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With the deepening and expansion of semiconductor technology and research, in order to continuously optimize the structure and performance of semiconductor detectors, a high-precision hexagonal spiral silicon drift detector (SDD) is proposed in this paper. In order to obtain a more accurate spiral ring structure, this paper goes beyond the first-order formula in the Taylor expansion for calculating the radius of the spiral ring. Based on the first-order formula, the second-order formula for calculating the radius of the spiral ring is further developed and derived. The point coordinates are obtained by combining the radius, angle, and ring spacing change formula to obtain a more accurate spiral ring structure. The actual number of turns is more accurate than that obtained from first-order approximation, which better solves the problem of accurate calculation of the number of spiral rings and the structure of the spiral SDD in the existing technology, that is, the accurate calculation of the radius of the spiral ring. In order to verify the abovementioned theory, we model this new structure and use Technology Computer-Aided Design to system simulate and study its electrical properties, including potential distribution, electric field distribution, and electron concentration distribution. According to the simulation results, compared with the first-order formula, the second-order formula has better electrical properties; more uniform distribution of potential, electric field, and electron concentration; and a clearer electron drift channel.
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1 INTRODUCTION
Since the 1950s, single crystals, bipolar transistors, germanium crystal counters, lithium drift detectors, and charge-coupled devices have appeared one after another until the advent of silicon drift detectors (SDDs) in 1983 (Guazzoni, 2010). SDDs have been widely used in pulsar navigation (Guazzoni, 2010; Witze, 2018; Liu et al., 2021), aerospace (Lutz, 2003), high-energy physics (Lindström et al., 1999; Virdee, 2004; Moser, 2009), medical imaging (Fiorini et al., 2006; Pourmorteza et al., 2016; Kalender et al., 2017; Li et al., 2021), and other industries because of their superior performance and mature and advanced technology. Since its inception, the SDD has become one of the leading detectors in laboratory research and the industry of X-ray spectroscopy, such as the experiment of CERNLEP’s NA45 in 1992 and the experiment of BNL’s relatively heavy ion collider in 2001. The SDD studied in this paper is based on the planar process and the principle of lateral depletion (Gatti and Rehak, 1984). Detectors are fabricated on ultra-pure high-resistance silicon. Compared with traditional silicon detectors (such as silicon micro-strip detectors and pixel detectors), it not only has the advantages of fast response, high energy resolution, easy integration, small capacitance, and low noise but it also does not require liquid nitrogen cooling and its internal drift characteristics are very uniform. Under the drift field almost parallel to the surface, the electrons drift to the anode at a near constant velocity.
The spiral SDD solves the problem that the traditional concentric ring SDD cannot solve, which is automatic voltage dividing. The spiral SDD uses the spiral cathode ring to generate a transverse drift electric field, and the spiral cathode ring also acts as a rectifier junction and voltage divider to generate a potential gradient (or transverse drift field) for the incident carrier to drift to the collecting anode (Li, 2013; Zhang et al., 2020); that is, there is no need to add a voltage divider to bias each cathode ring, which in turn, simplifies the SDD operation significantly.
In order to further refine the structure of the spiral SDD, a Taylor expansion to the second order for calculating the radius of the spiral ring is proposed to obtain the spiral ring structure more accurately. The SDD structure diagram can be drawn according to the coordinates of each point of the spiral ring obtained by theoretical calculation. After the general second-order calculation, the accuracy of the coordinates of each point and the number of turns of the spiral ring can meet the higher requirements. Through simulation, it can be concluded that the difference between the number of turns calculated by the second order and that calculated by the first order (the ratio of the difference between the number of turns calculated by the second order and that calculated by the first order) is within 5%; that is, it is determined that the calculation accuracy meets the requirements and it is not necessary to continue the higher-order Taylor expansion calculation.
In this paper, Technology Computer-Aided Design (TCAD) is used to simulate and compare the structure obtained from the first-order formula of the spiral ring structure and that obtained from the second-order formula further derived from the first-order formula. Their respective electrical properties, including potential distribution, electric field distribution, and electron concentration distribution, are systematically studied.
