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Abstract

The Low-Gain Avalanche Diode (LGAD) is a new silicon detector and holds
wide application prospects in particle physics experiments due to its excellent
timing resolution. The LGAD with a pixel size of 1.3 mm x 1.3 mm was used to
construct a High Granularity Timing Detector (HGTD) in ATLAS experiments
to solve the pile-up problem. Meanwhile, the Circular Electron Positron Col-
lider (CEPC) also proposes detectors using the LGAD. However, pixel LGAD
exhibits higher readout electronics density and cost, which somewhat limits the
application of LGADs. To decrease the readout electronics density, the Insti-
tute of High Energy Physics (IHEP) of the Chinese Academy of Sciences has
designed strip LGADs with larger areas. These strip LGADs are all 19 mm in
length but with different widths of 1.0 mm, 0.5 mm, and 0.3 mm. This article
provides a detailed introduction to the design parameters of these strip LGADs
and tests their electrical characteristics, including leakage current, break-down
voltage, depletion capacitance, etc. The timing resolution and signal-to-noise
ratio of the three strip LGAD sensors were investigated using a beta source test
system. The position resolution parallel to the strip direction was tested and
analyzed for the first time using a pico-second laser test system. Tests have
demonstrated that the timing resolution of strip LGADs can reach about 37.5
ps, and position resolution parallel to the strip direction is better than 1 mm.

Full Text

Preamble

Development of the strip LGAD detector with double-end readout for future
collidersx*
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The Low-Gain Avalanche Diode (LGAD) is a new silicon detector and holds
wide application prospects in particle physics experiments due to its excellent
timing resolution. The LGAD with a pixel size of 1.3 mm x 1.3 mm was used to
construct a High Granularity Timing Detector (HGTD) in ATLAS experiments
to solve the pile-up problem. Meanwhile, the Circular Electron Positron Col-
lider (CEPC) also proposes detectors using the LGAD. However, pixel LGAD
exhibits higher readout electronics density and cost, which somewhat limits the
application of LGADs. To decrease the readout electronics density, the Insti-
tute of High Energy Physics (IHEP) of the Chinese Academy of Sciences has
designed strip LGADs with larger areas. These strip LGADs are all 19 mm in
length but with different widths of 1.0 mm, 0.5 mm, and 0.3 mm. This article
provides a detailed introduction to the design parameters of these strip LGADs
and tests their electrical characteristics, including leakage current, break-down
voltage, depletion capacitance, etc. The timing resolution and signal- to-noise
ratio of the three strip LGAD sensors were investigated using beta sources test
system. The position resolution parallel to the strip direction was tested and
analyzed for the first time using a pico-second laser test system. Tests have
demonstrated that the timing resolution of strip LGADs can reach about 37.5
ps, and position resolution parallel to the strip direction is better than 1 mm.
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INTRODUCTION

Semiconductor detectors have garnered significant atten- tion in the high-energy
physics field due to their high spatial and timing resolution, rapid response,
and flexible sizing[1-3]. For silicon detectors, the detection principle involves
sev- eral processes: charge carriers, accelerated by electric fields greater than
approximately 300 kV/cm, colliding with lattice atoms to generate secondary
electron-hole pairs, leading to charge multiplication and thus converting into
readable elec- trical signals for particle detection[4]. The gain in the mul- tipli-
cation process is defined as the ratio of the total num- ber of electron-hole pairs
generated during multiplication to that without multiplication. Avalanche Pho-
todiodes (APDs), which undergo this multiplication process, are designed as
high-gain devices to detect single or a few photons[5]. How- ever, the high gain
introduces several issues, including in- creased noise, device break-down due to
high electric fields, difficulty in device segmentation, and increased leakage cur-
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rent in irradiated devices[6, 7]. In charged particle detection, approximately 70
electron-hole pairs can be generated per mi- cron of silicon, providing a larger
initial number of electron- hole pairs compared to weak light detection, thereby
allowing
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the use of lower gain to overcome the disadvantages of high gain.

