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Among the 3D electrode Si detectors for high energy particle and X-ray detection,
the traditional 3D-Trench electrode Si detector is a semiconductor detector that is
widely used and discussed. Aiming at removing the shortcomings of the traditional
3D-Trench electrode Si detectors such as uneven electric field distribution,
asymmetric electric potential, and the existence of some dead zone, we
propose a new type 3D-Spherical Electrode Detectors and carry out extensive
and systematic studies of their physical properties. We simulated detector electric
field, electric potential, electron concentration distribution, full depletion voltage,
leakage current, capacitance, the incident particle induced transient current and
the weighting field. We systematically studied and analyzed detector’s electrical
characteristics. By comparing with the traditional 3D-Trench electrode Si
detectors, the new detector structure has more uniform electric field and
potential, and less depletion voltage, leakage current and capacitance.

KEYWORDS

3D-Spherical Electrode Detectors, electric field distribution, electric potential
distribution, fully depleted voltage, properties under radiation

Introduction

At present, with the advancement of society and the development of science and
technology, the application of semiconductor materials has become an indispensable
part of life (Meng., 2009). Detectors based on semiconductor materials have also
emerged (X.Meng., 2004). Traditional detector technology is becoming more and more
mature. Among a large number of semiconductor detectors, silicon detectors are widely used
in aerospace (W.Wei and AuthorAnonymous, 2005), astrophysics (Guo., 2013), high energy
physics (Ou., 1998), nuclear medicine (Qin., 2007), national security (W.Wei and
AuthorAnonymous, 2005), and other fields due to their superior performance and
mature advanced technology.

Common types of silicon detectors mainly include silicon microstrip detectors, silicon
pixel detectors, silicon drift detectors, 3D-column electrode silicon detectors, and 3D-Trench
electrode Si detectors (Liu., 2018), (Tang., 2017). With the evolution and development of
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FIGURE 1
Cross-section view with the same distance between anode and cathode.

FIGURE 2

3D structure of Practical Novel 3D-Spherical-Electrode Detectors structure.

various types of semiconductor detectors, from two-dimensional to
three-dimensional, the structure and performance of the detectors
are gradually improving and perfecting.

For 3D electrode Si detectors, there are shortcomings in the
detector structures (Liao., 2019). For example, for traditional 3D-
Trench electrode Si detectors, it is needed to ensure that during
and after etching, the detectors main body does not fall off the
substrate. The trench electrode cannot completely penetrate the
entire silicon substrate and can only be etched to about 90% of the
depth of the silicon substrate. Therefore, the first shortcoming of
the traditional 3D-Trench electrode Si detectors is the existence
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of a dead zone in the un-etched region. During the processing and
manufacturing of a 3D-Trench electrode Si detectors, the Si wafer
cannot be completely etched through, that is, a certain thickness
will remain on the wafer as a substrate to ensure the mechanical
stability of the detector structure unit or array (Betta et al., 2010).
The dead zone is a weak or zero electric field region that exists in
the un-etched detector part. If the dead zone occupies a large
detector the detector
characteristics will be poor, such as uneven electric field
distribution and the existence of a low electric field region,
affecting the detector charge collection efficiency (Lu., 2020).

portion of the volume, electrical
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FIGURE 3

The sectional view of Practical Novel 3D-Spherical-Electrode Detectors structure.

In view of the above-mentioned shortcomings of traditional
3D-Trench electrode Si detectors, a new type of hemispherical
shell electrode silicon detector has been proposed in recent years
(Liu et al., 2020a). The structural model of this detector can
indeed solve the problem of the dead zone of traditional 3D-
Trench electrode Si detectors. As a detector unit, the detector
performance of the spherical detector is very prominent, which
can be verified by simulations, But ideal spherical structure will
be relatively difficult to realize in real processing and
production.

In this article, a Practical Novel 3D-Spherical Electrode
Detector is proposed and its physical properties are
systematically studied. The spherical electrode in the novel
detectors is realized through laser drillings of Si wafer (Zhi-
Ming et al, 2017). We will use ion diffusion technology.
Respective ions will be thermally diffused into the Si through
the walls of drilled trenches, an effective spherical electrode can
be practically formed.

