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Abstract

High-energy physics detectors, like Low Gain Avalanche Detectors (LGADs) that will be used as fast timing detectors in the High
Luminosity LHC experiments, have to exhibit a significant radiation tolerance. Thereby the impact of radiation on the highly boron-
doped gain layer that enables the internal charge multiplication, is of special interest, since due to the so-called Acceptor Removal
Effect (ARE) a radiation-induced deactivation of active boron dopants takes place. In this paper we present defect-spectroscopy
measurements (Deep-Level Transient Spectroscopy and Thermally Stimulated Current technique) on neutron irradiated p-type
silicon pad diodes of different resistivity as well as LGADs irradiated at fluences up to 1 x 1015,neq /em?. Thereby we show that
while for the silicon pad diodes irradiated with electrons, neutrons or protons the determination of defect electronic properties and
r—defect introduction rates is straightforward, DLTS and TSC measurements on LGADs are strongly influenced by the impact of
@ the gain layer. It is shown that the measurability of the capacitance of the gain layer shows a strong frequency and temperature
“O dependence leading to a capacitance drop in DLTS and non-reliable measurement results. With TSC defects formed in the LGADs
(}) can be very nicely observed and compared to the defects formed in the silicon pad diodes. However the exact assignment of
C defects to the gain layer or bulk region remains challenging and the charge amplification effect of the LGADs impacts the exact
"~ determination of defect concentrations. Additionally, we will demonstrate that depending on the TSC measurement conditions
() defect induced residual internal electric fields are built up in the irradiated LGADs that are influencing the current signal of carriers
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1. Introduction

Low Gain Avalanche Detectors (LGADs) are characterized
«] by their high precision timing performance and are the se-
[~ lected technology for the Atlas High-Granularity Timing De-
O tector (HGTD) as well as the CMS Endcap timing layer (ETL)
®. [1, 2]. The operation of such sensors in the HL-LHC exper-
) iments requires a high radiation tolerance up to a 1 MeV neu-
tron equivalent fluence @4 of about 2 X 10'®cm™!. For LGADs
. aradiation induced degradation in the device performance can
= be observed that correlates with changes in the effective doping
'>2 concentration N.g of the highly doped gain layer [3]. Normally
the doping of such layer is up to 1x 107 cm™ and enables
charge multiplication due to impact ionization. The degradation
becomes evident in a decrease in the signal gain with increasing
particle fluence resulting in a disappearance of the multiplica-
tion effect at fluences of about 2 x 105¢cm™? [4].
The radiation-induced deactivation of boron in silicon (Si)
is well-known as so-called Acceptor Removal Effect (ARE).
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Thereby, due to the interaction with high-energy particles, Si
atoms are released from their lattice site and become Si intersti-
tials (Si;) which are very mobile, even at low temperatures, and
interact via the Watkins replacement mechanism preferentially
with boron and carbon atoms [5, 6] forming boron and carbon
interstitials (B;j, C;). These interstitials can further interact and
create boron and carbon related defects like e.g. B;Bg, B;O;,
B;C;, CiC; or CiO; [7, 8]. Thereby the interstitial boron - inter-
stitial oxygen complex (B;O;) is generally considered as main
responsible defect for the boron deactivation. Although recent
publications also state a Bg;Si; as possible defect structure to ex-
plain the ARE [9], in this publication we will follow the so far
widely accepted assumption of a B;O; defect structure. Its cre-
ation is coupled with the deactivation of one negatively charged
boron atom By and the formation of a donor type defect with an
energy level in the upper part of the Si band gap (Ec - 0.25¢eV).
In this regard, the B;O; formation contributes with a factor of
two to the changes of the space charge in the depletion region
[8]. The formation of B;O; competes with the formation of C;O;
which induces a hole trap at Ey +0.36eV and does not con-
tribute to the ARE. This competition gives an explanation of the
improved radiation hardness of carbonated LGAD gain layers
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[4]. In summary, the described defect kinetic model assumes
that all interstitials created during the radiation interaction are
forming either B;O; or C;O; defects [8]. This is very nicely
reproduced in the experimentally observed dependency of B;O;
introduction rates (IR = (defect concentration)/(fluence)) on the
initial boron doping concentration for p-type silicon devices ir-
radiated with fluences of up to 105 Neq /em? [8]. However, it
seems not be valid anymore for highly doped silicon, like the
gain layers of LGADs, irradiated at fluences > 10'° neq/cm?
[8], since the generation rates that reflect the observed deac-
tivation of boron extracted by changes of the macroscopic de-
vice properties are much higher as expected from the defect
kinetic model [4, 8]. That raises the question if other defect
structures might lead or contribute to the deactivation of accep-
tors in the highly doped LGAD gain layers. In order to trace
back this question we present defect spectroscopy studies on
silicon pad diodes and LGADs using the Deep-level Transient
Spectroscopy (DLTS) and Thermally Stimulated Current (TSC)
techniques.

