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Abstract

:

The Silicon Drift Detector (SDD) with square structure is often used in pixel-type SDD arrays to reduce the dead region considerably and to improve the detector performance significantly. Usually, the anode is located in the center of the active region of the SDD with square structure (square-SDD), but the different anode positions in the square-SDD active area are also allowed. In order to explore the effect on device performance when the anode is located at different positions in the square-SDD active region, we designed two different types of square-SDD in this work, where the anode is located either in the center (SDD-1) or at the edge (SDD-2) of its active region. The simulation results of current density and potential distribution show that SDD-1 and SDD-2 have both formed a good electron drift path to make the anode collect electrons. The experimental results of device performance at the temperature range from −60 °C to 60 °C show that the anode current of the two fabricated SDDs both decreased with the decrease of temperature, but their voltage divider characteristics exhibited high stability resistance value and low temperature coefficient, thereby indicating that they could both provide corresponding continuous and uniform electric field at different temperatures. Finally, SDD-1 and SDD-2 have energy resolutions of 248 and 257 eV corresponding to the 5.9 keV photon peak of the Fe-55 radioactive source, respectively. Our experimental results demonstrate that there is no significant impact on the device performance irrespective of the anode positions in the square-SDD devices.
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1. Introduction


Silicon Drift Detector (SDD), as an important radiation detector, was first proposed by Emilio Gatti and Pavel Rehak in 1983 [1,2]. A critical feature of SDD is the low output capacitance, which is independent on the active area of the detector. It enables SDD to have lower electronic noise, higher count rate, and better energy resolution at short shaping times when they are used in some high energy nuclear radiation physics experiments [3,4,5]. Thanks to the researchers’ continuous development of SDD in the past 40 years, they are now widely used in space exploration, X-ray spectroscopy, particle physics [6,7], etc. [8,9,10,11,12].



The traditional SDD generally adopts concentric circular ring structure or spiral structure in which the anode is located in the center of the active region since this symmetrical structure enables the signal electrons generated by radiation ionization to be efficiently transported from the periphery to the central anode along the drift path in the active region of SDD. However, the traditional SDD with concentric circular ring structure or spiral ring structure will form a too large dead region in the fabrication of pixel-type SDD arrays, resulting in inhomogeneity of signal electrons generated by ionizing radiation throughout the entire chip. To solve this problem, the SDD with square structure (square-SDD) is often used in pixel-type SDD arrays to reduce the dead region considerably and to improve the detector performance significantly [13,14,15,16]. Even though the anode is usually located in the center of square-SDD active region, the different anode positions in the square-SDD active area are also allowed, but few research and development studies have focused on this issue.



In this work, to explore the effect on device performance when the anode is located at different positions in the square-SDD active region, we designed two types of square-SDD with different anode positions, where the anode is located either in the center (SDD-1) or at the edge (SDD-2) of its active region. Firstly, the current density and potential distribution of signal electrons in the two square-SDDs were investigated by simulation. Then, we performed a comparative analysis of the device performance of the two fabricated square-SDDs at the temperature range from −60 °C to 60 °C. Along with that, the influence of temperature on anode current and voltage dividers was investigated simultaneously. Finally, the energy resolution of the two fabricated square-SDDs was measured with the Fe-55 radioactive source.