Figure 1 shows the cross-section of the new detector scheme.
Rings of trenches with width w;, depth y;, and radius x; (i = 1,. N) will
be drilled by a laser through the Si wafer. To form an effective
spherical electrode, we must have the following relationship between

X, ¥, and R:
2+ (R-y) =R (i=1,...N). 1)

For simplicity, we keep the trench width at a constant w = wy.
The number of drilled trenches can be chosen according to the size
of the detector and laser drilling limitations (e.g. minimum drilling
width w,,, maximum drilling time and power, etc.)

After drilling, trench walls will be ion diffused to form a junction
with the Si wafer bulk (in this case, we chose n-type Si bulk, the ion
diffusion is p-type, i.e.boron).

To connect all trenches, the entire bottom side of the wafer will
be ion-implanted with boron ions to form a p* layer that connects all
p* trenches.
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FIGURE 4
3D simulation structure in the interface of TCAD simulation
software.

To make the field distribution on the top surface more uniform,
we make ion-implant rings (p*) as field guard rings.

Modeling of the Practical Novel 3D-
Spherical Electrode Detectors

The approximate model of the detector is shown in Figure 2. There
is 2200 pm x 200 pm x 100 pm cubic column semiconductor substrate,
which is lightly doped with N-type, and the doping concentration is 1 x
10"*/cm®. On the top layer, there is an n*-implanted area (radius =
17.5 um) in the center covered by an aluminum layer to form the
collection anode electrode. The areas between anode and field guard
rings are SiO, layers. These field guard rings are heavily doped p* (1 x
10"*/cm?) rings. The back side is uniformly heavily doped with p* (1 x
10'"%/cm®). The anode is heavily doped with n* (1 x 10'®/cm®). The
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FIGURE 5

2D electric field distribution of Practical Novel 3D-Spherical-Electrode Detectors under different voltages (A) -1V (B) -2V (C) -2.2V (D) -2.4V (E) -2.6V
(F) -2.8V (G) -3V (H) -4V, and 1D cutline (I).

doping depths of all implanted layers are 1 um, as shown in Figure 3.  doped with P-type through ion diffusion, and the doping concentration
The cathode is composed of ten laser-drilled rings (in the X-axis cross-  is 1 x 10"/cm’. The bottom is covered by an aluminum layer to form a
section they look like columns). The laser-drilled rings are heavily =~ whole cathode electrode. The thickness of the aluminum
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FIGURE 6

Electric field distribution of traditional 3D-Trench electrode Si detectors.

electrode contact layer on the upper and lower surfaces is 1 pm, and the
thickness of the SiO, on the upper and lower surfaces is 0.5 pm.

The structure size and internal structure are calculated
according to Eq. 1. For a given pitch p, width w, and gap g = Pp
for the drilled trenches, since d = R, we have:

x;=ip (i=12,..N)y,=R~- \/RZ - (iP)%, )

Yi_Yi_BR

L L

= constant = B. (3)

Where x; represents the distance from the center coordinate of
the etched column to the origin, y; represents the height of the etched
column, i represents the number of the drilled trenches, N represents
the number of trenches,

v, =R-R*-x2, (4)

1 1
X2 =X1—Elz—g—ill, (5)
Yia = R2 - X1+1’ (6)
1 1
Xj+1 = Xj — zlm -8 Eli: (7)
Ly =121 (®)
From Egs 6-8 we have:
R -x], = [Ai + 2Bx;1]". 9)
Where:
R2-x2, - A;
B= i+1 ) (10)
2xi+l
I
Ai=R+2B —Xi+g+i . (11)
We have:
_4BA, + \/ (4BA;)? — 4(4B* +1)
Xij1 = (12)

2(4B*+1)
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In our simulations, we choose R = 100 pm, 8 = 0.8, p = 10 um,
W =8,and N = 10. Y;o = 0.9*R.

