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ARTICLE INFO ABSTRACT
Keywords: In the applications of nuclear and high-energy physics, Silicon Low Gain Avalanche Diodes (Si LGAD) as
LGAD particle detectors have been shown to perform well in time resolution. Compared with silicon, 4H Silicon
4H'5fc . Carbide (4H-SiC) has a wider band gap, better radiation resistance, higher saturated carrier velocity and lower
Fsrecilgonducmr particle detector temperature sensitivity. Therefore, 4H-SiC LGAD is suitable for the detection of Minimum Ionization Particles
(MIPs) under extreme radiation and temperature. However, due to the complexity of SiC device design and
production, high performance SiC LGAD devices have not yet been produced. In this work, we use TCAD
tools to design and simulate two n-type 4H-SiC LGAD structures with different electric field profiles, I/V and
C/V characteristics and gain efficiencies. Through the analysis of simulation results, the LGAD with a triangle
electric field profile in the gain layer has a higher gain efficiency, while the design with a trapezoid electric
field profile is less affected by the gain layer thickness and more stable at high temperature. Subsequently, we
will develop a set of SiC production processes under the guidance of this work.
1. Introduction cost of large particle detectors [11-13]. In this situation, the continuous
improvement of the radiation resistance of Silicon LGAD could reach
In the past decade, the search for 4D (resolvable both in time the physical boundary of Si materials. Therefore, developing a new
and space) detectors with high radiation hardness and robustness are solution of novel material is another way forward to adapt to MIPs
one of the major challenges in experimental high-energy physics. The detection in a high irradiation environment.
detectors will be applied to particle colliders and nuclear reactors As a wide band-gap semiconductor, Silicon Carbide (SiC) has ex-
with internal irradiation flux exceeding 2 x 10 n,,/cm? [1]. Timing cellent intrinsic characteristics to fabricate radiation-resistant devices.
performance, as one of the most valuable qualities for 4D detectors, is Benefiting from the fast development of the industrial investment of SiC
strongly dependent on the carrier drifting velocity and signal noise ratio power electronic devices, and the fabrication process on SiC substrate,
(S/N) [2]. In the past few years, various groups have developed and it is now possible to utilize SiC detectors in environments characterized
verified that the time resolution of Silicon LGAD is better than 50 ps be- by high irradiation flux and high temperature. Among the main SiC
cause of its good S/N in the low gain range (10-100) [3-11]. However, polytypes (3C, 4H and 6H), 4H-SiC has the highest band-gap (3.26 eV),
when the irradiation fluence increases to 2.5x10'* n,,/em?, the number  which means that its potential radiation hardness is the highest [14]
of collected charges of Silicon LGAD will decrease significantly, making and it is the most concerned material in the study of high radiation

it difficult to keep high performance under such a high irradiation
environment. Moreover, Silicon LGAD must be cooled to —30 °C to
compensate for the rapidly increasing leakage current under extreme
irradiation conditions, which undoubtedly increases the manufacturing

hardness. Compared to Silicon, 4H-SiC has higher atomic displacement
energy, higher saturated velocity and is more stable at high tempera-
tures. Therefore, a 4H-SiC device would have a faster time response
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Fig. 1. Impact ionization coefficient of Si and 4H-SiC at T = 300 K, dashed line for
electron and solid line for hole. For Si, the van Overstraeten—-de Man model [18]
is applied, which is validated by LGAD simulation in previous studies [19,20]. The
blue lines are from the Hatakeyama model in the (0001) direction of 4H-SiC based on
measurements [21]. A possible low gain region for 0.1 ~ 1.0 pm gain layer is marked
by the yellow band.

and lower temperature sensitivity. Additionally, the average rate of
electron-hole pair generation resulting from the passage of Minimum
Ionization Particles (MIPs) through 4H-SiC material is approximately
~ 55 pairs/pm [15]. This implies that within a 50 pm thick 4H-SiC
LGAD operating with a gain of 10, the signal amount would be around
~ 4 {C, a value that aligns well with the capabilities of standard readout
electronics.

Our group has reported that 4H-SiC detectors have good timing
performance for MIP detection. A time resolution of o <100 ps could
be achieved in 100 pm 4H-SiC PIN for the detection of MIPs [16]. A cor-
responding simulation indicates the time resolution o7 of a 3D 4H-SiC
detector could reach ~25 ps and shows good stability at high tempera-
tures [17]. It is of great interest to design other 4H-SiC structures like
LGAD for fast particle detection.