Low Gain Avalanche Diode (LGAD) is a new kind of avalanche diode character-
ized by their low gain, typically around 10-50, as opposed to APDs and other
types of photodiodes[8, 9]. Designed for precise measurement of charged particle
timing information, LGADs can achieve a time resolution of better than 40 ps.
The Centro Nacional de Microelectronica (CNM), Hamamatsu K.K., Fondazione
Bruno Kessler(FBK), and Institute of High Energy Physics, Chinese Academy
of Sciences (IHEP) successfully devel- oped the LGAD sensors[3, 9-16]. Until
now, LGAD has been proposed to be used in several particle physics exper-
iments, such as the ATLAS High Granularity Timing De- tector (HGTD)[17-
19] and the CMS endcap timing layer (ETL)[20, 21].

During upgrading of LHC to the High Luminosity LHC (HL-LHC), luminosity
increases by an order, which brings severe pile-up, averaging about 200[22].
Therefore, HGTD project was established and plans to use 1.3 mm pixel LGAD
in the forward region of the ATLAS detector to per- form timing measurements
of charged tracks, helping in the suppression of pileup[17, 23]. However, the
small pitch size brings a large readout electronics density and high total cost.

Compared with the HL-LHC, the future electron collider, such as the Circular
Electron Positron Collider (CEPC)[24-30], will have lower luminosity and will
no longer require high-granularity detectors for accurate position detecting.

CEPC is an ambitious collider project initiated by China that aims to construct
a 100 km circumferential ring acceler- ator featuring two collision points[28, 29].
Its primary scien- tific objectives include precise measurements of the Higgs
bo- son’ s properties and electroweak physics. Additionally, it is expected to
generate approximately 1012 polarized Z bosons

for flavor physics research. The momentum of final-state particles produced
in collisions predominantly falls within the range of 0-5 GeV, making the de-
tection system’ s ability to discern particles, particularly K/7 and K/proton,
criti- cally important. Traditional methods based on Time Projec- tion Cham-
bers (TPC) and Drift Chambers (DC) for dE/dx and dN/dx measurements face
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particle identification limita- tions of K/ at around 1 GeV and K/proton at
around 2 GeV [31]. To enhance the research in flavor physics, there is a de-
mand for a high-precision Time-Of-Flight (TOF) detec- tor to improve particle
identification capabilities in the low- energy region. Additionally, acquiring po-
sitional information alongside timing data, which aids in pinpointing hits on
outer calorimeters, would significantly benefit track reconstruction.

To meet the requirements of the TOF detector of future electron colliders, espe-
cially for the CEPC, THEP designed three strip-type LGAD sensors in a large
area. These sen- sors are distinct in their dimensions, featuring various widths
while maintaining a uniform length of 19 mm, thereby of- fering a unique blend
of form and function tailored to spe- cific experimental needs. Compared to
the 1.3 mm pixel size LGAD sensor in the ATLAS HGTD project, strip LGAD
achieves reducing the readout electronics density.

Compared to traditional silicon microstrip detectors, strip LGAD can also pro-
vide position resolution parallel to the strip direction thanks to its good timing
performance. the ATLAS SCT project, the silicon microstrips detectors only
provide high precision position resolution perpendicu- lar to the direction of the
microstrips; no position resolu- tion capability parallel to the direction of the
microstrips is provided[32]. The SCT overlays two layers of silicon mi- crostrips
at a very small angle to achieve position resolu- tion along the direction of the
strips. In this work, we have achieved the position resolution parallel to the strip
direction with a single layer of strip LGAD for the first time. This can provide
the particle hit position in the direction parallel to the strip, for electromagnetic
calorimeters adjacent to the TOF, without the need for additional position de-
tectors, thereby simplifying the overall composition and material budget of the
CEPC detector system. Meanwhile, the position perpen- dicular to the strip
direction can be obtained using the method in reference [33] and [34].

This paper introduces the design of strip LGAD that can be used as a CEPC
TOF detector, describes the time and posi- tion reconstruction methodology,
and analyzes as well as the factors that affect the relevant operating parameters.