In this article, the junction of the 3D-Spherical-Electrode
detectors is at the outer spherical shell electrode. Due to the
spherical symmetry of our new detector structure, we can reduce
the problem to a one-dimensional one with only r, and write the
Poisson equation as the following:

1 d eNeff

2 a —o(r)=- ety | (13)
with boundary conditions:
{cp( )~ v,
(r1) =
The electric field is:
R e LU

and the electric potential in a single cell is:

11
HORS qu“ o, (R-1) - qu“rﬁ(—— —) +V -V (15)

3egg r R
When r=r; =1, ¢(r1) = ¢(r) =0, |V|= Vgy
We get the full depleted voltage:
SPH qNese quff Ic
Visor = 6e0e (R* = rc?) - 2<1 - E) = Vi (16)

Electrical characteristics results
3D simulation and electric field distribution
of Practical Novel 3D-Spherical-Electrode
Detectors

We used TCAD to simulate the 3D-Spherical electrode silicon

detector unit (Zhou., 2013), with the SRH model, mobility model,

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1149774

Tan et al.

10.3389/fmats.2023.1149774

A 100
80
60
40
20
1]
-100 -50 0 50 100
Y
B
1t
ot
i -1 i
=
S o
=
o
c 3
41
5t
-6 N L L L N L
0 20 40 60 80 100
Z (um)

FIGURE 7

(A) 2D electric potential distribution and (B) internal electric potential curve at different voltages of Practical Novel 3D-Spherical-Electrode

Detectors.

and other common physical models in the simulation. The Poisson
equation, electron continuity equation, and hole continuity equation
are used as well (Zhu., 2011). Figure 4 shows the model of the new
3D spherical electrode structure used in our TCAD simulations, in
which one can easily find out the parameters used for the simulation
and one can clearly see the appearance and internal structure of the
3D spherical electrode silicon detector unit. The area of the
aluminum electrode contact layer and the silicon dioxide
protective layer are clearly shown. In addition to simulating a
spherical electrode with a radius of 100 um, we also simulated a
3D-Trench electrode Si detector of the same size (Ding, 2015), (Liu
and Li, 2017). Through comparison, the superior electrical
performance of this detector structure can be displayed more
clearly and comprehensively.

We set up a two-dimensional cross-section at x = 0 to more
clearly show the potential and electric field distribution inside the

Frontiers in Materials

detector. Figure 5 shows the electric field distribution of Practical
Novel 3D-Spherical-Electrode Detectors under different bias
voltages. It can be seen that with the increase of the bias voltage,
the low electric field area in the detector gradually becomes smaller.
When the full depletion voltage is reached, the internal electric field
reaches all parts of the detector, and the zero electric field area
disappears. It can be inferred from the figure below that it is fully
depleted at a voltage of about -3 V (full depletion voltage Vy4). In
addition, we can clearly see that the electric field distribution in the
depletion zone in the detector is extremely uniform, ensuring good
charge collection in the entire effective detector body. The electric
field lines are going through the top center anode electrode, with the
direction pointing radially toward the spherical cathode electrode.
This electric field distribution ensures the electrons induced by the
incident particles drift toward the central collecting electrode in the
electric field (Liu et al., 2017).
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FIGURE 8
Electric potential distribution of 3D-Trench electrode Si detectors.
Figure 5I shows the electric field intensity curve inside the
detector under different voltages (Li et al., 2021). It is along the A o
cutline of y = 0 in Figure 5I. It can be seen more intuitively that as the 101; I
bias voltage increases, the electric field intensity continues to :gls
increase, and fill the whole detector thickness. cr’:'e‘ 10
Figure 6 shows the electric field distribution of a 3D-Trench &, 103
electrode Si detector with the same size as Practical Novel 3D- % :gn
Spherical-Electrode Detectors with a radius of 100 um. It can be S qor
clearly seen by comparison that the electric field distribution is not as § :g:
uniform as that in the Practical Novel 3D-Spherical Electrode Detector. g 0}
=l
41
Electric potential distribution of Practical ol
Novel 3D-Spherical-Electrode Detectors 10
18 0 2I0 4IO 60 80 1(I)0
Figure 7A shows the potential distribution of Practical Novel 3D- Z(pm)
Spherical-Electrode Detectors (at v= -3 V at the cathode). It can be seen B
that the potential distribution of the structure is very symmetrical. To 10
reversely bias the detector and to ensure the free electrons drifting to 18::
and being collected by the anode, the electric potential of the center 106}
anode on the upper surface is the highest (at 0 V). _ 13:3
Figure 7B) shows the internal electric potential curves at different € 108}
voltages applied to Practical Novel 3D-Spherical-Electrode Detectors on % 12:
the cutlines at y = 0 (Liu et al., 2020b). These potential curves are almost § 100}
linear. When the potential of the entire detector is not zero, it indicates § 13:
that the detector is fully depleted. The bias voltage applied when the S ot
detector is fully depleted is the full depletion voltage (Tang, 2017). It can w 102 I
be seen from the figure that the depletion voltage is about -2.8 V. In 184
addition, the slope of the potential curve increases with the increase of 102 i
the bias voltage, that is, the intensity of the electric field increases with 181 [ ) ) ) ) )
the increase of the bias voltage, which is a good verification of the “100 0 0 &0 120
relationship between the electric field and the bias voltage described Y(am)
above. FIGURE 9
Figure 8 shows the electric potential distribution of a Electron concentration curve (log scale) v. s Bias voltage (A)