2 STRUCTURE AND DESIGN CONSIDERATIONS OF THE SPIRAL SDD
Considering the structure and design of a spiral SDD, the shape of our detector unit can be designed as square, hexagonal, or circular. If the detector is designed as a square, the internal structure of the detector is not as isotropic as that of a circle, and the transverse electric field distribution is not as uniform as that of a circle. However, the circular shape is not the intention for the arrangement of forming an SDD array. Therefore, this paper selects a hexagon as the shape of the detector unit because the isotropy of the internal structure of the hexagon detector is only second to that of the circle, and it can still be easily arranged in the array.
The spiral SDD structure calculated by the first-order formula is hereafter referred to as the first-order detector, and the spiral SDD structure calculated by the Taylor expansion based on the first-order formula is hereafter referred to as the second-order detector. Both the first- and second-order detector matrices are hexagonal solid N-type lightly doped ultra-pure high-resistivity silicon with a doping concentration of 4 × 1011/cm3. The detector thickness is 300 μm. Both the first-order and second-order detectors have a diagonal length of 1,000 μm. Figure 1 shows the front (front view or top view) of the first- and second-order detectors. The appearance and structure of the spiral SDD unit can be clearly seen, and the area of the aluminum electrode contact layer and the silicon dioxide protective layer can also be clearly seen. The center of the detector is a hexagonal N-type heavily doped collecting anode with a diagonal length of 120 μm. The doping concentration is 1 × 1019/cm3. Outside the anode is a P-type heavily doped hexagonal cathode ring with an inner diagonal length of 140 μm, an outer diagonal length of 180 μm, and a ring width of 20 μm. The cathode ring automatically adjusts the voltage between the anode and the spiral cathode ring to make the electric field distribution more uniform and play a buffering role (Sun et al., 2022). A P-type heavily doped hexagonal spiral ring is wrapped around the cathode ring, and the doping concentration is 1 × 1019/cm3. In this paper, a P-type heavily doped protective ring is also set outside the spiral ring, and the doping concentration is also 1 × 1019/cm3. The purpose of this is to reduce boundary high-field effects and ensure boundary conditions. The surface of the detector anode, the cathode ring, the spiral ring, and the outermost protective ring are covered with aluminum layers with a thickness of 1 μm. Due to the stable and inert nature of silicon dioxide, the rest of the place is covered with a silicon dioxide layer with a thickness of 0.5 μm. Figure 2 shows the back of the detector. The back is a P-type heavily doped cathode, with a doping concentration of 1 × 1019/cm3 and covered with an aluminum layer with a thickness of 1 μm. The electrode contact points of the structure are, respectively, located at the central position of the anode, the cathode ring, the starting point of the spiral cathode (the first ring of the spiral), the ending point of the spiral cathode, the outermost protective ring, and the entire back.
[image: Figure 1]FIGURE 1 | Front view of the detector. (A) First-order diagram; (B) second-order diagram.
[image: Figure 2]FIGURE 2 | Electric field distribution of the one-dimensional cross-section of the detector (Z = −240 μm).
For a spiral at the radius as a function of the polar angle φ with a pitch p(r), we have
[image: image]
That is, as the polar angle increases by one full circle, the radius r increases by one pitch. The Taylor expansion is carried out to obtain the expansion formula to the second order:
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First-order approximation:
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where r (1) is the first-order radius and r(1)'(φ) is the first-order derivative of the relationship between the first-order radius and angle. Combining Eqs 1, 3, we obtain
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By solving Eq. 4, we get
[image: image]
where r1 is the starting radius of the spiral ring, which is assumed to be 100 μm.
The second-order approximation is derived from Eqs 1, 2, and the first-order solution obtained from Eq. 5 is used to approximate the second derivative of r:
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or
[image: image]
where r (2) is the second-order radius solution.