II. DESIGN AND ELECTRIC PROPERTIES OF STRIP
A. Design of the strip LGAD

The strip LGADs are fabricated on 8-inch wafers. As shown in figure 1 [Figure 1:
see original paper| (a), the LGAD sensors contain a high dop- ing concentration
P+ layer near the PN junction of a PIN structure, creating a strong electric field
exclusively within this layer to facilitate avalanche effects, commonly referred

the THEP strip LGAD. The lengths of wide, middle and narrow strip sensors are
all 19 mm, with widths of 1.0 mm, 0.5 mm, and 0.3 mm, corresponding areas
of 19.0 mm2, 9.5 mm2, and 5.7 mm2

to as the gain layer. The width and depth of this gain layer (P+ layer) are
precisely manufactured through a 400 KeV ion implantation process, ranging
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from approximately 0.5 to 2 micrometers, designed to offer a lower gain factor
(10 to 50).

This design aims to amplify the signals of incident particles while maintaining
low noise levels and operational stability.

Additionally, to control the uniformity of the edge electric field and prevent
premature device break-down, the Junction Termination Extension (JTE) and
Guard Ring (GR) structures are achieved through N4+ doping.

We designed three strip LGADs with a length of 19 mm, as shown in figure 1 (b).
The widths of these three sensors are 1.0 mm, 0.5 mm, and 0.3 mm, respectively,
and are referred to as the wide, medium, and narrow sensors. The correspond-
ing areas are 19.0 mm2, 9.5 mm?2, and 5.7 mm?2, respectively.

Each sensor is equipped with fully covered aluminum metal electrodes on the
surface, within which seven equally spaced windows to the N+ layer are created
specifically for laser test-

B. Electric properties of the strip LGAD

tion region of an LGAD device, as determined through finite element simulation.
From the figure, it is evident that the electric field within the LGAD is distinctly
divided into two regions: the epitaxial layer, which has a relatively low electric
field of about 30 kV/cm, allowing electrons to reach satura- tion drift velocity,
and the gain layer, which exhibits a signif- icantly high electric field of up to
400 kV /cm, where electron drift can lead to multiplication.

The leakage current versus bias voltage (I-V) and capaci- tance versus bias
voltage (C-V) of the three strip LGAD sen-

(Vgl) above 24 V. After full depletion of the gain layer, deple- tion of the high-
resistivity, low-doping epitaxial layer begins, causing a sharp decline in the C-V
curve.

After the sensor is fully depleted at the full depletion volt- age (Vf d), near 34 V,
capacitance reaches its minimum and stabilizes, indicating the device’ s active
layer full depletion status, optimal for particle detection. The depletion capaci-
tance for wide, medium, and narrow devices are 47.4 pF, 26.3 pF, and 17.5 pF,
respectively. Analysis shows that Vgl and Vf d are independent of device size,
suggesting depletion behavior is mainly determined by material and structural
properties, with depletion capacitance proportional to device area.

III. EXPERIMENT SETUPS
A. Beta source test

To evaluate the charge collection efficiency of strip LGAD, a telescope system
employing a Sr-90 beta source was estab- lished [35, 36], as shown in figure
5 [Figure 5: see original paper| (b). This system fa- cilitates the generation
of electrons that traverse the LGAD detectors, triggering measurable signal
responses. The strip LGAD is precisely aligned with a trigger LGAD and both
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ends of the strip LGAD are bonded to a four channel read- out board, as shown
in figure 5 (a), and only the two out- ermost pads of a sensor are bonded. Each
channel of the four-channel readout board is designed based on University of
California, Santa Cruz (UCSC)’ s single-channel board [37].

Waveform data are collected through the double-ends readout method, meaning
signals are read from both sides. The trig- ger LGAD, with its predefined timing
resolution, serves as a timing reference for the system. The readout board is a
four-

sors are shown in figure 3 [Figure 3: see original paper] and 4. Define bias voltage
at 1 pA of leakage current as break-down voltage (VBD) and cur- rent at 0.8
VBD as leakage current. Break-down voltage of the wide, middle, and narrow
sensors are 198 V, 199 V, and 199V, leakage currents are 6.0 nA, 4.4 nA; and 3.0
nA. The three sensors have almost the same break-down voltage, indi- cating
good uniformity in their manufacturing process. At the same time, the leakage
current of the three sensors increases with the width (area) of the sensor. The
C-V characteristics depicted in figure 4 [Figure 4: see original paper] show three
distinct phases in the capaci- tance variation of LGAD detectors as a function
of bias volt- age. Initially, at 0 V bias, the capacitance is at its highest due to
the narrow depletion width between the N+ and P+ layers, exceeding 1000 pF
for all devices. The next phase, marked by a gradual decrease in capacitance on
the C-V curve, indicates the start of the depletion process within the gain layer.
As bias voltage increases, the depletion region expands, reducing ca- pacitance
until the gain layer is fully depleted at a voltage