2. Experimentals

The measurements were performed on LGADs and PIN
diodes from CNM (Centro Nacional de Microelectrénica,
Barcelona, Spain) and HPK (Hamamatsu Photonics, Japan).
The LGAD structure is n**-p*-p-p™ with a thin highly boron-
doped multiplication layer (p*) of around 2 um (this layer is
missing in the PIN diodes), a low doped active bulk region of
about 50 um (p) as well as the highly doped electrodes (n** and
p*). Irradiation was performed with reactor neutrons at the JSI
in Ljubljana (Slovenia). The sample overview as well as the ir-
radiation fluences are given in Table 1. The fluences given in
this paper are normalized to 1 MeV neutron equivalent values
(®eq) using the non-ionizing energy loss scaling (NIEL). The
LGADs from CNM are from Run 11486 with an active area of
0.09 cm? and a physical thickness of 351 um. They consist of a
low resistivity p-type support wafer and a 50 um boron-doped
active layer with a resistivity of about 5 kQcm into which, dur-
ing the sensor processing, an active p-type multiplication layer
is implanted underneath the front electrode. The HPK LGADs
have an active area of 0.0169 cm? and consists of an a 300 um
support wafer, a 50 um active p-type layer and an active highly-
boron doped p-type multiplication layer. After irradiation all
samples were annealed by default 10 min at 60°C.

The defect spectroscopy measurements on the LGADs and
PIN diodes are, among others, compared to similar studies
performed on single boron-doped n*-p-p* silicon pad diodes
produced at CiS (Forschungsinstitut fiir Mikrosensorik GmbH,
Erfurt, Germany) [10]. These diodes consist of an epitaxial
grown boron-doped bulk layer of 50 um that vary in resistiv-
ity from 10 Qcm to 1 kQcm. The active area of those devices
is 6.927 x 1072 cm?. They were irradiated with neutrons at JSI
[11], with 24 GeV/c protons at IRRAD proton facility (CERN)
[12], with 230 MeV protons at Boston General Hospital (USA)
or with 200 MeV electrons at CLEAR (CERN) [13], and an-
nealed afterwards for 10 min at 60°C. As hardness factors for
the @ calculation 0.62 was used for 23 GeV proton irradiation,

0.95 for 230MeV proton irradiation and 0.082 for 200 MeV
electron irradiation.

In order to investigate the macroscopic properties of the non-
irradiated and irradiated diodes Capacitance-Voltage (C-V)
measurements with different frequencies as well as Current-
Voltage (I-V) measurements were performed. As defect spec-
troscopy methods Deep Level Transient Spectroscopy (DLTS)
and Thermally Stimulated Current technique (TSC) were ap-
plied. For DLTS a commercial system from PhysTech GmbH
[14] was used. Thereby capacitance transients were analysed
that were recorded after charge carrier injection at temperatures
in the range from 20 K to 280 K, using three different time win-
dows (20 ms, 200 ms and 2 s). The injection pulse was varied in
time (t, =0.1-100ms) and pulse voltage (UP). To inject only
majority carriers a pulse voltage of UP=-0.6V was chosen,
while for minority and majority carrier injection the pulse volt-
age was set to +2 V. Before and after the injection pulse the
device was put under reverse bias UR (typically UR =-10V).
The measurement frequency was 1 MHz.

TSC measurements were performed in the temperature range
from 20 K to 220 K by using a Keithley electrometer and a Lab-
view based DAQ. The typical measurement cycle for spectra
presented in this paper consists of three steps:

(1) Cooling down: A reverse bias URgqwy is applied to the diode
at high temperature (>220K). Afterwards the biased diode is
subsequently cooled down to a certain filling temperature Tgy
(20K to 90 K). This step assures the release of charges and the
availability of unoccupied defect states.

