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ABSTRACT

Gain-layer degradation from exposure to radiation limits the use of Low-Gain Avalanche Diodes (LGADs) in
high energy particle physics detector experiments. Proper understanding of how the gain-layer is altered is not
available on a defect level. Only measurements for materials with much lower effective doping concentrations
are available. The direct study of the gain-layer is not possible with typical defect spectroscopy measurements
like Thermally Stimulated Currents (TSC) and Deep-Level Transient Spectroscopy (DLTS). To combat this
problem and gain a better understanding of the processes which degrade LGADs, the Gain-Layer Project was
started.

Within this project 19050 diodes were produced with various Boron, Phosphorus, Oxygen and Carbon
concentrations. The material used is low-resistivity p-type Silicon. The effective doping concentrations are in
the order of typical LGAD gain-layers. These diodes will serve the defect community in the coming years for
various studies.

This article introduces this project with detailed descriptions of the diodes, their flavours and their
processing, and reports on results from I-V, C-V, SIMS and DLTS measurements on unirradiated diodes.

1. Introduction

gain due to the exposure to radiation lowers the signal-to-noise ratio
and degrades the time resolution. At some point, the gain-layer doping

Low Gain Avalanche Diodes (LGADs) are sensors with intrinsic gain
developed for increased timing requirements in High Energy Physics
(HEP) experiments. With a timing resolution of 20 ps to 30 ps and an in-
trinsic gain in the order of 10, LGADs will be used as timing detectors at
the upgraded High-Luminosity Large Hadron Collider (HL-LHC) [1-3].
The n*tt — p* — p— p** structure of LGADs with a thin (1 pm to 2 pm),
highly doped p* region (the gain-layer), provides strong enough electric
fields near the junction contact to produce charge multiplication via
impact ionisation [4].

The limiting factor for the use of LGADs in harsh radiation environ-
ments is the degradation of their gain-layer [5-7]. A reduction of the

* Corresponding authors.

is fully compensated by the formation of radiation-induced defects [3].
This apparent deactivation of the gain-layer dopants is called Acceptor
Removal Effect (ARE), and is directly observed as a variation in the
effective doping concentration Ng. The Boron dopants (acceptors) are
deactivated or compensated by donor-like defects introduced into the
Silicon lattice by radiation.

The current understanding of the acceptor removal process in p-
type Silicon is that a Boron Containing Donor (BCD) defect, with an
energy level detected at ~ 0.25eV from the conduction band of Silicon,
is formed during irradiation via a reaction between substitutional Boron
(B,) and interstitial Silicon (Si;). Two chemical structures are proposed
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in literature for the identity of the BCD complex. The Boron-interstitial-
Oxygen-interstitial (B;O;) complex [8-14] is a defect that is formed
in two steps. B, atoms first switch places with Silicon interstitials
becoming Boron interstitials (B;) which then migrate in the crystal and
combine with the abundant Oxygen interstitials (O;) present in Silicon
forming the B;O; defect. The Silicon-interstitial-Boron-substitutional
(Si;B,) complex [15-17] accounts for a direct reaction between the
negatively charged acceptor dopant and the positively charged Si;
atom created by irradiation. Both B;O; and Si;B; defects have donor
energy levels in the bandgap of Silicon and thus, both can act as
BCD defects being responsible for the ARE. Presently, there are no
conclusive experiments to clarify the chemical structure of the detected
BCD centre. An effective way to mitigate the gain loss is Carbon co-
implantation [3], but the improvement in radiation hardness is still not
enough to cover the lifetime of future HEP experiments, where extreme
radiation fluences are expected.

To understand the gain-layer degradation, a direct defect spec-
troscopy measurement of the gain-layer is needed. However, Deep-
Level Transient Spectroscopy (DLTS), the most powerful technique for
characterising electrically active defects, is unable to probe the complex
structures of LGADs [18]. The Thermally Stimulated Currents (TSC)
method can probe the LGAD structures [17], but for a quantitative
evaluation of the radiation damage in the gain-layer only, the doping
profile in the implanted p* thin layer, the temperature dependence of
the gain as well as the damage in the bulk of the measured LGADs has
to be well determined. Consequently, most studies have so far relied on
measurements of standard n** — p pad diodes with resistivities ranging
from 50Qcm to several kQcm, and irradiated at a maximum 1 MeV
neutron equivalent fluence @, of 10'> cm=2 [9,11-14,17,19,20].

Radiation-induced defects after higher irradiation fluences were not
investigated so far. Further experimental measurements are required,
together with new model development. New techniques that are able
to handle large defect concentrations, such as Fourier Transform In-
frared (FTIR) and Photo-luminescence (PL) spectroscopies, should be
employed. Also, specially-designed samples should be fabricated for
these studies. Moreover, the change of the fundamental semiconductor
properties, e.g. the carrier mobilities, lifetimes and impact ionisation,
at extreme fluences are not precisely known, although they are needed
for any detector design.

The Gain-Layer Project was envisioned to address these issues. It
aims to study defects in specially-engineered p-type pad diodes with a
highly-doped bulk, which mimics the gain-layer of LGADs. We refer
to these diodes as Gain-Layer Project Diodes (GLPDs). The project
started in the framework of the RD50/DRD3 collaborations [21,22],
and produced 19 050 diodes with bulk doping close to the doping levels
used for establishing the gain-layers in LGADs, specifically designed for
defect studies. Thus, planar n** — p* — p** defect engineering Silicon
diodes mimicking the gain-layer of LGADs with 3 different Carbon
implantation doses, Boron (2Qcm and 10Qcm), Phosphorus (for a
partial compensation of Boron doping in the 2 Q cm wafers) and Oxygen
content have been fabricated. They are processed on standard and
Oxygen-Diffused Float-zone Silicon (FZ and DOFZ) wafers of 2 Q cm and
10 Q cm resistivity p-type substrate. They are designed to be thoroughly
investigated from the microscopic point of view over a large fluence
range, using DLTS, TSCap and TSC.

