the difference of doping
concentration of the bulk and backside implant. It is important to note
that the electric field in the multiplication layer cannot directly be
probed with this method, since the laser beam width is larger than the
multiplication implant.

3.5. Sensor capacitance and depletion voltage

Measurements of the capacitance were carried out for every anneal-
ing step. In Fig. 9, CV measurements of LGAD W5 13 1 are shown as an
example, the second LGAD shows a similar behavior. The value of the
total capacitance decreases after reverse bias is applied, until at 26 V
a sharp increase of capacitance is observed. From the local maximum
value at about 26 to 30 V the capacitance decreases to a stable value
at high bias voltages. This behavior is not observed for the PIN diode
and must therefore be related to the presence of the multiplication
layer. The increase of the capacitance coincides with the voltage from
which on the gain layer seems to be depleted, as can be seen from IV
measurements (Fig. 3).

The depletion voltage is obtained by fitting a straight line to the
rising slope of the 1/C? values. To avoid the aforementioned increase
of the measured capacitance, only values above 30 V bias voltage
were included in the fit. The depletion voltage is then the intersection
of this line with a horizontal line through the maximum measured
capacitance. Due to the more complex shape of the CV curve and
the fact that the transition from the rising slope to constant values
for 1/C?* extends over a large voltage range, a determination of the
depletion voltage from these measurements, especially after irradiation,
has only limited accuracy. In Fig. 10 the depletion voltage is shown as
a function of annealing time for both LGADs. The depletion voltage
before irradiation was about 70 V, although edge-TCT measurements
show that some charge is collected everywhere in the device already
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Fig. 9. Capacitance as a function of bias voltage for LGAD W513 1 at different
annealing states. CV measurements were carried out at 10 kHz with an alternating
voltage amplitude of 0.5 V. The data is shown in a limited voltage range (top) and in
the full range (bottom).

at lower voltages of about 35 to 45 V. After irradiation the depletion
voltage is increased to 140 V and then rises to values of about 280V
after 2480 min of annealing. The PIN diode has a depletion voltage of
40 V before irradiation. After irradiation the depletion voltage increases
to about 95 V and rises further to values of about 250 — 300 V with
annealing, comparable to the LGADs. The monotonous increase in
depletion voltage indicates that the devices are undergoing reverse
annealing. The measurement of the sensor W5_E3_1 after 80 min of
annealing failed, which was only realized after performing the next
annealing step. Therefore one point is missing in the graph.

3.6. Current related damage rate

The current related damage rate « is the change in leakage current
after irradiation 47, normalized by the neutron equivalent fluence and
the active sensor volume V:

Al
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Fig. 10. Depletion voltage as a function of annealing times for both LGADs. The values
are obtained from CV measurements.

The sensor volume is calculated from the geometric properties of the
device: ¥ =3 x3 mm? x 277 pm. The leakage current before irradiation
is much lower and can therefore be neglected in the calculation. The
change of a with annealing time 1 can be parameterized by the equation

a(z):aliexp(;—r)+an—a2'1n (IL) (5)
1 0

A description of the parameters and an interpretation of this equation
can be found in [36,37]. This equation does not describe the voltage
dependence of the leakage current above full depletion, which is
usually observed in measurements of irradiated detectors. Therefore,
for each annealing step, a measurement at a bias voltage with a 10—
20% margin above the full depletion voltage, ranging from 150 V for
80 min annealing to 400 V for 5040 min annealing, was chosen for
the calculation. The used bias voltages are the same across the three
devices. The leakage current measurements were carried out without
connecting the guard ring. To correct for the difference between the
measured total current and the pad current, IV measurements after
irradiation and 80 min of annealing, during which the pad and total
current were measured separately before mounting the respective
sensor on the PCB for TCT measurements, were used. To obtain the
« value originating from the pad current, the ratio of total current to
pad current was calculated from this measurement. Measurements after
annealing were then scaled by this factor. For both LGADs this ratio was
1.41 and proved to be voltage independent. For the PIN a slight voltage
dependence was found, ranging from 2.06 (150 V) to 2.28 (400 V). In
Fig. 11 the measured current related damage rate is shown as a function
of annealing time. Each set of measurements was fitted with Eq. (5)
(‘Hamburg model’), the only free fit parameter being a constant factor,
which is stated in the legend of the figure for each sensor. For the
fit, the parameters f, = 1 min, 7; = 94 min, a; = 1.26 - 1077 A/cm,
a; =4.87-107"7 Afecm and a, = 3.16- 10~'7 A/cm are used [37]. In this
case, the leakage current measurements were performed at —20 °C and
scaled to +20 °C, the annealing was always done at 60 °C. For scaling
the leakage current to temperature T the formula

2
_ T Err (1 1
=1 () oo |55y (77 ©

was used [38]. I(T}) is the measured leakage current at temperature
Ty, kp is the Boltzmann constant and E,, = 1.214 ¢V. The tempera-
ture scaling in this context only serves to make a comparison to the
Hamburg model. The true temperature dependence of LGADs is not
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Fig. 11. Current related damage rate as a function of annealing time for both LGADs
and the PIN diode. The respective fit by Eq. (5) is shown as a solid line. The
measurements were performed at —20 °C and scaled to +20 °C.