(2) Filling step: At Tg a filling pulse UP (20 V) is applied to the
sensor during a specific filling time (tg; = 60 s— 360 s). During
this steps the defect states are occupied by majority and/or mi-
nority carriers.

(3) Heating up: the diode is put back under a reverse bias UR,
and the temperature is raised with a constant heating rate of
11 K/min from Ty to 220 K. During this time the current signal
induced by thermal emission of carriers from the defect levels
is recorded. In case that URgown is equal to URy, the reverse
bias is just named UR in this paper.

From the recorded TSC spectra the defect concentrations N,
were determined by integration over the observed TSC peaks
O using the following equation [15]:

O

N, =2
"7 Tq0Ad
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with go: the elementary charge as well as A: the area and d: the
thickness of the active region.

3. Results and Discussion

3.1. Electrical characterization and applicability of the DLTS
method to LGADs

Before and after irradiation the LGADs and PIN diodes were
electrically characterized by C-V and I-V measurements. The
I-V measurements showed an increase in the leakage current,
while the current related damage factor « of 9.6 X 107 A/cm,
extracted from /-V curves at -20°C, agrees well with values



(Deq (Cm_z) Vdepl V) VoL (V)
LGAD (HPK) W36S3-L15P5 1x 107 - 50.8 (51.2)
PIN (HPK) W42 S4-L14P5 Ix108  6.5(7.2) -
LGAD (CNM) rl11486 W2-U23 1 x 10™ - 27.0 (39.0)
LGAD (CNM) rl11486 W3-A12 1 x 10 - 26.0 (30.5)
PIN (CNM) r11486 W2-X22  1x 10" 0.6 (1.8) -
LGAD (CNM) rl1486 W2-W22 1 x 107 - 14.0 (42.5)

Table 1: Samples overview: The samples were neutron irradiated according to the given fluences ®¢q. For the LGADs the gain layer depletion voltages VgL and
for the PIN diodes the full depletion voltages Vyep are given in this table. The values were extracted from C-V measurements performed at - 20°C and with 10kHz
measurement frequency. In brackets the values of the unirradated sensors are added.
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Figure 1: C-V measurements performed on a CNM LGAD, neutron irradiated
with 1 x 10 Neq/ cm?. The measurements were performed at a temperature of
20°C at different frequencies from 100 Hz up to 1 MHz.

given in the literature [15]. Furthermore, after irradiation a
shift of the break down voltage to higher values was observed,
that however decreases with decreasing the measurement tem-
perature. C-V measurements on LGADs after irradiation have
shown a decrease in the gain layer capacitance as well as a de-
crease of the depletion voltage of the gain layer (V) indicating
the degradation of the gain layer due to the deactivation of ac-
tive boron dopants. The V. of the investigated LGADs as well
as the depletion voltage of the corresponding PIN diodes are
given in Table 1. Figure 1 shows C-V measurements performed
at different measurement frequencies on a CNM LGAD neu-
tron irradiated with 1 x 10" neg/cm?. When using low mea-
surement frequencies (standard: 10kHz) while increasing the
reverse bias it can be well distinguished between the depletion
of the gain layer region up to the gain layer depletion voltage
(VgL) and afterwards the depletion of LGAD bulk region. How-
ever for higher frequencies the measured capacitance of the
gain layer region significantly drops. This effect becomes even
more pronounced when decreasing the temperature as shown in
Fig. 2. Here the capacitance values at a certain bias below VgL
are plotted against the measurement frequencies. The data are
taken in the temperature range of - 20°C to +20°C and demon-
strate the increased capacitance drop with decreasing tempera-
ture.