From Eq. 4, we have
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By combining Eqs 7, 8, we get
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By using Eq. 4, we have
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or
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By separating r and φ, we can get
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Then, we can obtain
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By replacing r(1) and r(2) on the right-hand side of Eq. 13 with r, we get
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Finally, we get
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We use a pitch function of the following form:
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Hence,
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where p1 is the initial pitch of the spiral rings, which is assumed 53 μm in this paper. We can rewrite Eq. 15 as follows:
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We define, here,
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Hence,
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By taking derivatives from both sides, we get
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By simplifying Eq. 21, we get
[image: image]
By combining Eqs 18, 19 and Eq. 22, we have
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Further simplifying Eq. 23, we get
[image: image]
By carrying out integration, we obtain
[image: image]
By using Eq. 19, we have
[image: image]
Then, the first-order formula is deduced as follows:
[image: image]
Eq. 27 is further derived as follows:
[image: image]
Hence,
[image: image]
From Eq. 29, we can get the first-order radius formula as follows:
[image: image]
Similarly, the second-order radius formula can be derived from Eq. 26 as follows:
[image: image]
It should be noted here that on the right-hand side of Eq. 30, we used the known first-order solution value of radius. Then, we can use the iteration method to place the current solution value of radius on the right-hand side of Eq. 31 to get the next solution value of radius until the precision is to our satisfaction.
3 ELECTRICAL CHARACTERISTIC RESULTS
To further analyze the electrical performance of the first-order structure and the second-order structure of the spiral SDD, we used TCAD to simulate the first-order structure and the second-order structure of the detector, respectively. In order to analyze the internal characteristics of the detector, the following are further described from the aspects of electric field, potential, and electron concentration.
3.1 Electric field distribution of the spiral SDD
In this paper, the cross-sections of the first-order structure and the second-order structure of the detector are intercepted and compared to see the electric field distribution inside the detector and the difference between them more clearly. Figure 2 shows the cross-section of the detector (Z = −240 μm). It can be seen that the electric field distribution of the first- and second-order structures of the detector is relatively stable, but the electric field curve of the second-order structure is smoother and more uniform compared to the electric field curve of the first-order structure, and the electrical performance is more stable.
3.2 Potential distribution of the spiral SDD
In order to more clearly highlight the first-order structure and the second-order structure of the detector, this paper is also presented in (Z = −240 μm) and compares and analyzes their potential diagrams. From Figure 3, we can see that the anode potential is the highest, then the potential gradually decreases with the increase in the radius. It is not difficult to see that the potential inside the second-order detector is more uniform and symmetrical than that of the first-order detector.
[image: Figure 3]FIGURE 3 | Potential distribution of the one-dimensional cross-section of the detector (Z = −240 μm).
3.3 Electron concentration distribution of the spiral SDD
Figure 4 shows the comparison of electron concentrations between the first order and the second order. The red area is the area with the highest concentration of electrons. This area is the drift orbit of electrons, and electrons will flow to the collecting anode along the drift channel. Although the concentration of electrons in this region is large, its concentration is always less than the doping concentration of the substrate itself, which indicates that the substrate has been fully depleted and this region is the drift channel for electrons with a finite drift field. The electrons outside the drift channel will first drift to the channel and then drift to the collection anode located in the center of the detector along this drift channel. It can be seen from the figure that the internal electron concentration distribution of the second-order structure detector is more uniform, and the channel is better defined and uniform.
[image: Figure 4]FIGURE 4 | Distribution of the electron concentration of (A) first order and (B) second order inside the detector.
4 CONCLUSION
In this paper, we propose a calculation method for the spiral SDD with higher accuracy. The proposed new structure is more accurate than the previous one; the electric field distribution is more uniform, and the electronic drift channel inside the detector is clearer and more uniform. In this paper, we use TCAD to simulate the structure of the first- and second-order accuracy of the detector and compare the difference between the two detectors in terms of electric field, potential, and electron concentration. We determined that the second-order structure is more optimized and accurate than the original first-order structure. This research provides strong theoretical support for the production of detectors in the future.
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