described by this equation since the impact ionization coefficients are
temperature dependent. The measurement of the PIN diode agrees well
with the model prediction. Some uncertainty stems from the choice of
the bias voltage and from the temperature measurement. The current
measurement of the PIN diode after 560 min of annealing was excluded
from the calculation, due to an unexpectedly high leakage current,
which can result from too short a settling time after cooling down the
sensor. It is expected that the results for the LGADs differ from the
model prediction by the multiplication factor. Obtained in this way,
the multiplication factor is about 3.6 to 3.7 (or 3.4, when taking the
PIN diode as a reference), which is in agreement with the gain value
of about 3.5 at —20 °C calculated from charge measurements using
TCT (cf. Fig. 2). Since trapping of charge carriers does not impact on
measurements of the current, the observed multiplication factor of the
leakage current can be higher than that of the collected charge. Fur-
thermore, comparing the measurements of the current related damage
rate to the predicted annealing behavior, one can see again that LGADs
anneal according to the standard theory and no additional annealing
contribution resulting from a recovery of gain can be observed.

4. Discussion

The shape of the CV curves, which show an increase of capacitance
at 26 V, is not fully understood. The sudden increase of free charge
carriers from multiplication can lead to a smaller depleted region
around the junction, effectively increasing the measured capacitance.
A similar effect, the increase of capacitance of irradiated LGADs at low
voltages, was observed in measurements in a different study [39]. The
proposed qualitative explanation of this effect is that the irradiated
LGAD behaves like a Shockley diode (pnpn): If the sensor bulk behaves
like an n-type bulk, due to acceptor removal and trapping of holes,
the junction between the multiplication layer and the sensor bulk
has opposite polarity compared to both the junction between the n+
implant and the multiplication layer and the junction between the
sensor bulk and the backside contact and is thus forward biased. Under
certain conditions, this junction can dominate the overall capacitance
of the device. With increasing bias voltage, due to the forward polarity,
the capacitance increases, which leads to the observed effect.
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IV, CV and edge-TCT measurements suggest a gain layer depletion
voltage of 26 V and also the signal onset in RF-TCT measurements con-
verges towards this value with increasing annealing time. For shorter
annealing times the value of the onset voltage from RF-TCT measure-
ments does not agree with the gain layer depletion voltage observed in
leakage current measurements (Fig. 3). Therefore, special care needs
to be taken if it is used to infer on properties of the gain layer. The
assumption that the onset voltage, measured by TCT, can be unambigu-
ously used to express the space charge in the gain layer is not always
valid. Considering only the initial acceptor removal effect and under the
assumption that the gain layer depletion voltage is proportional to the
average acceptor density in the gain layer, it is possible to approximate
the change of gain layer depletion with

er = Vi~ €XP (_CA¢aq)’ (7

according to the procedure in [13]. ¥, is the gain layer depletion
voltage before irradiation, ¢, the acceptor removal coefficient and
¢, the equivalent fluence. Values of the gain layer depletion voltage
before and after irradiation of V,,, = 32 V and ¥,, = 26 V and
toy = 10" n,/em?, yield a value of ¢y = 2.1 - 107 em?, which is
slightly higher, but still in agreement with what is reported in literature
(cf. [13,40D).

5. Conclusions

Two Low Gain Avalanche Detectors and one PIN diode were ir-
radiated to a fluence of 1 x 10" n.,/cm® using 24 GeV /c-protons
and annealed at a temperature of 60 °C in several steps. TCT, edge-
TCT, IV and CV measurements were carried out after each annealing
step to calculate the gain and the electric field and to investigate the
effect of a change of gain layer depletion voltage with irradiation and
annealing. It was found that the onset voltage, measured by injecting
red laser light to the top side of the device, increases after irradiation
and decreases with successive annealing to a lower value than before
irradiation. At the same time, by performing edge-TCT measurements
after irradiation, an electric field at the backside of the sensors was
found. With longer annealing times the field at the backside vanished.
IV and CV measurements indicate the depletion of the gain layer at a
fixed voltage, independent of annealing time. The value of the onset
voltage measured by RF-TCT after long annealing times coincides with
the gain layer depletion voltage observed in the leakage current. This
leads to the conclusion that the shift to higher values than before irra-
diation, observed with RF-TCT measurements, is linked to the change
of the electric field profile in the sensor bulk rather than a change of
the properties of the multiplication layer itself. Care has to be taken
when drawing conclusions on the sensor properties only from one type
of measurement. Measurements of the leakage current and capacitance,
as shown in this study, are an important complement to an analysis of
the signal from TCT.

The multiplication layer is affected in such a way that its depletion
voltage is reduced after irradiation due to acceptor removal. Measure-
ments of the signal gain as a function of annealing time as well as a
comparison of the leakage current to the standard parameterization of
annealing show no recovery of gain.
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