In this work, we designed and simulated two kinds of SiC LGADs for
different application requirements, discussed different gain layer thick-
nesses and doping concentrations, and further studied their leakage
currents and capacitances. Otherwise, the gain factor when the same
U /Vgp as gain efficiency is defined to study the influence for different
electric field profiles. Those studies provide guidance for the future
production of 4H-SiC detectors.

2. 4H-SiC LGAD design
2.1. Modeling

To detect MIPs in a typical LGAD structure with two active layers:
gain layer and bulk layer, the impact ionization coefficient and the
generation of e-h pairs are the most essential factors that should
be considered in the design of 4H-SiC LGAD. The impact ionization
coefficient is related to the thickness and electric field of the gain layer.
And the initial e-h pairs is mainly determined by the thickness and
doping concentration of the bulk layer. Therefore, the prototype of
the 4H-SiC LGAD can be obtained by studying the impact ionization
coefficient and e-h pair generation.

Fig. 1 lists the impact ionization coefficients of Si from van Overstraeten—

de Man model [18] and 4H-SiC from Hatakeyama model
[21]. Based on the previous study of P-type Si-LGAD with a 1 pm
thickness gain layer, the electric field ranges from 2 x 10° ~ 3 x
103 V/cm [20]. And the corresponding impact ionization coefficient
of the low gain region is from 10> cm™! ~ 10° cm™' as highlighted in
the yellow band in Fig. 1. Similarly, for 4H-SiC LGAD with the gain
layer (0.1-1 pm), to obtain the same impact ionization coefficient as
Si LGAD, the electric field is about 1 x 10° ~ 4 x 10® V/cm. In terms
of 4H-SiC, holes have a greater multiplication rate than electrons, a
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n type structure is adopted in our work and the impact ionization of
initial holes dominates the carrier multiplication.

To effectively detect MIPs, it is essential to generate enough
electron-hole pairs in the thick bulk layer to collect enough charges.
On the contrary, the generated signal current of a thinner bulk layer
exhibits a faster-rising edge compared to a thicker one, which is ben-
eficial to improve the time resolution. Therefore, a medium thickness
(50 pm) bulk layer is considered, in which ~2500 initial e-h pairs could
be ionized by MIP. After around 10 times multiplication, approximately
4 fC of charges are collected, which aligns well with the capabilities
of standard readout electronics. In addition, to fully deplete the bulk
layer under an appropriate voltage, the doping concentration should
be as low as possible. Based on our previous study, a high quality 100
um 4H-SiC epitaxy layer with a doping level < 1 x 10'* cm™3 has been
achieved successfully in a 4H-SiC PIN device [16]. Conservatively, the
doping level of the bulk layer 1 x 10'* cm=3 is adopted in this 4H-SiC
LGAD design.

To establish a stable space charge region to maintain its operating
status, the bias voltage U of LGAD with an appropriate gain should
satisfy the condition below:

Vrp <U <Vpp (€]

where Vi, is the full depletion voltage and Vg, is the breakdown
voltage. In our design, we require a gain ~ 10 at U = 500 V and
Vip < %VBD to guarantee that the operating voltage range could
be applied by ordinary source meter with a low power consumption
concurrently. Under these conditions, the thickness and doping level of
the 4H-SiC LGAD could be deduced analytically.

Taking the LGAD with p++—n;ain—n;u .« doping profile as an example,
Vip is calculated by
VEp =Viuik + Vaain

=—1 (NI xd?
2e5ic0

bulk bulk 2)
eff 2 eff
+Ngain X dgain +2x N[,u1k X dgain X dbulk)

where ¢ is the unit charge, V,,;, and V},, are the depletion voltages of
the gain layer and the bulk, N;afiﬁ and N[fufli are doping levels, d,;, and
dy,; are the thickness of corresponding layers. V;,;, is estimated to be
around 230 V if dy,;, = 50 pm and N7/ = 1x 104 cm=3.

bulk
The electric field of gain layer E,,;, could also be derived:
U-Vgp q

Ay + dgain  EsicE

Egin(x) = - N X dyie + NI X (d gy =001 (3)

bulk gain

The impact ionization coefficient of electrons «, and holes a;, could
be calculated by different models. Considering the heterogeneity of
the 4H-SiC, Hatakeyama model [21] is selected in this work. At room

temperature, the model can be expressed as

b,
Egarn () ). (€]
where a,, and b,, are fitted parameters from Hatakeyama model.
Therefore, the quantity of e-h pairs M(x) created by one single initial
e-h pair at position x in the depleted gain layer is [22]
ex Y (@, —ay) dx
= S0l ) (5)
L= 75" agexp [ [y (ap —@,) dx] dx

The breakdown condition is assumed to be Gain = M(d,,;,) = .