TSC requires fully-depleted samples. However, these highly-doped
substrates are expected to have very large depletion voltages. To allow
full-depletion of a controlled volume, diodes with a thin (~2 um) layer
with 10Qcm resistivity are produced out of 2 Q cm substrates by com-
pensating the Boron doping of the bulk with a Phosphorus implant at
different energies. This solution also allows to study the Donor Removal
Effect (DRE) and the possibility to exploit it to mitigate the ARE in
gain-layers with Boron-Phosphorus co-implantation.

GLPDs will be irradiated at different fluences, ranging from ~
10"n,,/cm? to over 10'®n,/cm?. Different experimental methods
will be used for defect characterisation as appropriate: DLTS up

Nuclear Inst. and Methods in Physics Research, A 1091 (2026) 171757

Table 1

List of the six flavours of GLPDs.
Flavour Resistivity DOFZ Phosphorus Carbon

[Qcm] Plateau [em~2]

A 2 no no 0, 5% 102, 5x 103, 5x 10"
B 2 no yes 0, 5% 102, 5x10"3, 5x 10"
C 2 yes no 0, 5% 10'2, 5x 103, 5x 10"
D 2 yes yes 0, 5% 102, 5%x10"3, 5%x 10"
E 10 no no 0, 5% 102, 5% 103, 5x 10"
F 10 yes no 0, 5% 102, 5x 103, 5x 10"

to 10'n,,/cm?, TSC and TSCap up to 10'®n,,/cm?, and FTIR and PL
spectroscopies above 10'®n,, /cm?. Charge Collection Efficiency (CCE),
Transient Current Technique (TCT), charge carrier lifetime, Van der
Pauw resistivity and Hall mobility measurements will also be employed.

Further on, the parameters determined from experiments will be
used as reference values or inputs for modelling both the defect gener-
ation and kinetics and the device properties. The goal of the project
is to understand the ARE in irradiated p-type Silicon, parametrising
it for various contents of Boron, Carbon, Phosphorus and Oxygen
impurities and irradiation fluences. This way, we can find solutions
to maximise the radiation hardness of LGADs through defect and ma-
terial engineering, device engineering and optimisation of operational
conditions.

This article introduces the project, reports its status and the I-V,
C-V, SIMS and DLTS measurement results on as-processed samples.

2. Gain-layer project diodes

CiS Forschungsinstitut fiir Mikrosensorik GmbH [23] produced
19050 GLPDs distributed on 25 wafers. A total of six distinct flavours
were produced. The diodes are made from p-type Silicon wafers of two
resistivities: 2 Qcm and 10 Q cm. The former are 250 pm thick, while the
latter are 525pum thick. Additionally, both FZ and DOFZ wafers were
used. Finally, some wafers are processed with an additional Phosphorus
plateau implant.

Table 1 gives a summary of the flavours, while Figs. 1 and 2 show
the split of the various parameters. Table A.3 in the appendix lists all
wafers and their specific flavour.

For each flavour, the wafers were implanted with three different
Carbon doses: 5x10'2 cm™2, 5x10'3 cm~2 and 5x10'* cm~2. The top right
quadrant of each wafer was left without Carbon which was achieved
by gluing on a sacrificial Silicon wafer quarter during the Carbon
implantation. For each flavour with the middle Carbon dose, two (for
flavour A three) identical wafers were produced. For the lowest and
highest Carbon dose, only one wafer per flavour was produced.

Fig. 3 shows the schematic layout of the wafers. The middle part
of each wafer contains large diodes with a pad size of 6.25mm? (this
is the surface encased by the guard ring). The left and right side of
each wafer contains small diodes with a pad size of 1.5625mm?. As
can be seen in Fig. 3, some special structures were produced. The bulk
of the wafer is filled with standard pad diodes, while a small fraction
has larger openings in the metal, both for the front and backside.
Some structures have no metal layers to allow Hall measurements,
and some are dedicated to Secondary-Ion Mass Spectroscopy (SIMS)
measurements.

A detailed description of the production process is given in the
following.

3. Simulation

To tailor the processing parameters, the dopant profiles were sim-
ulated using the Atlas software from Silvaco [24] and SRIM [25,26].
There were two goals: creating a Phosphorus plateau in some 2Qcm
wafers, directly below the n — p junction, to generate a compensated
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Fig. 1. Flavour tree for the 2Qcm, 250 ym thick wafers. The last row indicates the Carbon implantation dose in units of cm™? and the number of wafers produced

for each specific combination.

Fig. 2. Flavour tree for the 10 Q cm, 525 pm thick wafers. The last row indicates

2

the Carbon implantation dose in units of cm™ and the number of wafers

produced for each specific combination.

region with a resistivity of 10 Q cm, and implanting Carbon into the n—p
junction.

