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Acceptor (B)) removal in the gain layer after irradiation

The LGAD Structure

The basic principle and structure of the LGAD technology (left) and the acceptor removal effect (vight) for the boron-doped gain layer.
The B,O; complexes are generated after neutron/proton irradiation, leading to the reduction of the effective doping concentration and
detector’s gain.

Public summary

m The irradiation effects on both the gain layer and the bulk for prototype LGADs are characterized by /-V and C-V meas-
urements at room temperature (20 ‘C) or =30 C.

m The HPK-1.2 prototype are prove to have the smallest c-factor 3.06x10'° cm™? and HPK-3.2, USTC-1.1-W8 have larger
c-factor 3.89 x10" cm™, 4.12 X107 cm™.

m A novel analysis method is proposed to further exploit the data to get the relation between the c-factor and initial doping
density.
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Abstract: The high granularity timing detector (HGTD) is a crucial component of the ATLAS phase II upgrade to cope
with the extremely high pile-up (the average number of interactions per bunch crossing can be as high as 200). With the
precise timing information (o,~ 30 ps) of the tracks, the track-to-vertex association can be performed in the “4-D” space.
The Low Gain Avalanche Detector (LGAD) technology is chosen for the sensors, which can provide the required timing
resolution and good signal-to-noise ratio. Hamamatsu Photonics K.K. (HPK) has produced the LGAD with thicknesses of
35 um and 50 pm. The University of Science and Technology of China(USTC) has also developed and produced 50 um
LGAD:s prototypes with the Institute of Microelectronics (IME) of Chinese Academy of Sciences. To evaluate the irradi-
ation hardness, the sensors are irradiated with the neutron at the JSI reactor facility and tested at USTC. The irradiation ef-
fects on both the gain layer and the bulk are characterized by /-V and C-V measurements at room temperature (20 C) or
=30 C. The breakdown voltages and depletion voltages are extracted and presented as a function of the fluences. The fi-
nal fitting of the acceptor removal model yielded the c-factor of 3.06x107° cm™, 3.89x107 cm™ and 4.12x107'° cm™ for the
HPK-1.2, HPK-3.2 and USTC-1.1-W8, respectively, showing that the HPK-1.2 sensors have the most irradiation resistant
gain layer. A novel analysis method is used to further exploit the data to get the relationship between the c-factor and ini-
tial doping density.
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CLC number: TL814 Document code: A
1 Introduction common macroscopic effects include™:

. . @ Increase of the leakage current from the levels close to
The low gain avalanche detector (LGAD) is a novel detector the mid-gap;

technology to achieve a timing resolution at the level of 30 ps
by adding a gain layer beneath the cathode of the traditional
PIN detector™-”. This is proposed by the RD50 collaboration"”!
inspired by the observed avalanche phenomenon in the heav-

@ Increase of the depletion voltage from the levels close to
the conduction band;

() Decrease of the charge collection efficiency by the car-
. . ; i rier traps from the deep levels.
ily hadropllrradlated (order of 10" cm™ 1 MeV neutron equi- For the LGAD detectors the most harmful effect is called
valent) silicon d?tectors.. The d.ete.ctor Wth (:.ontrolled gam the acceptor removal, resulting from the formation of a com-
can suppress thE? jitter noise in t’lm_mg app_llcatlons and toler- plex called “B,0;” which have been studied actively by the
ate extremely h.lgh hadron 1rrad1at19n enVlronr.nent..The suc- RDS50 collaboration by the deep level transient spectroscopy
cessful production of the detector with very thin active detec- (DLTS) and thermally stimulated current (TSC) techniques'.

tion volume furthgr improves the timing resolution (,)f the The appearance of such complex can move the energy level
LGAD by suppressing the Landau noise. Based on the irradi- of the original boron acceptors to the donor side and flip the

ation hardness and timing resolution, the L,GAD_ techn(ll]ogy is sign of their space charge contribution. As a result, the effect-
chosen by the ATLAS HGTD upgrade project in 2020%. Sev- ive concentration of the boron is reduced, which will de-

eral RD50 memb_er instituj[es, inclu.dit?g CNM’ FBK and crease the gain of the detector and deteriorate the perform-
USTC, have been involved in the optimization of the LGAD ance of the sensor’”

design to meet the requirement of the HGTD. The irradiation
hardness is studied by the /-V/C-V measurements of the irra- 2 LGAD samples
diated sensors at room temperature (20 ‘C) and =30 C.
The degradation of the performances of silicon detectors is The HPK has produced several batches of LGAD prototypes