Consequently, for constant Vi, and Vg, an approximate relation
between N;iii and d,,;, can be determined by Eq. (1)-(5). We calculate
the N;{{iﬁ — dgq, relation for Vi, and Vy;, between 300 V and 700 V.
An example of Vi, = Vg, = 500 V is shown in Fig. 2, which indicates
the available Nge[’;i and d,,;, values should be located in the “allowed
region” under the black line (Gain = o). Some important information
could be extracted from Fig. 2 to guide the design of 4H-SiC LGAD:

(1) dgqi, could not be larger than 1.5 pm. Otherwise, the device will
undergo premature breakdown before full depletion.

an,p (X) = an,pexp(_
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Fig. 2. The relation of N/ and d,,, under different conditions, 50 pm » bulk layer
gain gain

with 1x 10" cm™ doping level when U = 500 V.

Table 1
Two types of 4H-SiC detectors with different structures.
Layer Name Thickness Doping
[pm] [em™]
Triangle-Type Pt contact 0.3 1x 10"
nt Gain *
n” Bulk 50.0 1x 10"
s s Buffer 5.0 1x 10
nt* Substrate 10.0 1x10%
Trapezoid-Type ptt Contact 0.3 1x 10"
n Gain * 1x10'
n* Electric field 0.1
control
n- Bulk 50.0 1x 10
sy Buffer 5.0 1x10'
ntt Substrate 10.0 1x10%
* Study in this work.
(2) In general, N;({i{; decreases with the increase of d,,, for the
. . . ef f .
same gain efficiency. As d,,;, increases from 0 to 0.4 pm, Noain rapidly

decreases by nearly an order of magnitude, and the relationship curve
between them gradually flattens after d,,, is larger than 0.4 pm.
Therefore, d,,;, < 0.4 pm is not suggested due to the high sensitivity
of Gain(dyg,, NI

(3) The thickness of 1 pm is reasonable, but in the practical process,
premature breakdown will be easily caused by fluctuations of N;({ii and
dgain'

For a comprehensive consideration, a gain layer with the thickness
of 0.5 pum is adopted and its doping concentration (N;afiﬁ )is about
4 % 10'7 ¢cm™3. In the following simulation (Section 3), varying doping
concentrations from 4.07 x 1017 cm™ to 4.13 x 107 ¢cm™ are used to

simulate the electric properties.
2.2. Structure

A typical LGAD structure consists of four layers including p** —nt —
n~ —n** (see Fig. 3(a)), where p** and n**doped layers contribute to
a stable space charge region, and the n~ doped layer is the bulk layer
which dominates the generation of initial e-h pairs.

As a gain layer, the n* doped layer generates a strong electric field
in this region under the reverse bias. Charge carriers can be accelerated
in this high electric field, and collide with lattice atoms to ionize the
electron-hole pairs. The result is the avalanche multiplication effect,
increasing the carrier concentration and greatly improving its detection
efficiency.
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Because of the “triangle” electric field profile between the p** layer
and n* layer, we address the structure shown in Fig. 3(a) as Triangle-
Type 4H-SiC LGAD. The parameters of the epitaxial layers are listed in
Table 1 where the thickness d,,,, and doping level N;‘{iﬁ of the gain
layer are studied in this work.

Another structure of p** —n — nt —n~ — n** (see Fig. 3(b)) is also
considered in this work. To avoid the direct epitaxial growth of p**
doped layer on n* doped layer, a n doped layer can be inserted between
the above two layers to change the electric field shape of the gain layer
region. The n* layer and n layer are equivalent to the gain layer as a
whole, and the n* layer is called the electric field control layer.

Similarly, the structure shown in Fig. 3(b) is addressed as Trapezoid-
Type 4H-SiC LGAD because of the “trapezoid” electric field profile.
Different from the five-layer Triangle-Type, the Trapezoid-Type has an
extra electric field control layer which is inserted between the gain
layer and the bulk layer. Profiles of each layer are listed in Table 1
where the thickness d,,;, of gain layer and doping level N7 of field
control layer are studied in this work.