(cid:2)(cid:6)(cid:2)(cid:3)(cid:2)(cid:2)(cid:3)(cid:6)(cid:2) (cid:4) (cid:2)(cid:2)(cid:3) (cid:11)(cid:1)(cid:3)(cid:s
Current [A]Bias Voltage [V]Vgl: 24.02VVgl: 24.11VVgl: 24.18VV{d: 39.15VVgl:

38.34VVgl: 37.73VC: 47.4pFC: 26.3pFC: 17.5pF layer PCB endowed with an

approximate bandwidth of 2 GHz and a trans-impedance preamplifier with a

resistance of 470 €. This setup is powered by a Keithley-2410 source meter

that supplies the bias voltage to the LGAD devices, ensuring their operation

in a fully depleted state, aimed at capturing the interactions between electrons

and the LGADs. The readout board first amplifies the signals induced by these

interactions and further amplified by a commercial amplifier with a 20 dB gain,

ensuring the integrity and amplification of the signals.

Subsequently, the amplified signals are captured by an oscil- loscope with a
bandwidth of 2 GHz and a sampling rate of 20 Gs/s for each channel, enabling
a detailed analysis of the LGADSs’ response to incident beta particles.

B. Pico-second laser experiment

Picosecond laser testing technology is a crucial method for investigating the
position resolution of LGADs[38, 39]. This testing system is similar to the
telescope for beta source test, but it replaces the beta source by an infrared
picosecond laser source, which generates a laser pulse with a duration of ap-
proximately 7 ps and a wavelength of 1064 nm and are fo- cused onto the strip
LGAD sensors through an optical fiber and a focusing lens, generating signals,
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as shown in figure 5 (c). These signals, after amplification, are recorded by
an oscilloscope along with the synchronous trigger signal gen- erated by the
laser pulse for offline analysis. The laser pulse strikes the window on the metal
electrode, inducing a pulse signal from the LGAD, as shown in figure 1(a). The
posi- tion of the laser spot on the LGAD surface is precisely con- trolled using
a high-precision 3D positioning stage, enabling detailed scanning of the LGAD
surface and thereby facilitat- ing a comprehensive evaluation of the device’ s
performance.

The double-end readout method provides the amplitude and time difference of
peak, which is the base of position recon- struction.

IV. RESULTS OF BETA SOURCE AND LASER TESTS

readout board for double-end readout, and only the two outermost pads are
bonded. (b) the telescope system of beta source test: strip LGAD sensors
and trigger sensor are bonded to read-out boards and placed beneath the beta
source. (c) the pico-second laser test plat- form, where a laser source replaces
beta source.

A. Signal Property
B. Timing Resolution

right ends of the strip LGAD’ s surface when exposed to a sin- gle laser hit. Due
to the varying distances of the laser from the left and right readout sections, the
peak amplitudes and posi- tions of the readout signals differ. Based on the
characteristics of these signals, various properties of the LGAD, such as the
position resolution, can be studied.

The timing resolution $ $2

t of LGAD can be expressed as

follows[6]:

t =892

Landau + $ $2

T imeW alk + § $2

Jitter + § $2

Each of these terms will be discussed in detail in the follow-
Distortion + $ $2

Beta sourceOscilloscopeSignal Trigger LGAD Readout board Strip LGAD-
Main amplifiersPre-amplifiersData  analysis90SrtOt1t2readout boardPico-
secondLaserSignalsStrip LGADSynchronous pulseT0 , triggert1Oscilloscope3D
platformAmplifiersData analysisFocuserMain amplifierst2 5
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the epitaxial layer[42], subsequently impacting the readout waveform and thus
affecting the time resolution. This influ- ence is represented by the odistortion
term. Fortunately, the strip LGAD sensors, which is designed similar to a
parallel plate capacitor and maintains an electric field greater than 10 kV /cm,
can establish a uniform strong field internally. There- fore, the impact of the
distortion term on time resolution can be negligible.