mainly caused by the displacement of the silicon atoms from since the very beginning of the HGTD project. Different
the lattice sites and the generation of impurities. The defects designs have been studied including different options of the
show up as vacancies, interstitials, or the complex clusters of inter-pad gap distance, slim edge technology on the geometry
them. These damages create new energy levels in the band to achieve high fill-factor with good isolation and robustness.
gap. The impact on the characteristics of the sensor can be de- Pre-irradiation performances of the first batch HPK LGADs

scribed by the Shockley-Read-Hall mechanism. The most have been reported in Ref.[8]. The radiation campaign has
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been described in Ref.[9]. In this work, the irradiation hard-
ness is studied by the /-V and C-V measurements to extract
the information of the gain layer and bulk. Three types of
sensors are measured and compared. Two types are from the
HPK: Type 1.2 and Type 3.2. They are referred to as HPK-
1.2 and HPK-3.2 hereafter. The USTC group has started
designing LGAD detector in 2019. The first version (referred
to as USTC-1.1 hereafter) has been produced by the IME (In-
stitute of Microelectronics, CAS) in 2020. Samples from the
wafer 8 in this production (USTC-1.1-W8) are studied and
compared with the HPK sensors in this work. Some design
parameters of the sensors are presented in Table 1 and micro-
scope pictures of two sensors are shown in Fig. 1. The pre-ir-
radiation breakdown voltage (VBD) is determined by the
voltage when the leakage current of the central pad reach 1
HA during the room temperature /-J measurement. The area
of the active region is measured with a microscope.

3 Methodology

The I-V and C-V measurements are commonly used to charac-
terize semiconductor detectors. Detector characteristics such
as leakage current, break-down voltage, depletion voltages,
capacitance at full depletion are important for the operation of
the detector and can be determined by the /- and C-V curves.
The leakage current increases proportionally with the flu-
ences.

AIJV = ad,, (1)

where V'is the depleted volume, @, is the fluence, and the a-
factor is called the current-related damage rate. The a-factor
decreases with the annealing time. With the standard anneal-
ing procedure of a duration of 80 min at 60 ‘C, the measured
value of a is around 4 X 1077 A-cm™. For the leakage current
at different temperatures, the relation with band-gap energy
and temperature is followed, leading to

Table 1. The main design parameters of the LGAD sensors studied in

this work.
Active region o
Protot Gain layer depth - Pre-irradiation
rototype (um) Are:zi Thickness Vip (V)
(mm?) (nm)
HPK-1.2 1 1.402 35 270
HPK-3.2 2 1.402 50 130
USTC-1.1-W8 1 1.000 50 295

Fig. 1. Photos of the HPK-1.2 (a) and USTC-1.1-W8 (b) single pad
LGAD prototypes tested at USTC.
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o T2 .

silicon exp(_Eeﬁ/ZkBTsnimn)~

Here, E. is the band-gap energy, which is 1.21 eV for silic-
on. For the C-V measurement, the following formulae to ex-
tract the doping density are reportedly used for p-n junction
structures. From electrostatics, the effective doping density

can be calculated from the C-V curve using

2 [d(CZ)]“

eioge

eff

T eeA?| dV
and the depletion depth can be approximated with the planar

capacitor formula w = Ae— when the concentration of the n

side is much higher than the p side. On the curves of 1/C* vs.
V, as the voltage increases, the slope of the curve will in-
crease drastically when the gain layer is fully depleted, since
the doping concentration in the bulk is lower by a few orders
of magnitudes than the gain layer. This turning point can be
used to measure the gain layer depletion voltage (V). The
1/C* of the sensor increases with the bias voltage and reaches
a constant after the bulk is fully depleted. The voltage re-
quired to deplete the bulk (Vzk) can be approximated by the
difference between full depletion voltage (Vp) and V. After
irradiation, the defects introduce changes in the space charge
region (SCR). The produced energy levels close to the con-
duction or valence bands create acceptor-like or donor-like ef-
fective doping. The effective doping density N, is related to
the fluence @, as well as the anneal temperature 7" and time
t. These changes can be described by the “Hamburg model”"",

ANEE(®eq$ t’ T) =
Ne(Dy) + No(Peg, 1, T) + Ny(Pey, 1, T) (2)

which contains a stable term N(®,,) representing the modi-
fication to the effective doping density by the radiation dam-
age, short term anneal N, (@t T) and long term anneal
NP1, T). The stable damage term contains dopant removal
and creation terms,