Fig. 4 shows the results of the simulation. The simulated implan-
tation energies for Phosphorus are 500keV, 1000keV, 1250keV and
1500keV. At 500keV, a Phosphorous dose of 1.2 x 10" cm™2 is used
and an annealing step of 20s at 1000°C is simulated. For the other
implantation energies, a dose of 1.6x10!! cm~? is used and an annealing
step of 5min at 1000°C is simulated. The Carbon profile given in the
figure is simulated using SRIM without an annealing step after the
implantation. The simulated Carbon implantation dose is 1x 10! cm=2.

4. Processing

According to the flavour tree in Fig. 1, the diode processing con-
sists of the following steps: oxygenation, emitter formation, backside
doping, Phosphorous plateau formation, Carbon implantation and met-
allisation. The implantations were performed at HZDR Dresden [27].

Fig. 5 shows the layout of a small diode, which only differs in its
size to a large diode.

The oxygenation was performed by in-diffusion of Oxygen from
an oxide layer during a prolonged annealing step (24h at 1150°C).
Standard Phosphorous (100keV, 1.5 x 10" cm~2) and Boron implanta-
tions (100keV, 1 x 10> cm~2) were made on the front and backside,
respectively.

The Phosphorous plateau was formed using four successive high-
energy (500keV, 1000keV, 1250keV and 1500keV) implantations. The
implantations were activated using an annealing step of 5 min at 1000 °C.

Then, a quarter of each wafer was shielded using a sacrificial quarter
wafer glued on top of the wafer and high-energy (500keV) Carbon
implantations were made with the three aforementioned doses (5 x
1012cm™2, 5x 10"* cm™2 and 5 x 10'* cm™2). Finally, a short annealing
step was done, 10s at 1000 °C, using a rapid-thermal-annealing (RTA)
furnace with fast infrared heater lamps.

Afterwards, the diodes were coated by an Aluminium-Silicon alloy
for the metallisation. No passivation was applied after the metallisation.
Contact formation was performed using a low-temperature annealing
step, 30 min at 350 °C. Lastly, the I-V characteristics of the diodes were
measured on the wafer, then the diodes were diced.

5. Secondary-ion mass spectroscopy

Measurements by SIMS were carried out on dedicated structures
using an IMS7f-auto by Cameca [28] at the CiS Forschungsinstitut in
Erfurt.

To avoid possible charging effects induced by surrounding non-
conductive areas of the sample, a thin gold layer (~38 nm) was applied
before loading the samples into the SIMS system. For the analysis of
Phosphorus, Oxygen and Carbon, positively-charged Caesium ions were
used as primary ions and negatively-charged secondary ions measured
to ensure the best possible signal-to-noise ratio as well as low detection
limits. The Caesium source was set at 10kV and the sample at —5kV.
High mass resolution (HMR) was applied to avoid mass interferences
between different ion species with the same nominal mass: HMR = 4800
to distinguish 3'P from 3°Si'H and HMR = 2000 to distinguish the
reference mass 28Si from 160'2C. The depth profiles were recorded
until stable ion signals were reached.

The raster size was set to 150 x 150 pm? based on the analysed struc-
tures. E-gating and a reduction of the energy-slit width were applied
in order to reduce background and noise effects from the edge of the
sputter crater.

To convert the sputtering time into a depth scale, the depth of the
sputter crater was determined by a calibrated stylus profiler, Alpha-Step
500-D by KLA instruments [29], and a constant sputter rate assumed.
The uncertainty of depth measurements is below 10%. Adequate ref-
erence samples were used to convert the measured ion intensities
into atomic concentrations. Repeated measurements, performed under
the same experimental conditions, show a maximum variation of the
experimentally-determined concentration of less than 2 %.