Finally, the timing signal is converted into a digital sig- nal by a Time-to-Digital
Converter (TDC). In this converter, the leading edge of the discriminator signal
is digitized and placed within a time segment of width AT, which is deter- mined
by the least significant bit of the TDC. This time seg- ment introduces the oT
DC term. This term can be considered negligible in the experimental setup
described in this paper.

In practice, the timing resolution ot of the sensor is calcu-
lated through the following equation:

(cid:113)

AT — $$2

T rigger

Here oT rigger is the timing resolution of trigger LGAD, which is 28.5 ps. ¢AT
is the variation of flight time of a MIP between the trigger LGAD and the strip
LGAD, which is defined as the sigma of the following distribution:

AT = Ttrigger —
T1 + T2

T1, T2 and Ttrigger are hit times measured on the right and left sides of the
strip LGAD and trigger LGAD through the CFD method.

of the narrow sensor at 185 V with Gaussian fitting, from which the timing
resolution ot is 37.5 ps.

of narrow sensor at 185 V with gaussian fitting. The Sigma of 0 AT is 47.1 ps,
so the timing resolution ot is 37.5 ps.

tained from beta source testing. The best time resolutions
upon exposure to a single laser pulse near the right end.
The nature of

timing resolution of LGADs is non- uniformities associated with the energy depo-
sition of charged particles within silicon, which leads to a Landau distribution.

These deviations in energy deposition engender fluctuations in the amplitude
of resultant signals, thereby introducing vari- ability in the time measurements
of incident particle events, referred to as the Landau term. The presence of
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the Landau term is due to the physical processes of ionization energy loss, and
therefore, this term cannot be eliminated by improving the testing methods.

Furthermore, the non-uniform distribution of current sig- nals and fluctuations
in signal amplitude can induce variabil- ity in the time taken to reach a spe-
cific threshold, resulting in time walk effects, denoted by o¢T imeW alk. The
time walk can be eliminated by employing a constant fraction discrimina- tor
(CFD) method, which standardizes the signal processing to a constant fraction
of the signal amplitude, thereby reduc- ing the dependency on signal amplitude
variations. In addi- tion to these factors, the device-specific characteristics and
electronic noise contribute to the timing jitter, represented by oJitter.

In addition, at the rising edge of the signal, noise present either in the signal
itself or in the electronic devices can cause the comparator to either trigger pre-
maturely or de- lay, leading to oJitter. This parameter is directly proportional
to the system noise N ;| and inversely proportional to the slope of the signal near
the comparator threshold.

The motion of charged particles in solids is described by the Ramo-Shockley
theory[40, 41], which states that the drift velocity is directly proportional to
the electric field strength but decreases in rate until saturation. Therefore, low
electric field strength or non-uniform injection can affect the drift ve- locity of
charged particles ionized at different locations within

0.00E+001.20E-092.40E-093.60E-094.80E-09-0.030.000.030.060.090.120.15Signal
Amplitude [V]Time [s] Left side Right side / ndf 2¢ 20.28 / 22Constant 3.7-
114.1 Mean 0.001-2.893 - Sigma 0.00133-0.04708 Time [ns]3.1-3-2.9-2.8-2.7-2.6-
2.5-Count020406080100120140 / ndf 2c¢ 20.28 / 22Constant 3.7-114.1 Mean
0.001-2.893 - Sigma 0.00133-0.04708 6

of wide, middle, and narrow sensors are 47.5 ps, 41.4 ps, and 37.5 ps, respectively.
Figure 9 [Figure 9: see original paper] and 10 depict the signal rise time and
signal-to-noise ratio of the three devices. The rise time refers to the duration
of signal waveform amplitude increase, corresponding to the time required for
electrons to drift from the furthest point in the epitaxial layer to the gain layer.
Practically, the rise time is defined as the duration for the amplitude of a signal
like in figure 6 [Figure 6: see original paper] to escalate from 10% to 90% of the
peak value. The rise times tr of the three de- vices are 0.82 ns, 0.70 ns, and 0.65
ns, and they are found to not significantly change with voltage. The narrower
de- vice has the fastest signal rise time. Jitter has the following relationship
with tr and signal-to-noise ratio (SNR):