2. Experiment


For the fabrication of SDD, 525 μm thick, 4-inch double-polished <100> n-type monocrystalline silicon wafers with high resistivity (>10 kΩ•cm) were used as substrates. The concentration of dopant in the high resistance silicon substrate is about 4 × 1011 cm−3. After the wafers with a standard RCA cleaning process, a 500 nm thick SiO2 layer was prepared on both sides of silicon substrate for photolithography and etching process to form the heavily doped N+ and P+ regions of SDD. Then, the thin phosphorus-doped and boron-doped amorphous silicon films were deposited by APCVD on those N+ regions and P+ regions, respectively. Next, a subsequent annealing process at 800 °C was used to activate the implanted boron and phosphorus atoms in amorphous silicon films. Finally, the Al electrodes were deposited on the corresponding N+ and P+ regions of SDD by electron beam evaporation and metal lift-off process in acetone was performed to form the patterned metal contacts. Some detailed fabrication processes can be seen in these publications [17,18,19,20]. We fabricated the two square-SDD devices SDD-1 and SDD-2 by APCVD technology and their structures are shown in Figure 1a,b. It can be seen that inside the active region of SDD are strip-shaped drift rings and anode. The area of active region is 9 mm2, the length of micro-strips is 2.8 mm, the widths of micro-strip drift rings and anode are 0.075 and 0.025 mm, respectively. The metallic aluminum covers the surfaces of these structures for the applied voltage.



For the testing of SDD electrical properties, the Semiconductor Device Parameter Analyzer (model 4200-SCS by Keithley) has been used to measure the leakage current of SDD device at different temperatures. For the measurement of energy resolution of SDD device, we have developed a special setup, and Fe-55 was used as a radioactive source. The SDD device and the ASIC (a monolithic CMOS charge sensitive preamplifier designed by the team from Tsinghua university [21,22,23]) were mounted on the specialized circuit board, and the output electrode of SDD device was bonded to the input pad of ASIC. Then, the whole system was placed in a stainless-steel vacuum chamber and cooled in liquid nitrogen. In particular, the position of the Fe-55 radioactive source was located approximately 20 mm from the SDD device inside the vacuum chamber. After that, the output of ASIC was processed by an amplifier (model 855 by Ortec). Finally, the energy resolution of SDD device can be obtained by acquiring the energy spectrum with a multi-channel analyzer (model 927 Aspec by Ortec) connected to the amplifier.




3. Results and Discussion


To explore the effect on device performance when the anode is located at different positions in the SDD active region, we designed two different types of SDD with square structure (square-SDD) in this experiment: The anode is in the center of the active region, named SDD-1 and the anode is in the left edge of the active region, named SDD-2. The schematic diagrams of their cross-sections of them are shown in Figure 2a,b, respectively. As clearly shown in the figures of the basic device structures, one can differentiate between the two parts: Active region and non-active region according to different functions. In the active region, one side of the silicon substrate has drift rings and voltage dividers for providing a continuous and uniform lateral drift electric field. The entrance window, which is located on the opposite side of the silicon substrate, is usually used to receive the signal electrons generated by the ionization of the radiation source and offer a vertical electric field to transport them to the middle of the substrate. In the non-active region, there are guard rings and ground rings on both sides of silicon substrate, which are utilized to prevent the breakdown phenomenon occurring at the edge of the active region and to shield the leakage current generated outside the device, respectively. Figure 2c depicts a schematic of measuring the anode current of the two square-SDDs, we sweep the voltage of the outermost drift ring (ringx) from −100 to −10 V and fix the voltage of the innermost drift ring (ring1) and entrance window (back) to −10 and −50 V, respectively. Meanwhile, ensure guard rings are floating and ground rings and anode are at 0 V. Finally, under the lateral and vertical electric fields offered by the corresponding electrodes of SDD, the signal electrons will follow a specific drift path moving toward the anode and will be collected.