As shown in Fig. 6, the Carbon concentration exhibits a peak at a
depth of ~750nm from the surface. The peak concentration is around
1.7x10' C/cm? for the highest Carbon implantation dose, 1x10'8 C/cm?
for the middle dose and 1.5 x 10'7 C/cm? for the lowest dose. The
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01-09 01-24
02-08| 02-09 02-24| 02-25
103-07|03-08| 03-09 03-24| 03-25 | 03-26
104-06/04-07|04-08| 04-09 No Carbon 04-24| 04-25 | 04-26 |04-27 No Carbon
5-05/05 5-07|05-08| 05-09 01-14 | 01-15 | 01-16]01-17|01-18|01-19 05-24| 05-25 | 05-26 | 05-27 | 05-28
06-04/06-05|06-0 7|06-08| 06-09 02-11 |02-12|02-13 | 02-14 | 02-15 | 02-16]02-17|02-18|02-19/02-20|02-21|02-22 06-24| 06-25 | 06-26 |06-27 | 06-28 | 06-29
07-04/07-05|07-06/07-07|07-08| 07-09 03-10 | 03-11 |03-12|03-13 | 03-14 | 03-15 |03-16]03-17|03-18|03-19|03-20|03-21|03-22|03-23 07-24| 07-25 | 07-26 |07-27 |07-28|07-29
08-03|08-04|08-05|08-06|08-07|08-08| 08-09 04-10 | 04-11 |04-12|04-13 | 04-14 | 04-15 |04-16] 04-17|04-18|04-19|04-20|04-21|04-22|04-23 08-24| 08-25 | 08-26 | 08-27 | 08-28 | 08-29 |08-30
09-03|09-04|09-05/09-06|09-07|09-08| 09-09 05-10 | 05-11 |05-12|05-13 | 05-14 | 05-15 |05-16]05-17|05-18|05-19|05-20|05-21|05-22|05-23 09-24| 09-25 | 09-26 |09-27 | 09-28| 09-29 |09-30
10-02|10-03/10-04/10-05|10-06/10-07|10-08| 10-09 06-10 | 06-11 |06-12| 06-13 | 06-14 | 06-15 |06-16] 06-17|06-18|06-19|06-20|06-21|06-22|06-23 10-24|10-25 | 10-26 |10-27|10-28 | 10-29 [10-30{10-31
11-02|{11-03/11-04/11-05|11-06/11-07|11-08| 11-09 07-10 | 07-11 |07-12|07-13 | 07-14 | 07-15 |07-16} 07-17|07-18|07-19|07-20{07-21(07-22|07-23 11-24/11-25 | 11-26 |11-27(11-28|11-29 [11-30{11-31
12-02|12-03|12-04(12-05/12-06|12-07(12-08| 12-09 08-10 | 08-11 |08-12|08-13 | 08-14 | 08-15 |08-16|08-17|08-18|08-19|08-20|08-21|08-22|08-23 12-24|12-25 | 12-26 |12-27|12-28|12-29 [12-30{12-31
13-01{13-02|13-03|13-04{13-05/13-06(13-07(13-08| 13-09 09-10 | 09-11 |09-12|09-13 | 09-14 | 09-15 |09-16]09-17|09-18|09-19|09-20|09-21|09-22|09-23 13-24|13-25 | 13-26 |13-27|13-28|13-29 |13-30|13-31|13-32
14-01{14-02|14-03|14-04{14-05/14-06(14-07(14-08| 14-09 10-10 | 10-11 |10-12|10-13 | 10-14 | 10-15 [10-16]10-17{10-18{10-19/10-20/10-21|10-22|10-23 14-24|14-25 | 14-26 |14-27|14-28 | 14-29 |14-30|14-31|14-32
15-01[15-02[15-03[15-04[15-05]15-06[15-07[15-08] 15-09 11-10 | 1241 [11-12[ 1213 11-24 | 1215 [11-16[11-17[11-18[11-19[ 11201121 1322|1123 15-24] 1525 | 15-26 [15-27]15-28] 15-29 [15-30[15-31[15-32
16-0316-04[16-05[16-06[16-0716-08| 16-09 12-10 | 12-11 [12-12[12-13| 12-14 | 1215 [12-16| 12-17[12-18[12-19[12-20]12-2112-22[12-23 16-24] 1625 | 1626 | 16-27]16-28] 16-29[16-30
17-03|17-04(17-05|17-06[17-07|17-08| 17-09 13-10 | 13-11 [13-12|13-13| 13-14 | 13-15 [13-16]13-17|13-18{13-19/13-20(13-21|{13-22{13-23 17-24|17-25 | 17-26 |17-27|17-28 | 17-29 |17-30]
18-03/18-04/18-05|18-06/18-07|18-08| 18-09 14-10 | 14-11 |14-12|14-13 | 14-14 | 14-15 [14-16(14-17|14-18(14-19|14-20|14-21|14-22|14-23 18-24|18-25 | 18-26 |18-27|18-28 | 18-29 |18-30
19-03/19-04/19-05|19-06/19-07|19-08| 19-09 15-10 | 15-11 [15-12|15-13 | 15-14 | 15-15 [15-16{15-17|15-18{15-19/15-20|15-21|15-22{15-23 19-24|19-25 | 19-26 |19-27|19-28 | 19-29 |19-30
20-01|20-02|20-03|20-04|20-05/20-06|20-07(20-08| 20-09 16-10 | 16-11 |16-12|16-13 | 16-14 | 16-15 [16-16{16-17|16-18(16-19/|16-20|16-21|16-22|16-23 20-24| 20-25 | 20-26 |20-27 | 20-28|20-29 [20-30(20-31|20-32
21-01|21-02(21-03|21-04|21-05/21-06(21-07(21-08| 21-09 17-10 | 17-11 [17-12|17-13| 17-14 | 17-15 [17-16{17-17|17-18(17-19|17-20(17-21|17-22|17-23 21-24|21-25 | 21-26 |21-27|21-28(21-29 |21-30(21-31|21-32
22-01|22-02|22-03|22-04|22-05(22-06|22-07|22-08| 22-09 18-10 | 18-11 |18-12|18-13 | 18-14 | 18-15 |18-16|18-17|18-18|18-19|18-20|18-21|18-22|18-23 22-24{22-25 | 22-26 |22-27|22-2822-29 |22-30(22-31|22-32
23-02|23-03|23-04|23-05|23-06/23-07|23-08| 23-09 19-10 | 19-11 [19-12|19-13| 19-14 | 19-15 [19-16{19-17|19-18{19-19/19-20|19-21|19-22|19-23 23-24|23-25 | 23-26 |23-2723-28|23-29 |23-30/23-31]
24-02|24-03|24-04|24-05|24-06|24-07|24-08| 24-09 20-10 | 20-11 [20-12|20-13 | 20-14 | 20-15 [20-16|20-17|20-18|20-19|20-20{20-21|20-22|20-23 24-24|24-25 | 24-26 |24-27 | 24-28 | 24-29 |24-30|24-31]
25-02|25-03|25-04/25-05|25-06/25-07|25-08| 25-09 21-10 | 21-11 |21-12|21-13| 21-14 | 21-15 |21-16|21-17|21-18|21-19|21-20|21-21|21-22|21-23 25-24|25-25 | 25-26 |25-27 | 25-28| 25-29 |25-30[25-31]
26-03|26-04|26-05|26-06|26-07(26-08| 26-09 22-10 | 22-11 |22-12|22-13 | 22-14 | 22-15 |22-16|22-17|22-18|22-19|22-20|22-21|22-22|22-23 26-24|26-25 | 26-26 |26-27 | 26-28 | 26-29 |26-30
27-03|27-04|27-05|27-06|27-07|27-08| 27-09 23-10 | 23-11 |23-12|23-13 | 23-14 | 23-15 |23-16|23-17|23-18|23-19|23-20|23-21|23-22|23-23 27-24|27-25 | 27-26 |27-27 | 27-28|27-29 |27-30
28-04|28-05|28-06|28-07|28-08| 28-09 24-10 | 24-11 |24-12|24-13 | 24-14 | 24-15 |24-16|24-17|24-18|24-19|24-20|24-21|24-22|24-23 28-24| 28-25 | 28-26 |28-27 | 28-28|28-29
29-04/29-05|29-06/29-07|29-08| 29-09 25-11 |25-12|25-13 | 25-14 | 25-15 | 25-16|25-17|25-18|25-19|25-20|25-21|25-22 29-2429-25 | 29-26 |29-27 |29-28|29-29
30-05(3 30-07|30-08| 30-09 30-24| 30-25 | 30-26 |30-27 | 30-28
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Resistivity| xx Qcm standard small | 404 303 101 standard big| 298 222 76
DOFZ| yes /no large backside window| 16 12 4 large backside window| 16 12 4
P Plateau ves /no no metal/Hall| 0 0 0 no metal/Hall| 8 6 2
Carbon Dose| xx 1/em2 sims 0 0 0 sims| 8 6 2
Thickness| 2 Qcm: 250 um CLTO1TF 0 0 0 CLTOITF| 4 3 1
Thickness| 10.2 Qcm: 525 pum long backside window| 4 3 1 long backside window| 4. 3 1
Fig. 3. Wafer layout.
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Fig. 4. Simulated Phosphorous and Carbon profiles.