ojitter =

The SNR of all three devices increases with an increase in voltage, and the
narrow sensor has the best SNR. As the de- vice width decreases, the capaci-
tance decreases, resulting in faster signal rise times and better SNR, ultimately
achieving better time resolution. It should also be noted that the dis- tance be-
tween jitter and total time resolution is almost con- stant as in figure 9, which

chinarxiv.org/items/chinaxiv-202604.00097 Machine Translation


https://chinarxiv.org/items/chinaxiv-202604.00097

ChinaRxiv [$X]

indicates that olandau does not vary with device area, which is beneficial for
fabricating de- vices with larger areas. From figure 10 [Figure 10: see original
paper], it can be seen that the SNR increases with higher voltage and improved
area. Figure 11 [Figure 11: see original paper] shows that the position resolution
changes with SNR, ap- proximating an inverse proportion relationship, meaning
the value of the resolution decreases rapidly with an increase in SNR. Therefore,
by slightly increasing the operating voltage and optimizing manufacturing pro-
cesses and electronic meth- ods to enhance SNR, excellent position resolution
can also be achieved on large-area LGADs.

voltage.
C. Charge Collection

The collected charge refers to the total number of charges after the multiplication
of initial electrons in the gain layer.

This is typically determined by integrating the signal wave- form. As shown in
figure 12 [Figure 12: see original paper], the distribution of the collected charge
for the middle sensor at 180V is a Landau distribu-

16016517017518018535404550556065Timing Resolution [ps|Bias Voltage [V]
Wide Middle Narrow0.20.40.60.81.01.215202530354045505560Timing Resolu-
tion [ps]Width [mm] Timing Resolution Jitter1601651701751801851015202530SNR
Bias Voltage [V] Wide Middle Narrow 7

the bias voltage.
tional function.
MPYV of the distribution is fitted with landau function to be 10.6$+$0.8

tion. This is because the ionization of charged particles in silicon follows a
Landau distribution[43]. Here, we define the Most Probable Value (MPV) of
this distribution as the collected charge of the device at 180 V. The collected
charge of all three LGAD sensors increases with the increasing of bias voltage.
The collected charge of all sensors exceeds 7 fC after a bias voltage greater
than 160 V. Middle sensor has the largest amount of collected charge in all bias
voltages and reaches 13.7 fC at 185 V, at which point narrow and middle sensors
collect 12.8 and 12.6 fC.

The relationship between collected charge and LGAD sen- sor area is shown in
figure 14 [Figure 14: see original paper|. From the figure, it can be seen

of sensor width. The amount of charge collected basically does not change with
the sensor width

that the amount of charge collected basically does not change with the sensor
width, which reflects the uniformity of gain and is consistent with the theory
that the avalanche amplifica- tion process is only related to the thickness of the
gain layer.
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D. Position resolution

In the detector design of CEPC, the TOF detector is located adjacent to the
inner side of the electromagnetic calorimeter.

The TOF detector based on strip LGAD can measure particle flight time while
also providing position information parallel to the strip direction, which can
assist to position reconstruc- tion of calorimeter. The position resolution parallel
to the

10121416182022242628303035404550556065 Wide Middle Narrow FittingTim-
ing Resolution [ps]SNR0102030405060Charge [fC]0.20.40.60.81.0 Normalized
Count MPV MPV 10.62 10.62 --0.07Sigma Sigma 1.587 1.587 --0.038
0.0381601651701751801855.07.510.012.515.017.520.0Collected Charge [fC]|Bias
Voltage [V] Wide Middle Narrow0.20.30.40.50.60.70.80.91.01.15.07.510.012.515.017.520.0Collected
Charge [fC] 160 V 170 V 180 V 185 VWidth [mm] strip direction is studied by
laser test, which the laser hits on the windows in figure 1. Since waveforms are
read out from both ends, the time difference has a good linear relationship with
the hit position, as shown in figure 15 [Figure 15: see original paper]. One can
con- clude from this figure that the slopes of the fitted lines of the three sensors
are equal, with slight differences in the inter- cepts. The hitting position can
be reconstructed through such a linear relationship.

structed position of the wide sensor window 2. The sigma of the distribution is
0.9 mm.

which holds for three types of sensors. The position coordinates can be recon-
structed by measuring delta time based on this linear relationship.