To perform DLTS measurements, temperatures down
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Figure 2: Capacitance measured at certain bias voltages and temperatures in
dependency of the frequency. The measurement were performed on a CNM
LGAD neutron irradiated with 1 x 104 Neg Jem?.

to 20K were applied and a measurement frequency of
1 MHz is used. For the standard silicon pad diodes irradiated to
adequate low fluence this allows the measurement of radiation
induced defects very nicely as can be seen in Fig.3. More
details about the recorded spectra will be given below. On
the other hand, DLTS measurements on LGADs resulted in
non-reliable spectra due to the strong capacitance drop at high
frequencies. Also the highly irradiated PIN diodes could not
be measured with DLTS since in this high resistivity diodes
the net background doping level is small compared to the
high defect concentrations induced by irradiation. That leads
to non-exponential capacitance transients during the thermal
emission process and prevents reliable DLTS results [16, 17].

The DLTS spectra in Fig.3 are measured on EPI silicon pad
diodes of resistivities from 10 Qcm to 1kQcm. The neutron
fluences are 1.3 x 10'* and 1.2 X 10'® neq/cm? for the lower
resistivity samples, and 1 x 10'" and 5 x 10'! Neq Jem? for the
diodes with higher resistivity. On the left-hand side, spectra
obtained after injection of only majority carriers (holes) are
shown while in the right-hand side the spectra after minority
and majority carrier injection are plotted. As major electron
trap the peak attributed to the B;O; defect can be very nicely
seen. Analysis of the capacitance transients gave the defect
concentrations from which we extracted the defect introduction
rate for B;O;. They are plotted in Fig. 4 vs. particle fluence ®¢q
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Figure 3: DLTS spectra of EPI silicon pad diodes. The resistivity of the diodes
vary due to the different boron content from 10Qcm to 1kQcm. The spec-
tra on the left side were obtained when injecting majority carriers during the
pulse step, while the spectra on the right side were recorded after majority and
minority carrier injection.

(white shaded area). The full symbols in this figure correspond
to values taken from neutron irradiated diodes, while the open
symbols and the half-open symbols are taken from comparable
studies performed on 200 MeV electron irradiated diodes and
23 GeV as well as 230 MeV proton irradiated EPI silicon pad
diodes, respectively. As can be seen in Fig.4, in the lower
fluence range where DLTS is applicable the IR show rather a
dependence on the device resistivity than on the fluence: for
high resistivity material the IR are below 0.2cm™!, medium
resistivity samples show IR in the range of 0.6 to 0.8 cm™', and
for silicon pad diodes with low resistivities the values are above
0.8cm™! and in good agreement with previous experimental
results on EPI silicon pad diodes [18, 19] as well as with
the defect kinetic model described in the introduction [8].
Furthermore, in this fluence range no clear dependence of the
IR on the particle type can be stated. However, a dependency of
the IR on the particle type becomes visible at higher fluences,
where the IR of proton irradiated sensors (half open symbols)
are always higher than those of the neutron irradiated ones
with the same resistivity (full symbols). This effect can be
understood by a higher point defect formation ratio of protons
compared to neutrons which preferentially create more cluster
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Figure 4: B;O; introduction rates as function of the neutron equivalent fluence.
The values below 3 x 1013 Neg Jem? were calculated from B;O; defect concen-
trations obtained from DLTS measurements on neutron (full symbols), elec-
tron (open symbols) and proton (half open symbols) irradiated EPI silicon pad
diodes of different resistivity. For fluences above 3 x 1013 Neq Jem? the data
were extracted from the B;O; peak measured by TSC (grey shaded area).

like defects [10]. A more detailed discussion about the IR rates
obtained by TSC (grey shaded area in Fig.4) will be given in
the next section.