measurements were performed on diodes of flavours A and D. The
measurements on the corresponding structures without any Carbon
implantation show a base level of around 6 x 10'® C/cm?, similar for
all wafers. Fig. 7 shows the measured Oxygen concentration. Flavour D
(DOFZ) shows a higher base-level Oxygen concentration than flavour
A (FZ), as expected.

Additionally, an increase of the base Oxygen concentration (1200 nm
and deeper) is observed for increasing Carbon concentration for the
flavour D diodes. This is also observed in the diodes without any
Carbon implantation from the upper-right corner of the same wafers.
Furthermore, the measurement of the diode with the highest Carbon
implantation dose shows an Oxygen peak at the same depth as the
Carbon peak in Fig. 6. No explanation has been found for either
observation.

Fig. 5. Layout of a small diode. The opening in the metallisation in the middle
is for light injection.

Fig. 8 shows the concentration of Phosphorus as a function of depth.
For flavour D diodes, the plateau is clearly visible, while for the two
flavour A diodes, a much lower Phosphorus concentration is found, as
expected. For flavour D diodes, no effect of the Carbon dose is observed.

Fig. 9 shows the n** implant Phosphorus concentration. No differ-
ence is found among the Carbon doses. The diodes without Phosphors
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Fig. 7. 190 concentration as a function of depth, obtained from SIMS mea-
surements. It has to be noted that the measurements were done only up to
a depth of around 2 pm, where the concentration of Oxygen in FZ and DOFZ
material is still quite similar. For deeper depths, a reduction is expected for
the FZ diodes, see Figure 1a in Ref. [30].

plateau (flavour A) have a slightly lower Phosphorus concentration at
a depth of around 1000 nm.

Except for the Oxygen concentration, the results from the mea-
surements are as expected. The measured Phosphorus profiles match
the simulation predictions well. A discrepancy between simulated and
measured profiles is found for the Carbon concentration. The mea-
sured position of the Carbon concentration peak is 300 nm below the
simulated one. No explanation has been found for this discrepancy.

6. I-V, C-V & doping profiles

Electrical characterisation measurements were carried out on all
flavours. The experimental setup consists of a chilled metal chuck on
which the diodes are placed. The temperature is set to 20°C for all
measurements. The high voltage is delivered to the chuck by a Keithley
2410 source meter [31]. Probe needles are placed on the contact pads
of the top side of the diode and the guard ring. The guard ring is
connected to ground, while the diode’s topside is connected to the low
side of the high voltage line. A Keithley 6487 pico-Ampere meter [32]
is placed between this return line and the sensor’s topside to read out
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Fig. 9. 3'P concentration as a function of depth, obtained from SIMS mea-
surements. The structures tested reproduce the n** implant. It has to be
noted that these measurements were carried out on structures dedicated to
SIMS measurements. The structures only have the n** implant, explaining the
differences observed to Fig. 8, where structures with or without a Phosphorus
plateau but no n** implants were measured.

the pad current. The current responses of the diodes are recorded while
performing a bias sweep. This setup was used for the measurements
performed at the CERN SSD lab shown in Fig. 10. The measurements
performed at the University of Hamburg used a Keithley 6517B elec-
trometer [33] for high voltage and pad current and a Keithley 6485
pico-Ampere meter [34] for the guard ring. The measurements shown
in Fig. 15 were performed with that setup.

Examples of the /- measurement results are shown in Fig. 10. For
each flavour, one diode with the middle Carbon dose (5x10!3 cm~2) and
one without Carbon are given as examples. The effect of the different
Carbon doses is discussed in more detail in Section 6.1.