Before fabricating the two square-SDD devices SDD-1 and SDD-2, the current density sand potential distribution of electrons in these devices were simulated by the technology computer-aided design (TCAD) tool [24], which can help us qualitatively analyze the feasibility of device structure design. As depicted in Figure 3a,b, there are ten doped P+ drift ring regions and doped N+ anode region in the active regions of SDD-1 and SDD-2, respectively. The P+ and N+ regions are defined by gauss distribution with a surface doping concentration of 4 × 1019 cm−3 and the depth of junction of 0.2 μm. We distributed the voltages from −90 to −10 V equally spaced to the symmetric drift rings of SDD-1 and the voltages of −100 to −10 V to the equally spaced drift rings of SDD-2. By giving the same voltage of −50 V to the entrance windows (not shown in Figure 3) of SDD-1 and SDD-2 respectively, the X-ray generated electron-hole pairs will be rapidly separated under the action of the lateral drift electric field and the vertical electric field in the active region. As shown in Figure 3a, the electron current density distribution of SDD-1 indicates that the higher electron density is formed on the electron drift paths on both sides of the anode, which makes all electrons in the active region eventually follow the electron drift paths to the anode to be collected. The profile of electron current density of SDD-2 is depicted in Figure 3b. We can see that the electron density distribution trend on the electron drift path extending from right to left to the anode is similar to that of SDD-1. The two SDDs form a good electron drift path, indicating that reasonable changes in anode position within the active region of SDD do not affect the collection of electrons by the anode.



The potential profile below the Si-SiO2 interface and along the middle of the wafer thickness in the active regions of SDD-1 and SDD-2 were also simulated. As shown in Figure 3c,d, for the potential distribution below the Si-SiO2 interface, we can find that the highest potential of the active regions of both SDDs is located at the anode, indicating that the electrons eventually flow to the anode. Similarly, the potential highest points in the middle of the wafer thickness of the two SDDs are below the anode, indicating that the flow of electrons in the middle of the wafer thickness is also towards the anode. This can explain the difference in the electron drift paths of the active regions of SDD-1 and SDD-2. In addition, we simulated the delay in the time for anode collecting electrons as the electronic drift paths of SDD-1 and SDD-2 are different. In our simulations, we set E = 5 Mev (the energy of the incoming radiation) and t = 0 to 1 × 10−6 s (the time of collecting electrons). As shown in Figure 4, we can find that both devices SDD-1 and SDD-2 can collect electrons in a very short time (approximately 0.4–0.6 us), and SDD-1 has a better timing performance than SDD-2. These results suggest that the different anode positions in the square SDD active region have an impact on the collection of electrons by the anode, and the anode positions that can form shorter electron drift paths are easier to collect electrons in a shorter time. Overall, we demonstrated the feasibility of both SDDs designs through simulation results.



According to the test method of anode current of SDD described in Figure 2c, we first investigated the device performance of SDD-1 and SDD-2 before and after annealing at room temperature. As shown in Figure 5a,b, the anode current of SDD-1 and SDD-2 before annealing are 80.2 and 121.2 nA (@−100 V), respectively. After the two samples annealing in a quartz furnace in forming gas (5% H2 diluted in N2) ambient at 400 °C for 10 min, their anode currents are decreased to 31.7 and 28.2 nA (@−100 V), respectively. It is indicated that the annealing process can help to lower the reverse current of the SDD device. This can be explained by the annealing process reducing the interface state density and forming a good ohmic contact in the Al-silicon interface, which finally reduces the leakage current of the device [25,26]. In addition, the anode current of SDD-1 and SDD-2 without ground ring grounded (w/o GR) after annealing are also performed. As depicted in Figure 5a,b, the anode current of SDD-1 and SDD-2 after annealing w/o GR is two times of magnitude higher than that of the device with ground ring grounded, indicating that the leakage current of edge termination of SDD (origin from the large number of defects generated when SDD is diced from the wafer) can be shielded when the ground ring of SDD is grounded [27]. Therefore, for SDD, better device performance can be obtained by using an annealing process and grounding the ground ring.



Secondly, we studied the performance of voltage dividers of SDD-1 and SDD-2 since they play an important role in SDD. The requirements for voltage dividers are to provide a uniform drop in voltage between the drift rings and create a steady lateral drift electric field within the SDD to drive the signal electrons to the anode. Therefore, the voltage dividers need to be resistive and the IV characteristics of the voltage dividers should conform to Ohm’s law. Figure 6 shows the IV characteristics of voltage dividers of SDD-1 and SDD-2. It can be clearly seen that the IV characteristics of the voltage dividers of SDD-1 and SDD-2 obey Ohm’s law and the resistance of their voltage dividers is 4.92 MΩ and 10.17 MΩ, respectively, in the voltage range of −100 V to −10 V. It is worth noting that the resistance values of voltage dividers of SDD-1 and SDD-2 exhibit approximately a two-fold difference, which is due to their anode position being one in the center of the active region (SDD-1) and one at the edge of the active region (SDD-2), resulting in a different number of voltage dividers.