3.2. TSC studies on silicon pad diodes and LGADs

Defect spectroscopy studies, including DLTS and TSC in
combination with e.g.  Electron Paramagnetic Resonance
(EPR), Infra-Red absorption spectroscopy (IR) and detailed an-
nealing studies, on a broad variety of irradiated silicon pad
diodes have enabled the identification and assignment of a
whole set of radiation induced defects in silicon [10, 20—
30]. Figure5 (top) shows TSC spectra of silicon pad diodes
with 250 Qcm and 1kQcm resistivity, neutron irradiated with
7.8 x 1013 neq/cm2 and 3.3 x 104 neq/cmz, respectively. The
spectra are normalized to the B;O; peak height and those of the
higher irradiated diodes are shifted on the y-axis to allow better
visibility. Besides point defects like E(30), H(40), [,0, VO,
B;O; and C;0;, also multi-vacancy and cluster related defects
(e.g. H(116), H(140), H(153)) [25, 26] at temperatures above
100 K can be distinguished. Since the free carrier capture cross
section of the C;O; strongly depends on the filling temperature,
it becomes visible in TSC only at higher Ty (see e.g. bold
grey line in Fig. 5 with Tg; = 70 K). In the temperature range of
96 K-98 K we can identify the B;O; defect, that is assumed to
be the main responsible defect for the radiation induced ARE.
By fitting the TSC peak area and applying Equation 1 we ex-
tracted the B;O; defect concentration and corresponding IR.
The values are added in Fig.4. All the IR for the B;O; that
were obtained by TSC for the diodes irradiated with neutrons
(or protons) at higher fluences are below the values extracted
from DLTS at lower fluences. Thereby it should be mentioned
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Figure 5: Top) TSC spectra of neutron irradiated EPI silicon pad diodes. The
spectra are normalized to the B;O; peak height and those with higher irradia-
tion are shifted on the y-scale. The grey spectrum (bold solid line) was taken
on a 250 Qcm diode irradiated to 7.8 X 103 neq/cm? and illustrates the filling
temperature dependence of the C;O; peak (Tg; =70K). Bottom) TSC specta
of a neutron irradiated CNM PIN diode. The spectra differ in the applied re-
verse bias. The light blue spectra (dotted line) was taken at UR =-100V and
Ty =75 K. [Coloured figures available online]

that for the highly doped diodes (10 and 50 Qcm) an underes-
timation of the defect concentration has to be considered since
those sensors were not able to fully deplete during the measure-
ments. Therefore at least for those sensors the IR should be
higher. The lower doped sensors (250 and 1 kQcm) can be fully
depleted and show the same trend of a reduced IR.

When comparing the types of defects created in the EPI sili-
con pad diodes with those created in the CNM PIN (see Fig. 5
(bottom)) irradiated to 1 x 10" ngq/cm? it is found that they are
very comparable. When changing the filling temperature also
in the PIN the C;O; peak becomes visible. The peak close to
100 K can be assigned to the B;O; with a concentration of about
1.5 x 10'2 cm~3. To remember, the resistivity of the PIN diodes
is below 5 kQcm, resulting in an effective doping level of about
2.6 x 10'2 ¢cm™3. The B;0; IR would be around 0.02 cm™!. Here
we should mention that the B;O; peak shows kind of a shoul-
der at the lower temperature side whose origin is not fully clear,
yet, but could be connected to the so-called X-defect presented
in the literature [19].

When changing the applied reverse bias (from -100V to -35V)
the influence of the electrical field to the carrier emission be-
comes visible, and effects especially the TSC peaks at low tem-
peratures, corresponding to defect levels near to the band gap
edges (Ecv). This so-called Poole-Frenkel effect is explained
by an enhanced emission probability from Coulombic traps due
to a field induced lowering of the emission barrier height for
trapped charges [31, 32]. It leads in the TSC spectra to a peak
shift to lower temperatures with increasing bias, and gives an
explanation why for example the E(30) which is an electron
trap with an energy level in the upper part of the band gap that
shows a strong Poole-Frenkel effects [26], becomes visible only
for low applied bias.
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Figure 6: TSC spectra of LGADs neutron irradiated with different fluences. The
TSC spectra were recorded while applying a reverse bias of -100 V. [Coloured
figures available online]
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Figure 7: TSC spectra taken at different reverse bias of an LGAD irradiated
with 1 x 1013 Neg /em? neutrons. The dotted grey line is the TSC spectrum of
the corresponding PIN diode irradiated at the same fluence. [Coloured figures
available online]