It has to be mentioned here that variations in the measured currents
on similar samples are observed, especially for biases larger than 5V,
when other mechanisms than the bulk conduction in Silicon start to
contribute to the measured current. This is revealed by the temperature
dependence of the measured current for different biases discussed in
Section 6.1.
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Fig. 10. I-V characteristics for all flavours, with the middle Carbon dose and
without Carbon.

1.0 ‘
=== A: FZ, Carbon 5E13
A: FZ
: FZ, P Plat, Carbon 5E13
ﬁ0~87 : FZ, P Plat
— : DOFZ, Carbon 5E13
=B - DOFZ
g 0.6F : DOFZ, P Plat, Carbon 5E13 -
) : DOFZ, P Plat
s : FZ, Carbon 5E13
204 i —
o, : DOFZ, Carbon 5E13
CC)@ DOFZ
. e
L L L L
0.055 20 10 60

Voltage [V]

Fig. 11. C-V characteristics for all flavours, with the middle Carbon dose and
without Carbon.

Comparing each FZ diode with their DOFZ counterpart in the low
bias region of Fig. 10 reveals that the DOFZ diodes all have larger
leakage currents. Only for the carbonated diodes of flavour B and D,
a larger current from the FZ diode is observed at voltages below 20 V.
However, this is only a slight increase.

By comparing the blue and orange dashed lines in Fig. 10, the effect
of Carbon implantation can be observed on the full range of reverse
biases. Except for their Carbon dose, these two diodes are identical
and from the same wafer. The Carbon-implanted diode has a much
higher leakage current than the one without Carbon. This increase
of around three orders of magnitude is not as strongly pronounced
for the DOFZ diodes since the current levels are already increased by
the higher Oxygen concentration. In this case, the difference is only
about one order of magnitude. Finally, differences of about one order
of magnitude for the leakage currents are found between the 2 Q cm and
10Qcm diodes, as expected.

To measure the C-V characteristics and the doping profiles, the
setup at CERN used an Agilent E4980 A LCR meter [35] and a Keithley
2410 source meter. The measurements shown in Figs. 11, 12, 13 and
14 were performed using that setup. The measurements taken at the
University of Hamburg, shown in Fig. 17, were performed using an
Agilent E4980 A LCR meter in combination with a Keithley 6517B
electrometer.

The capacitance as a function of the reverse bias is shown in Fig.
11. The measurements were taken at a frequency of 10kHz and an
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Fig. 12. Inversely-squared reverse capacitance as a function of the bias
voltage. Rescaling of Fig. 11.

AC amplitude of 500mV. The diodes with 10Qcm resistivity have
noticeably lower capacitance than the ones with 2 Q cm resistivity. This
is also observed in Fig. 12, where the inverse square of the capacitance
as a function of the bias voltage is shown. Assuming a parallel plate
capacitor equivalent for a diode, a linear increase is expected until full
depletion is reached. The measurements match this expectation.

The effective doping concentration N is calculated from the slope
of a linear fit on the increase 1/C%(V) using
-z

d(1/c?)’
50%“%%
where ¢, is the elementary charge, A the surface area of the diode
encased by the guard ring and ¢, and ¢, the vacuum and relative
permittivity of Silicon, respectively.

The capacitance is measured at up to 60V, even though full deple-
tion is not reached. Knowing N, the full depletion voltage V., can
be estimated using

Noge| d?
Viep = ‘I| eff|

Negr = — @

@

2e€,

where d is the physical thickness of the diode. A mean value of around
318kV is found for the 2Qcm diodes and 64kV for the 10Q2cm ones.
These biases are much higher than the breakdown voltages of the
diodes. Therefore, it is impossible to fully deplete these diodes with-
out destroying them. This does not prevent capacitance-based DLTS
measurements.

As shown in both figures, the diodes with the Phosphorus plateau
co-doping have a lower capacitance compared to their counterparts
without Phosphorus. This is expected, since the compensation doping
reduces N, which is the difference between the donor and the ac-
ceptor concentration. This can also be seen in Table 2, where the N
extracted from the slope of the increase in Fig. 12 are listed for all
diodes.

The effective doping concentration as a function of the depleted
depth is shown in Figs. 13 and 14 for the 2Qcm and 10Qcm diodes,
respectively. This is obtained from C-V measurements and

2 d 1 -
do€oe A2 [W (CZ(x))] ’ ®

where V is the voltage and x the depleted depth, calculated from the
C-V measurements as

Negf(x) = —

£0€A

x(V) = o)

4
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Table 2
N calculated from the slope of C-V measurements in Fig. 12. Flavours A
through D have a nominal resistivity of 2Qcm, flavours E and F 10Qcm.

Flavour Ngg [10% ecm™3]
A: FZ, Carbon 5E13 6,80
A: FZ 6,75
B: FZ, P Plat, Carbon 5E13 6,70
B: FZ, P Plat 6,72
C: DOFZ, Carbon 5E13 6,46
C: DOFZ 6,47
D: DOFZ, P Plat, Carbon 5E13 6,43
D: DOFZ, P Plat 6,36
E: FZ, Carbon 5E13 1,33
E: FZ 1,34
F: FZ, P Plat, Carbon 5E13 1,30
F: FZ, P Plat 1,31
8 7
li
7 pie TN ——————— —'f_},r-:.r--,a'.:-,r.
o 4 ;e"‘”‘ . o
| A e Bt T
5 of |
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Fig. 13. Effective doping profiles for all flavours of the 2Qcm diodes, with
the middle Carbon dose and without Carbon, obtained from the C-V mea-
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Eq. (3) is essentially Eq. (1), however, the slope is evaluated at each
point x and not extracted from a linear fit, as is done for in Eq. (1) and
Fig. 12. In Fig. 13 a clear effect of the Phosphorus plateau implantation
is visible.