The distribution of reconstructed points obtained from mul- tiple laser pulses at
the same point represents the position res- olution of that window. For example,
for the narrow sensor, the sigma of the distribution of the difference between the
reconstruction and the actual position measured from the sec- ond window is 0.9
mm as shown in figure 16 [Figure 16: see original paper], which is also defined as
the position resolution of that window. The dis- tribution of position resolution
is shown in figure 17 [Figure 17: see original paper]. The best position resolution
is better than 0.9 mm, and the narrow LGAD has better position resolution in
the direction of paral- lel strip. Simultaneously, as can be seen in the diagram,
the intrinsic position resolution of the strip LGAD is the distance 12 = 5.48 mm,
mean- between two bonded pads divided by ing that this method has improved
the position resolution of the strip LGAD by more than five times.

Due to the good conductivity of metal cathodes, hits at dif- ferent positions
result in lesser differences in signal ampli- tude. Therefore, it is necessary to
remove the full metal cov- erage of the surface and place the metal cathode only
at the ends and increase the resistivity of the N+ layer to improve the signal
difference between the two ends and improve the positional resolution.

tion of test position. The intrinsic position resolution parallel to the strip direc-
tion of the strip LGAD is 5.48 mm, and the position reso- lution parallel to the
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strip direction of the narrow sensor has reached 0.9 mm.
V. CONCLUSION

Strip LGAD sensors provide a solution for reducing the density of readout elec-
tronics, particularly suitable for par- ticle physics experiments with low particle
flux, such as in electron collider experiments. The Institute of High Energy
Physics (IHEP) has designed and manufactured three strip LGAD sensors, each
19 mm in length, with widths of 1 mm, 0.5 mm, and 0.2 mm, respectively. I-V
tests show that leakage current increases with the width of the LGAD, but the
break- down voltage of all LGAD sensors are all 198.7$+$0.47 V. The C-V tests
reveal that the capacitance of the devices increases

024681012141618Distance [mm]0.4-0.3-0.2-0.1-00.10.20.30.4Delta time
[ns]WideMiddleNarrow / ndf 2c 27.41 / 34Constant 5.9-260.7 Mean
0.0167-0.1889 - Sigma 0.0123-0.9098 Rec Pos-Real Pos [mm]4-3-2-1-
012345Count050100150200250 / ndf 2c¢ 27.41 / 34Constant 5.9-260.7 Mean
0.0167-0.1889 - Sigma 0.0123-0.9098 Position [mm]024681012141618Position
Resolution [mm]01234567Wide sensorMiddle sensorNarrow sensorIntrinsic
resolution 9

with their width with values of 17.5 pF, 26.3 pF, and 47.4 pF for the narrow,
middle, and wide. The beta source tests indicate that the charge collection
quantity increases with the operating voltage, while the timing resolution im-
proves as the device width decreases, achieving around 37.5 ps, and the jit- ter
component of the timing resolution increases with device width. Position recon-
struction parallel to the strip direction was achieved for the first time through
the time difference in signal arrival at both ends, and laser tests have shown
that narrower devices can achieve position resolution better than 1 mm. It was
also noted that the full metal coverage on the de- vice surface, which leads to
excellent conductivity, results in

minimal signal difference at both readout ends when particles strike at different
positions. Therefore, in the next version, the surface metal coverage will be
removed, and the resistivity of the N+ layer will be increased to enhance the
signal ampli- tude difference at both ends of the device, thereby improving
position resolution. This type of strip LGAD achieves posi- tion resolution
better than 1mm in the direction parallel to the electrode and a timing resolution
close to 37.5 ps, which can address the issue of K/m and K /proton identification
failure around 1 GeV momentum for CEPC, significantly reducing the density of
readout electronics and offering broad applica- tion prospects in future collider
experiments.
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