Electron concentration along Z-axis for Practical Novel 3D-Spherical-
) ) o . : Electrode Detectors (B) Electron concentration curve (log scale) along
that at Z = 15um, the electric potential distribution is Y-axis for 3D-Trench electrode Si detectors.

traditional 3D-Trench electrode Si detector. It can be seen

obviously not as uniform.
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FIGURE 11

Leakage current of Practical Novel 3D-Spherical-Electrode
Detectors with the influence of the radiation fluence.

Full depletion voltage of Practical Novel 3D-
Spherical-Electrode Detectors

In our Practical Novel 3D-Spherical-Electrode Detectors, the
N-type silicon bulk has a doping concentration of 1x10'*/cm’ so
Neff = 1x10"/cm’. The detector thickness is chosen as 100 um.
According to Eq. 16, we can get a full depletion voltage Vi =
-2.5 'V, so the depletion voltage of our Practical Novel 3D-Spherical-
Electrode Detectors should be around 2.5V, which is close to our
previous value of -2.8 V obtained from simulations.

Figure 9A is the electron concentration curves obtained from
simulations. The electron concentration in the depletion region
decreases with the bias voltage (the depletion region of the
detector continues to expand) until it reaches complete depletion

Frontiers in Materials

(full depletion). It can be seen that when the voltage reaches -2.8 V,
the electron concentration in the whole detector region is lower than
the silicon substrate concentration of 1x10'*/cm®. So we can
conclude that the depletion voltage is -2.8 V, which is the same
as what we obtained from electric field simulations. There is a certain
difference between the results obtained by simulation and
theoretical calculations because the theoretical value is under the
premise of an ideal sphere without complicated boundary
conditions.

The depletion voltage formula of the traditional 3D-Trench
electrode Si detectors is the following (Li, 2011).

(17)

It can be seen that when the electrode spacing is the same, the
depletion voltage of the spherical electrode is theoretically smaller than
that of the traditional 3D-Trench electrode Si detectors. This is also the
advantage of the new spherical structure. Using Eq. 17, we can calculate
a full depletion voltage Vg = -3.75 V. Figure 9B) shows the electron
concentration curve of traditional 3D-Trench electrode Si detectors. It
can be seen from the figure that its full depletion voltage is about -4 V,
which is larger than that of a Practical Novel 3D-Spherical-Electrode
Detectors of the same size. Low depletion voltage means low energy
consumption and easier detector operation.

Leakage current and Capacitance of
Practical Novel 3D-Spherical-Electrode
Detectors

Figure 10 is a comparison of the leakage current graphs of the
two detectors. It can be seen that the leakage current of the Practical
Novel 3D-Spherical-Electrode Detectors is much smaller than that
of the traditional 3D-Trench electrode Si detectors. The leakage
current is the noise of the detector itself, and it is related to the
structure of the detector itself, the smaller the leakage current, the
higher the sensitivity of the detector (Wu et al., 2021).
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Detectors With the influence of the radiation fluence.