Comparing a diode with Phosphorus to one without Phosphorus
(orange dashed versus green dotted line) a reduced effective dop-
ing concentration up to a depth of around 2um is observed. This is
consistent with the SIMS measurements in Fig. 8.

An effect of the Carbon implantation is visible by comparing the
blue with the orange dashed line. It appears, that the Carbon implanta-
tion reduces the effective doping concentration, up to a depth of around
1 pm, which is consistent with the Carbon implantation depth observed
by the SIMS measurements in Fig. 6. This is expected due to the
partial activation of the acceptor induced by the Carbon [36]. However,
this effect is only observed in diodes without the Phosphorus implant.
Comparing the green and red dotted lines in Fig. 13, no significant
difference is observed. Lastly, FZ diodes have a larger effective doping
concentration than their DOFZ counterparts.

6.1. Comparison of carbon doses

A comparison of the effect of the Carbon implantation dose on the
leakage currents is shown in Fig. 15 for diodes of flavour D (2Qcm,
DOFZ and with Phosphorus plateau).

The currents increase with increasing Carbon doses. However, the
currents originating from the diode with the lowest Carbon dose are
compatible with the currents from the middle dose for reverse biases

Voltage [V]

Fig. 15. Comparison of the leakage currents as a function of applied reverse
bias for diodes of flavour D with different Carbon implantation doses.

above 40V. Increased leakage currents with Carbon implantation has
been observed in the past [37-39]. The currents are measured both
while increasing and decreasing the bias voltage. Both scans are shown
in Fig. 15. No hysteresis is observed.

On the other hand, the shape of the I-V characteristics differs from
that of ideal diodes, suggesting that not only the bulk conduction in
Silicon contributes to the measured leakage current. The reverse cur-
rent versus temperature was measured to extract the current activation
energies for different biases. This way it was possible to distinguish
two different conduction mechanisms. The first one corresponds to the
bulk conduction of Silicon, with an activation energy of around 1.25¢V,
clearly measurable at low reverse biases (e.g. 5V to 10 V). The second
one, with an activation energy varying between 0.06eV and 0.6eV
depending on the sample and temperature, starts to contribute to the
conduction at increased biases.

An example revealing these conduction mechanisms is given in Fig.
16 for a flavour D diode with a Carbon implantation of 5 x 10> cm~2.
Thus, in most of the samples a large current contribution from surface
effects which are activated for biases larger than 5V distort the I-V
characteristic from an ideal shape. This conduction mechanism at
larger biases is associated to surface related defects located most likely
between the pad and the guard rings. The measurements show that the
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Fig. 16. Example of the temperature dependence of the leakage current
for different applied reverse biases. The corresponding activation energies
extracted from linear fits to the data points (shown in black) are stated in
the legend.
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Fig. 17. Comparison of the doping profiles as a function of depth, obtained
from C-V measurements for different Carbon implantation doses for flavour
D diodes.

generated surface current may vary from sample to sample, irrespective
the amount of Oxygen or implanted Carbon and Phosphorous.

The effect of the Carbon dose on the doping profile, exemplarily for
flavour D diodes, is shown in Fig. 17. All doping profiles are compatible
with each other, except for the one of the diode with the highest carbon
dose. Similar behaviour was observed for the other flavours as well. No
explanation for this has been found. It is noted that in this case even
the depth dependence of the doping profile shown in Fig. 17 might be
affected by errors as the analysis based on Eq. (1) assumes a monotone
extension of the depleted volume from the surface into the bulk with
rising voltage. If the Carbon is locally compensating some of the space
charge, this might no longer be true and lead to artifacts in the doping
depth profile.

To conclude, the measurements show that the diodes, except for the
ones with the highest Carbon dose, behave as expected. Expected deple-
tion behaviour and no early breakdowns are observed. The measured
doping profiles are in line with expectations and the SIMS measure-
ments.
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Fig. 18. DLTS measurement spectra obtained for flavour C diodes with no
Carbon and low and middle Carbon doses.

7. Deep-level transient spectroscopy

DLTS is a technique in which capacitance transients caused by the
de-trapping of charges from defect states are measured. The recorded
capacitance transients at each measuring temperature are analysed by
using several correlator functions (discrete Fourier analysis) [40,41].
This yields time constants which follow an Arrhenius relation, which
in turn is used to extract the energy level and capture cross-section
of defects. Furthermore, the defect concentrations are extracted. More
details about this method can be found in Ref. [42].

To achieve comparability between DLTS measurements performed
at the various participating institutes, a standard set of measurement
parameters was created used for all measurements. For standard mea-
surements, while the majority-and-minority charge carrier injection
was measured with a filling pulse of —2V forward bias for 100 ms, the
majority-only charge carrier injection was measured with 0.6V reverse
bias. Three time windows Tyy are always measured: 19.2ms, 192 ms and
1920 ms. The measurements are taken at a reverse bias of 10V, with a
heating rate of 0.1 Ks~! and a minimum averaging measurement time
of 1s for each transient. The measured temperature range is typically
from 20K to 300K.