NC((Deq) = I\IC,O(1 - efcti’cq )) + gc (peq (3)

where ¢ is the initial dopant removal constant, and g, is the
linear induction rate dominating at fluence larger than 1 x
107, cm¥,

For the characterization of the acceptor removal effect for
the p-type gain layer, the contributions from donor term and
acceptor generation can be neglected. Eq. (3) can be further
simplified into N, o = N,oe™*. As the acceptor concentra-
tion of the gain layer is proportional to the Vg, the c-factor
can be measured by fitting the curves of Vg vs. @,

In the following section, the /-V and C-V measurements are
performed with the HPK and USTC sensors. The a- and c-
factors are extracted to evaluate their radiation hardness.

4 Results

The HPK-1.2, HPK-3.2 and USTC-1.1-W8 sensors are irradi-
ated to the fluences of 8 x 10", 1.5 x 10", 2.5 x 10", 3 x 10",
6 % 10" cm™ 1 MeV neutron equivalent at JSI neutron reactor!'".
Some fluence points are missing for a few samples due to the
availability of fluences in each campaign. All irradiated
samples are annealed with the RD50 standard procedure of
60 °C for 80 min'".

The measured /-V curves are shown in Fig. 2. For HPK-1.2
and HPK-3.2 samples, the /-Vs are measured at room temper-
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Fig. 2. [-V results of the HPK-1.2, HPK-3.2 and USTC-1.1-W8 LGAD:s at difference fluences. The measurements are preformed at 7 =20 ‘C(room tem-
perature) for all samples and 7=—30 ‘C for USTC sensors with guard rings grounded.

ature to obtain the a-factor to study bulk damage. The USTC-
1.1-W8 samples are measured at —30 °C to find the operation
voltages for HGTD upgrade. As we can see from the curves
of the HPK-1.2 and HPK-3.2, the leakage current after gain
layer depletion increases as the fluences increase. To guaran-
tee the gain layer depletion and reduce the effect of the gain,
the leakage current at 68 V is used to calculate the a with Eq.
(1). The 41/V is plotted as a function of fluences (Fig. 3) and
the o is obtained by the linear fit of the curve. As shown in
the figure, the linear function fits well the data and the a-
factor is 3.64 x 107" A-cm™ for HPK-1.2, 3.89 x 107 A-cm™

0.25

[ [}
N (]
020 [
’ @ HPK-12
—~ [ 364E-17"x +0.0115
g o5 ® HPK32
7 N ° 3TSEATx+0
< N o USTC-1.1-W8
é 0.10 j ® 3.73E-17*x + 0.0106
< L
r a
0.05 [~
F v
oo 4y
0.00E+0 2.00E+15 4.00E+15 6.00E+15

Fluence(n_cm?)
eq

Fig. 3. The Al/V at different fluences calculated from Room T. I-V for
HPK-1.2, HPK-3.2 and USTC-1.1-W8 sensors used to estimate the a-
factor representing the damages generated in the bulk region.
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for HPK-3.2 and 3.73 x 107 A-cm™ for USTC-1.1-W8, re-
spectively. The results agree with the result from DESY’s
previous study: 4 x 1077 A-cm™"* ",

The measured C-V curves are shown in Fig. 4. The effect-
ive doping densities for the USTC-1.1-W8 sensors are de-
rived using the formulae explained above and are presented in
Fig. 5. The acceptor removal effect can be clearly seen. The
Vo is obtained from the 1/C*-V curves for each type of the
sensors at different fluences by extrapolating the line fitted
from the rising region on 1/C>-V and finding its intersection
with the x-axis. The obtained value are summarized in Table 2.
The prototypes which have more than one samples available
for a same fluence are measured separately on V. and the av-
eraged values are shown. The measured V. as a function of
fluences are shown in Fig. 6. The exponential fit are per-
formed for each prototype and the results are shown in the
plot according to the acceptor removal model. The fraction of
the active acceptor remained estimated from Vg changes are
shown in Fig. 7, from which we can see the significant de-
gradation of active acceptors after 1 x 10"n,,cm™ fluence. At
the end, the derived c-factor is 3.06 x 107 cm? for HPK-1.2,
3.89x 10" cm’ for HPK-3.2 and 4.12 x 107'* cm? for USTC-1.1-
W38. The acceptor removal c-factors and a-factors are shown
compared in Table 3. The results indicated that the HPK-1.2
have better gain layer radiation hardness compared to the
HPK-3.2, and the HPK-3.2 is a slightly better than USTC-1.1-
W8.
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Fig. 4. 1/C* -V of the HPK-1.2, HPK-3.2 and USTC-1.1-W8 LGADs at difference fluences. The measurements are preformed at 7 =20 ‘C, with guard

rings grounded.
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Fig. 5. The doping profile before and after 8E+14, 1.5E+15 irradiation
fluences of USTC-1.1-W8 LGAD samples. The doping density of each
point is calculated by the average of the doping densities from the
samples with the same fluence and average the results in each interval to
suppress the fluctuation.