In addition to the above two LGADs, a 4H-SiC PIN detector (50 pm)
without the gain layer is designed for comparative study. Considering
the horizontal diffusion of carriers in the process of MIP injection, its
width is fixed to 10 ym in 2D simulation.

gain

3. Simulation

In order to further specify the doping level of the gain layer, the
characteristics of 4H-SiC LGAD for different designs are simulated using
TCAD (Technology Computer Aided Design) tools.

3.1. Physical parameters in TCAD simulation

The physical parameters used in this work for TCAD simulation
are listed below: The dielectric constant of 4H-SiC is €5, = 9.7; The
electron and hole effective mass and conduction band density-of-state
models are taken from [23]; Parameters of carrier mobility model with
doping-dependence refer to [24,25] which is fitted from measured data;
Hatakeyama model is selected as the impact ionization model [21] and
it has been applied to device simulation with anisotropic features [26];
The MIPs is simulated by the heavy ion model of TCAD [27] where the
ionization rate is 55 e-h pairs/pum; The wafer system of 4H-SiC with a
4° miscut angle is used in all simulations.

3.2. IV and 1/C?-V profiles

To determine the depletion voltage of gain layer V;; and full deple-
tion voltage Vi of the Triangle-Type 4H-SiC LGAD, 1/C2-V relations
are calculated.

As shown in Fig. 4(a), the influence of fluctuation of N;iii to
Vi1 could be neglected and the Vi, of different 4H-SiC designs with
different N;ﬁ (4.07 ~ 4.13 x 10'7 ¢cm™3) are smaller than 500 V. The
I-V curves imply the breakdown voltage Vj;, of the Triangle Type 4H-
SiC LGAD is negatively correlated with the doping concentration of the
gain layer, shown in Fig. 4(b). Fig. 4(c) shows the relationship between
N%7 and v, at different gain thickness ranging from 0.1 pm to 1 pm.

gain
eff

Considering the influence of d the order of magnitude of N

ain> ain 1s
about 10'8 cm™ when d;, is Og.l pm and about 10!7 cm~3 when dia,-,, is
1.0 pm. These results agree with the prediction of the analysis in Fig. 2.

To obtain a flat electric field profile and control the electric field
near the gain layer, Trapezoid-Type 4H-SiC LGAD is introduced (see
Fig. 3(b)). Similarly, the 1/C2-V and I-V curves are simulated for
Trapezoid-Type 4H-SiC LGAD (see Figs. 4(d) and 4(e)). Similar to the
Triangle-Type 4H-SiC LGAD, the Nij 1 of the electric field control layer
(n™) of the Trapezoid-Type LGAD has little influence on the V. The
breakdown voltage (V) is restrained to 500 V-1000 V. However, the
Vgp of Trapezoid-Type 4H SiC LGAD is more sensitive to the effective
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Fig. 3. Longitudinal layers design of the 4H-SiC LGAD studied in this work. (a) “Triangle” electric field. (b) “Trapezoid” electric field.
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and I — V relations of Trapezoid-Type. (f) Electric field in the gain layer of Trapezoid-Type when N¢// changed +20%. For (a)(b)(d)(e) the colored lines are for 4H-SiC LGADs

and the dotted gray lines are for PIN.

doping concentration of the field control layer compared with the
Vap — N&T of the Triangle-Type.

Fig. 4(f) demonstrates the control effect to the electric field when
the effective doping level of the control layer N&// changed +20%.
When the electric field is approximately 2.3 x 10° V/cm, a gain factor
about 10 can be achieved in the 4H-SiC LGAD with d,,;, = 0.5 pm.

As shown in Figs. 4(b) and 4(e), when U < Vj;;, the depletion area
volume of 4H SiC LGAD is very small, so its leakage current is less
than that of PIN. As the voltage increases, the depletion region increases
gradually, and its leakage current increases rapidly and is far greater
than that of PIN. The gain of leakage current is ~ 10, which indicates
that a low gain is achieved.

3.3. Simulation of MIP detection

Apart from electrical properties, as a particle detector, one of the
most valuable indicators of the LGAD are the gain factor. To determine
the gain factor when MIPs pass through 4H-SiC LGAD, we use a heavy
ion model in TCAD with the same e-h pair generation rate as MIP,
which is defined as:

Qreap _ /oT i(MrGap
Opin _/OT i prN

where Q is the collected charge, i(¢) is the stimulated current by MIP
and T is the time period for collection.