Figure 11 shows the comparison of the leakage current of the
Practical Novel 3D-Spherical-Electrode Detectors under different
radiation intensities, with the increase of irradiation intensity, the
leakage current of the detector increases. Because the

carrier  lifetime  decreases under strong irradiation
environment, we can see by Eq. 18 that the shorter the carrier
lifetime, the higher the leakage current of the detector.
Strong irradiation affects the performance of the detector (Li,

2021).

_qwn;

J 2T

(18)

Figure 12 shows the comparative capacitance curves of the two
detectors, from which it can be seen that when the detector substrate
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FIGURE 14
The induced current curves with time during radiation.

is in a fully depleted state, its capacitance will not continue to change
with the increase of the applied voltage. By comparison, the
capacitance of the Practical Novel 3D-Spherical-Electrode
Detectors is much smaller than that of the traditional 3D-Trench
electrode Si detectors of the same size. One of the main factors
affecting the noise is the capacitance of the detector, and the smaller
the capacitance, the higher the signal-to-noise ratio and the better
the performance of the detector.

Figure 13 shows the comparative capacitance of the Practical
Novel 3D-Spherical-Electrode Detectors under different radiation
intensities. Under radiation, when the bias voltage is low, the
capacitance is large, and when the voltage reaches a certain value,
the capacitance reaches the saturation capacitance. It can be seen
that the radiation flux increases, the saturation capacitance remains

frontiersin.org
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the same and the capacitance size is only related to the structure of
the detector itself (Tang, 2017).

The transient induced current and the
weighting field of Practical Novel 3D-
Spherical-Electrode Detectors

The induced current signal on detector electrodes was based on
the Shockley-Ramo theorem (Liu et al., 2020b):

i(t) = q.v4.E.y. (19)
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We set the LET_F (linear energy transfer) as 1.28 x 107, and
set the wt_hi as 1 um. Figure 14 shows the induced current curves
we obtained by simulating the MIP (Minimum Ionising Particle)
incidence from the middle position of the effective silicon body of
the detector. The curve peaks are all located below 100 ps, and the
response is extremely fast. The total charge is obtained by
the As  the
increases, the total collected charge decreases and the response

integrating induced current. radiation flux
peaks become lower and lower, because increased irradiation
causes defects that reduce the charge collection performance and
the induced current, and radiation may also slightly affect the
drift time (Liu et al., 2022).

Figure 15A shows the 3D distribution of the weighting field of
the detector array, and the 2D distribution is obtained by cross-
sectioning the X-axis (Figure 15B), and the weighting field curve
is obtained by intercepting the Z-axis (Figure 15C), which shows
the weighting field in the immediate neighboring cell is practical
zero, indicating that pressurizing one of the detectors that
there will almost be no crosstalk between the two neighboring
cells, and the coherence is weak. And as the Z-axis decreases,
the specific weighting field becomes smaller, implying the
outermost heavily doped ring of the detector plays a good
isolation role.

Conclusion

We have carried out extensive and systematic studies on our
Practical Novel 3D-Spherical-Electrode Detectors using TCAD
simulation software toll. The electrical characteristics such as
electric potential, electric field, electron concentration, full
depletion voltage, leakage current, capacitance, the induced
transient current, weighting field were obtained. The detector
performance after irradiation were also simulated and analyzed.
All simulation results are compared with that of conventional 3D-
Trench electrode Si detectors of the same size. The following
conclusions are obtained:

1. The detector cathode electrode is of a spherical design with the
same distance between anode and cathode everywhere in the
detector, which makes the potential distribution in the detector
symmetrical and uniform;

. The design of the heavily doped ring on the upper surface makes
the surface electric field distribution in the detector unit more
uniform;

. The full depletion voltage is small. The full depletion voltage is
about -2.8 V for our example without irradiation, which is much
lower than that of the traditional 3D-Trench electrode Si
detectors of the same size.

. The leakage current and capacitance of the detector are smaller,
so the signal-to-noise ratio will be higher.

. The detector response is fast and there is no crosstalk between
array units.

. The presence of a full-surface electrode on the bottom surface
makes it easier to process in the detector fabrication.
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