Figure 6 shows TSC spectra on CNM LGADs irradiated with
different fluences (blue dash-dotted line: 1 x 10" ngq/cm? and



green solid line: 1 x 10" Neq/ cm?). The reverse bias applied
during the measurement was in both cases Ug =- 100V, cor-
responding to full depletion of the device (gain layer and low
doped bulk). From these spectra we could identify the same
defect types as measured in the PIN diode, however the peak
heights are higher in the LGAD spectra. So the B;O; concentra-
tion for the 1 x 10" Neq/ cm? neutron irradiated LGAD is about
2 x 10" cm™3 which gives an IR of about 0.2cm™!. This IR is
higher than for the PIN diodes but does not reach the values
expected from the macroscopic sensor degradation given in the
literature for highly doped LGAD gain layers [8]. Therefore,
it is not very likely that this value reflects the deactivation of
boron in the LGAD gain layer. Furthermore, it is observed that
the increase of the background leakage current, contributing to
the TSC signal, starts at temperatures significantly lower com-
pared to the PIN or silicon pad diodes. This increased current
signal is an effect of the charge amplification in the gain layer of
the LGADs. Therefore, in the higher irradiated LGAD, where
the gain is expected to be more reduced due to the radiation in-
duced acceptor removal, the impact of the background leakage
current starts at higher temperatures than for the lower irradi-
ated device.

The influence of the current amplification on the TSC signal be-
comes even more obvious when having a look on the measure-
ments of 1 x 10" neq/cm? irradiated HPK LGAD (see Fig. 7).
When applying a reverse bias of Ug =-80V that corresponds
to a full depletion of the device, the current signal induced
by charge emission from defect states reach values of up to
1 x 107 A. That would correspond to defect concentrations in
the range of 10'° cm=3, being an effect of the charge amplifi-
cation in the gain layer. Additionally it has to be taken into
account, that for devices with multiplication layer the break-
down voltage decreases with decreasing temperature [33]. For
a non-irradiated HPK2-W36 LGAD it is around -50 V below
120 K compared to approximately -220 V at room temperature.
In consequence it means that an exact determination of defect
concentrations from the measured TSC spectra is not reliable
unless the exact impact of the gain at the given temperatures on
the emitted charges is known.

In a next step we checked if it is possible to distinguish between
defects created in the gain layer and defects created in the low
doped bulk of the devices by restricting the depletion region to
the width of the gain layer region. To do so the reverse bias
applied during the TSC measurements was reduced. This al-
lows to deplete only a certain part of the device, like e.g. only
the gain layer region. Thereby, the emitted charges during the
heating up step are supposed to be released mainly from de-
fects within those parts. For the lower irradiated HPK LGAD
the changes in the TSC signal with decreasing reverse bias are
shown in Fig.7. It can be seen that, up to the full depletion
voltage of the gain layer (- 50 V), the defect related TSC current
signal more and more decreases and is not anymore detectable
for biases below the gain layer depletion voltage. In conclu-
sion, for the low irradiated HPK LGAD it is not possible to
give a trustable explanation whether the charges multiplicated
at higher biases are coming from the bulk or gain layer region.

Comparable measurements performed on the higher irradiated
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Figure 8: TSC spectra of a CNM LGAD irradiated with 1 x 10'* cm? neutrons.
The reverse bias voltage was varied in the range of - 10V up to - 100 V. The
inset shows a zoom of the spectra between 50 K and 125 K. [Coloured figures
available online]
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Figure 9: TSC current values extracted from the measurements plotted in Fig. 8
at three different temperatures in dependency of the bias applied during the TSC
measurement. Additionally added (solid grey lines): /-V measurements on the
same LGAD performed at 190K using different waiting times between two
measurement points. Red dot labeled with PIN(190 K): From TSC measure-
ments extracted value of the corresponding PIN. [Coloured figures available
online]

CNM LGAD:s are illustrated in Fig. 8. First of all, one observes
that with decreasing the bias voltage the background leakage
current in the temperature region higher than 100 K decreases.
The I-V dependence for three different temperatures (165K,
175K and 190K), as extracted during TSC scan, is plotted in
Fig.9. The red dot corresponds to the TSC current signal at
190K and -100V bias for the corresponding PIN diode. Ad-
ditionally added are also /-V measurements of the LGAD di-
rectly performed at 190K from low to high bias voltage. They



were recorded with different waiting times between two mea-
surement points (< 10s). The longer the waiting time, the bet-
ter is the agreement of the /-V curve with the extracted values
from TSC. The observed behaviour can be explained by taking
into account the contribution of a time dependent displacement
current at low bias. It even makes visible a sign inversion of the
current signal for waiting times up to 8 s leading to a minimum
current value of - 5.7 pA. For waiting times higher than 8s no
further changes in the measured /-V curves were observed. In
summary, the /-V measurements reflect the behaviour observed
during the TSC measurements and clearly demonstrates that at
high voltages in the temperature range higher than 100K the
TSC signal is dominated by a high background leakage current.
Therefore, when lowering the voltages during the TSC scan de-
fect levels like the H(140) becomes visible (see Fig. 8). But also
the TSC current intensities of the peaks at lower emission tem-
peratures are influenced by the applied voltages. Especially the
defect levels detected below 50 K strongly decrease in intensity
when going from low to high voltages.