(6)

Gain =
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Fig. 5. Stimulated current by MIP in (a) Triangle-Type and (b) Trapezoid-Type 4H-SiC LGADs under different operating voltages. Gray lines are for PIN at U = 500 V.
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Fig. 6. (a) Relations between gain and U/Vj, for Triangle-Type 4H-SiC LGAD (dotted lines) and Trapezoid-Type 4H-SiC LGAD (solid lines). Colored lines represent different
doping levels. (b) Relations between gain and U/Vj,, for different thicknesses of the gain layer. The dotted lines are for Triangle-Type and the solid lines are for Trapezoid-Type.
(c) The gain factor under operating voltage U = 500 V at temperatures from T = 300 K to T = 500 K.

Figs. 5(a) and 5(b) demonstrate the current stimulated by MIPs un-
der different operating voltages. Compared with the simulated current
of PIN, the current gain for both types of 4H-SiC LGAD is greater than
10 when U = 500 V. Under the same operating voltage, the gain of
Triangle-Type is higher than that of Trapezoid-Type. This could be
interpreted by a higher electric field peak of the “triangle” electric field
profile. Based on the simulation, we determine that the electric fields of
Triangle Type and Trapezoid type are 3.2x10° V/cm and 2.3x10° V/cm
respectively, to establish a 4H-SiC LGAD with d,,;, = 0.5 pm.

3.4. Gain efficiency and stability

To compare the gain efficiency for two types 4H-SiC LGAD, the
relations between gain and U /Vp, are studied, see Fig. 6(a). The higher
gain factor under the same U/Vp;, means higher gain efficiency. The
gain factor increases slightly with increasing Nge({l.ﬁ or N, fcf /. The electric
field profile dominates the gain efficiency. The Triangle-Type 4H-SiC
LGAD has higher gain efficiency because it has a higher gain factor than
Trapezoid-Type at the same U /Vy, value. However, it also indicates
that when U /Vy is larger than 0.8, it is easier to reach the breakdown
threshold with the steep increase in the gain of the Triangle-Type
4H-SiC LGAD.

It is worth noting that the Trapezoid-Type 4H-SiC LGAD behaves
more stable, shown as Fig. 6(b). When the thickness of the gain layer
increases from 0.5 pm to 1.0 pm, the gain factors of Trapezoid-Type 4H-
SiC LGAD change little. This means the gain efficiency does not rely
on dg,,. On the other hand, for the Triangle-Type 4H-SiC LGAD, an
increase in d,,, at a constant value of U/Vgp leads to a decrease in
the gain factor. This phenomenon suggests that a thinner gain layer

correlates with higher gain efficiency, albeit at the expense of hastening
the breakdown of the device. Therefore, Trapezoid-Type 4H-SiC LGAD
is better if one considers its stability.

To investigate temperature dependence and potential application in
high-temperature environments, gain factors are simulated under the
temperature ranging from 300 K to 500 K, shown as Fig. 6(c). Under
the same operating voltage, the gain factor decreases with increasing
temperature. It is interpreted by the decrease in the impact ionization
coefficient predicted by the Hatakeyama model [21]. The gains of both
types are greater than 10 when the temperature is below 400 K. When
the temperature is up to 500 K, the gain factors of both types are still
bigger than 5. This indicates the 4H-SiC LGAD has a good performance
in high-temperature environments. A potential indication is shown in
Fig. 6(c) that the gain of Trapezoid-Type 4H-SiC LGAD decreases gently
compared with Triangle-Type 4H-SiC LGAD.

4. Summary

Promoted by the benefits of SiC material, we propose to design a
4H-SiC LGAD for MIP detection in high radiation and high-temperature
environment. Based on the analysis, we provide a guideline to deter-
mine the doping level and thickness of the gain layer in 4H-SiC LGAD.
Triangle-Type and Trapezoid-Type LGAD structures with different elec-
tric profiles are designed for MIPs detection. In our work, d,;, = 0.5 pm
with E ~ 2.3x10° V/cm is adopted which has a 50 pm, 1x10'* cm~3 bulk
layer. In the simulation, a gain > 10 is achieved when the operating
voltage U is between V[, and Vp,. We define the gain factor under
the same U /Vp, ratio to describe the gain efficiency. Compared with
the effective doping level of the gain layer, the electric field profile
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dominates the gain efficiency. A Triangle-Type LGAD has higher gain,
while Trapezoid-Type shows high stability and robustness.

According to the above study, we will develop the corresponding
4H-SiC LGAD devices for the requirements of MIPs detection. More
interesting results will be obtained for practical devices and help us
to understand the impact ionization in the 4H-SiC, especially 4H-SiC
LGAD structure.
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