DLTS measurements were carried out on all flavours and all Carbon
doses. For all measurements, the spectra look nearly identical. All
spectra feature a hole trap at around 135K, labelled H135K. In the
temperature range 20K to 300K, no other peaks are observed. Fig.
18 shows, as an example, the spectra corresponding to the sine based
correlator bl obtained from a few 2Qcm samples and a time window
Ty of 192ms. The amplitude, and therefore the defect concentration
Nr, depends on the Carbon concentration, but not in a systematic way.
The amplitude for the diode without Carbon is between that for the
diodes with the lowest and middle Carbon doses. The diode flavour
also affects the amplitude, also in a non-systematic way.

H135K has not been identified with any known defect complex. The
extracted energy level E, and capture cross-section ¢ are 0.27(1)eV and
6(3) x 10715 cm?. With these trapping parameters the H135K defect has
practically no influence on the measured leakage currents.

For the highest Carbon dose the spectra are significantly different.
As shown in Fig. 19, broad negative peaks appear. This is true for
all flavours. The reverse capacitance as a function of temperature,
recorded during the measurement, shows no strong change over the
measured temperature range, therefore also not explaining the broad
shapes. No explanation has been found for these results. From the SIMS,
DLTS, I-V and C-V measurements, it is clear that the diodes with the
highest Carbon dose have characteristics that are not well understood.
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Fig. 19. DLTS measurement spectra obtained from diodes of flavour C, D and
F, all with the highest Carbon implantation dose.

8. Conclusion

The problem of gain-layer degradation in LGADs is of vital im-
portance for future HEP experiments. For detectors such as the High-
Granularity Timing Detector (HGTD) of the ATLAS experiment, which
uses carbonated LGADs, two replacements are planned during the op-
eration in the High-Luminosity LHC (HL-LHC). An increased radiation
hardness of the gain layer would be beneficial for such experiments,
reducing the costs.

Concepts such as carbonated LGADs have been proven to increase
the radiation hardness of the gain-layer. However, the beneficial role of
the addition of Carbon is only superficially understood, and there is no
complete understanding of the defect kinetics leading to the improved
radiation hardness. Further experimental studies on defect formation
are paramount to gain this knowledge. This is the aim of the Gain-Layer
Project.

19050 diodes with various doping schemes have been produced.
The doping concentration of these diodes’ bulks is very close to that of
typical LGAD gain-layers. These diodes therefore, enable a direct study
of gain-layer-like structures with defect spectroscopy methods such as
DLTS and TSC. The various doping schemes allow to study the effect of
various Carbon implantation doses, resistivities (Boron concentrations),
Phosphorus co-doping and Oxygen concentrations.

This article introduces the project, describes the diode processing
in detail and reports pre-irradiation results from SIMS, I-V, C-V and
DLTS measurements. DLTS measurements revealed one hole trap at
around 135K of unknown structure. The concentration is low and will
therefore not impact the upcoming irradiation experiments.

The diodes with the highest Carbon implantation dose of
5x 10'* cm™? gave unexpected SIMS results for the Oxygen concentra-
tion, showing a peak at the same depth as the Carbon implantation.
The doping profiles also deviate from those of the diodes with all
other Carbon implantation doses, as well as the diodes with no Carbon
implantation. DLTS measurements show minority carrier traps for
majority-carrier-only-injection measurements. Furthermore, extremely
broad peak are seen, and this could not be explained by large changes
in the reverse capacitance with temperature. No explanation for these
observations has been found

All other diode flavours work as expected. In the future, vari-
ous irradiation campaigns will be performed to study the acceptor
removal effect as a function of the doping schemes and irradiation
fluences. Proton and neutron irradiation campaigns are planned, where
fluence effects can be observed and the damage compared between
irradiation type and doping scheme. Furthermore, extreme-fluence
irradiations are planned (10'"n,,/cm? and higher). Irradiated devices
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Table A.3
Overview of all wafers and flavours from the Gain-Layer Project. One quarter
for each wafer was left without Carbon implantation.

Thickness Type Resistivity DOFZ P Plateau C Dose

Flavour Wafer Run

Number Number [pm] [Qcm] [em™2]
A 1 440598 250 FZ 2 no no 5x 102
A 2 440598 250 FZ 2 no no 5x 101
A 3 440598 250 FzZ 2 no no 5x 101
A 4 440598 250 FZ 2 no no 5x 108
A 5 440598 250 FZ 2 no no 5x 10
B 6 440598 250 FZ 2 no yes 5x 102
B 7 440598 250 FZ 2 no yes 5x 108
B 8 440598 250 FZ 2 no yes 5x 108
B 9 440598 250 FZ 2 no yes 5x 10
C 10 440598 250 FZ 2 yes no 5x 102
C 11 440598 250 FZ 2 yes  no 5x 101
C 12 440598 250 FZ 2 yes  no 5x 108
C 13 440598 250 Fz 2 yes no 5x 10
D 14 440598 250 FZ 2 yes  yes 5x 102
D 15 440598 250 FZ 2 yes  yes 5x 101
D 16 440598 250 FZ 2 yes yes 5x 101
D 17 440598 250 FZ 2 yes yes Sx 104
E 1 440603 525 FZ 10 no no 5x 102
E 2 440603 525 FzZ 10 no no 5x 101
E 3 440603 525 FZ 10 no no 5x 108
E 4 440603 525 FZ 10 no no 5x 104
F 5 440603 525 FZ 10 yes no 5x 102
F 6 440603 525 FZ 10 yes no 5x 108
F 7 440603 525 FZ 10 yes no 5x 108
F 8 440603 525 FZ 10 yes no 5x 10

will be investigated with I-V, C-V, DLTS, TSC, TSCap, PL, Hall and
FTIR.
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