The inset in Fig. 8 shows a zoom of the TSC spectra between
50K and 125 K. Normally the B;O; peak is expected to be mea-
sured at temperatures close to 100 K. While for low voltages
this peak consists of two maxima at higher voltages they merge
into one peak. A double peak structure in this temperature range
was also observed for the low doped PIN diodes and might be
induced by the appearance of the X-defect [19].

Additionally to the current sign inversion that was visible in
the /-V measurements at low temperatures for low applied bias,
also in TSC under certain measurement conditions an inver-
sion in the TSC signal current was observed. This is illustrated
in Fig. 10. The TSC spectra here were recorded after cooling
down with -100V reverse bias (TSC procedure: step 1), mak-
ing a standard filling pulse (step 2) and after the filling pulse
the reverse bias was set back to Ueep =-100V (in the following
called "voltage step”) before applying the reverse bias URy, for
ramping up the temperature (step 3). As seen in Fig. 10, if after
the “high voltage step” the reverse bias for ramping up is cho-
sen to be smaller than the gain layer depletion voltage (- 10 V to
-25V), the current induced by the emitted charges from defect
states has a positive sign. With increasing the bias voltage up
to the gain layer depletion voltage the detected emission current
decreases and increases again with opposite sign for bias higher
than the gain layer depletion voltage (- 30 V to - 150 V). The ob-
served shifts in the defect peak maxima can by understood by
the Poole-Frenkel effect. The same behaviour is also observed
for the lower irradiated HPK LGADs (not shown) and appears
independent of the bias voltage applied during the TSC cool-
ing down step. The high voltage step after the filling leads to a
full depletion of the device. Putting afterwards the bias back to
lower values most probably creates internal electric fields that
counteract to the external applied field, leading charge carriers
moving opposite to the external applied field. From literature
it is known, that changes in the TSC current sign can appear
due to internal residual electrical fields that are induced by high
defect concentrations [34-36].

-10V
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H(40)
2100 4 URdown =-100 V; CNM LGAD i
THill = 20 K; tfll = 60 s; " s
UP=+20V: Ustep=-100v | X107 Negfem
T T T T T T T
50 100 150 200

T (K)

Figure 10: TSC spectra of a CNM LGAD irradiated with 1 x 10'* cm™2 neu-
trons. The spectra were measured using a “voltage step” (see corresponding
description in the text) and applying different reverse bias during the "heating
up” step. [Coloured figures available online]

4. Summary

In this paper we present defect spectroscopy studies (TSC
and DLTS) on neutron irradiated silicon pad diodes as well as
LGADs in order to understand the feasibility of using these
methods to characterize defects in LGAD structures and find
indications why the acceptor deactivation in the LGAD gain
layer does not correlate with the defect kinetic model which is
nicely applicable for the lower doped silicon pad diodes. We
demonstrate a strong dependency of the gain layer capacitance
on the measurement frequency and temperature, resulting in a
capacitance drop during DLTS measurements that makes this
method not reliable for defect characterization of LGADs. In
contrast, with TSC the defects formed in the LGAD devices
can be very nicely detected and compared to studies performed
on silicon pad diodes. However, giving quantitative values for
the defect concentrations, and therefore exact introduction rates
for the boron deactivation, is challenging since the peak ampli-
tudes are determined by the multiplication effect of the gain
layer and makes it in addition difficult to clearly distinguish be-
tween defect signals coming from the low doped Si bulk or from
the highly doped Si gain layer. In conclusion, based on the ex-
perimental results it can be stated that the defect spectroscopy
methods we used are limited in characterizing defects in LGAD
gain layers. In order to use the full potential of these methods
it is therefore planned in a next step to process and characterize
highly-irradiated silicon pad diodes with doping concentrations
that mimic the gain layer of an LGAD.
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