Table 2. V. of the sensor prototypes at different fluences measured at

[}

room temperature used to determine the c-factor. The* -’ signs corres-

pond to the missing fluence points.

Vo at different fluences (V)

Fluences
(A0 I MeVingem? o 08 15 25 35 6
HPK-1.2 3241 2090 1456 — 945 545
HPK-3.2 5635 —  — 2130 —  —
USTC-1.I-W8 2900 1898 1531 —  — 248
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Fig. 6. V. as a function of fluences of all prototypes tested.

With the formulas introduced in Section 3, we reconstruc-
ted the effected doping profile of the gain layer with the
measured C-V data from USTC-1.1-W8 at the fluences of 0, 8 x
10"neqcm™? and 1.5 x 10%n, cm shown in Fig. 5. The dop-
ing density of each point is calculated by the average of the
doping densities from the samples with the same fluence and
average the results in each interval to suppress the fluctu-
ations. Comparing the curves at different fluences we can
clearly see the degradation of the active acceptor density in
the gain layer due to the acceptor removal effect.

Since the acceptor removal c-factor have the dependency
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Fig. 7. Fraction of active acceptor dose changes with fluences measured
from the room-temperature C-V. is shown as a function of fluences. The
active acceptor density degrades significantly after 1E + 15.

Table 3. Summary of the a-factors and c-factors of different sensors.

Prototype c (107 em?) a (1077 A-cm™)

HPK-1.2 3.06 3.64

HPK-3.2 3.89 3.75
USTC-1.1-W8 4.12 3.73

on the initial acceptor density. We computed the local c-factor
based on the doping profile curves in Fig. 5 by performing the
exponential fitting on the data at each given depth on the
three curves. To eliminate the edge effects during the N, cal-
culation, only the data in the range from 0.85 to 1.5 pum are
considered in further analysis. The obtained c-factors are plot-
ted as a function of the initial acceptor density for each depth
the curves are shown in Fig. 8. The results show that the c-
factor gets smaller with higher acceptor density, which agrees
with the conclusion from previous study that higher initial ac-
ceptor density will improve the irradiation hardness'”. To
make the result more quantitative, a logarithm fit is perfor-
med on the result and ¢(107'%-cm?) = —2.98-In (py(cm™)) +117.
The fitted function follows fairly well the data points. A func-
tion like this can be used to predict the evolution of the dop-
ing profile as the LGAD accumulates fluences, which can be

[ 117-2.98 In x

. (d °
8 °
4 .
6
.
=
= 3
S 4r
. )
3 e e
E [ ]
=
Q 2
1 1 1 I I L
N N N ° »° ©
%“Q’x Q& @6 Q& hé('x @(’}
» © LS AS L% »

initial doping density p (cm?)

Fig. 8. The c-factor as a function of initial doping density (p,) measured
from USTC-1.1-W8 irradiated samples.
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an important tool for the sensor design. The modelling of the
dependence is still primitive and should be improved with
more measurements and analyses.

5 Conclusions

The LGAD detector technology features a controlled internal
gain realized by a high doping concentration of Boron be-
neath the p-n junction. The /-7 and C-V measurements can be
used to characterize the sensors. The V' are measured by
USTC for the HGTD prototype sensors irradiated to different
fluences. The radiation hardness is assessed by the a-factors
for bulk, and c-factors for gain layer. The results shows the
HPK-1.2 have the smallest c-factor 3.06 x 10" c¢cm™, and
HPK-3.2, USTC-1.1-W8 have larger c-factor 3.89%107'¢ cm™,
4.12 x 10" cm™. A novel analysis method is designed to
study the dependence of the c-factor on the initial doping
density, and an expected trend is observed. The result can
help the optimization of the gain layer design and the method
will be applied and will be further developed with more meas-
urements and analyses in the future.
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