Then, the anode current of SDD-1 and SDD-2 at different temperatures were tested and analyzed. As shown in Figure 7a,b, there is an obvious difference in anode current for the two devices at the temperature range from −60 °C to 60 °C. When the temperature dropped from room temperature (25 °C) to −60 °C, the anode current of SDD-1 and SDD-2 decreased by about two to three orders of magnitude. Similarly, the anode current of SDD-1 and SDD-2 increased by about two orders of magnitude as the temperature rose from room temperature (25 °C) to 60 °C. These results indicate that temperature has a strong effect on SDD anode current. In fact, SDD can be similarly equivalent to the structure in which multiple PN junctions are connected in series on both sides of the silicon substrate [28]. It is well known that the change in temperature mainly causes changes in the concentration of intrinsic carriers ni in the PN junction and the leakage current IL of PN junction is proportional to ni. Thus, the relationship between the temperature and the leakage current IL of PN junction is as follows [29]:


    I L  ∝  A 1   n i  =  A 2   T   3 2    exp   −    E g    2  k 0  T       



(1)




where ni is the intrinsic carrier concentration, A1 and A2 are constants, k0 is the Boltzmann constant, Eg is the bandgap of silicon. It is obvious that IL will decrease rapidly with lower temperature. Considering that SDD can be approximately equivalent to the series connection of multiple PN junctions, the reason why the anode current of SDD changes significantly with temperature can be explained. Therefore, for better device energy resolution, we can cool the SDD to a very low temperature to reduce the anode current.



Figure 8a,b shows the IV characteristics of voltage dividers of SDD-1 and SDD-2 at the temperature range from −60 °C to 60 °C, respectively. We can see that their I–V curves are still a straight line as the temperature increases, but the current value increases slightly. This means that the IV characteristics of voltage dividers of SDD-1 and SDD-2 also follow Ohm’s law at different temperatures, and their resistance value varies little with temperature. To further discuss the effect of temperature on the resistance value of voltage dividers, the variation of voltage divider’s resistance of SDD-1 and SDD-2 at different temperatures are depicted in Figure 8c,d. It can be clearly seen that the resistance value of voltage dividers of SDD-1 and SDD-2 decreases slightly when the temperature increases from −60°C to 60°C. The resistance value of the voltage divider of SDD-1 varies by about 0.57 MΩ compared to that of SDD-2 varies by about 1.12 MΩ. The reason why the variation of voltage divider’s resistance of SDD-2 is approximately twice as much as that of SDD-1 also can be explained by the difference in their anode positions.



The working temperature of SDD usually changes with the temperature of its working environment. Thus, for SDD it is vital to have reliable operation over a wide range of temperatures. Having a temperature-stable resistor can therefore be crucial. The important qualification parameters in this respect are the resistor tolerance, expressed as the change with temperature TCR (temperature coefficient of the resistor). The TCR, which describes the variety of the voltage divider’s resistance at different temperatures, is an important parameter for the application of polysilicon films as voltage dividers of SDD. Resistors act as a voltage divider to divide the applied voltage between the inner and outer drift rings to obtain the transverse electric field in the SDD active region. It can be observed that linearity, TCR, and uniformity of the resistors have a significant influence on the generated a continuous and uniform transverse electric field to push the electrons toward the anode. Hence, if we ensure the TCR value of resistors changes little at different temperatures, the stability of the transverse electric field will be greatly improved. The TCR can be calculated by the following equation [30]:


   T C R     p p m   ° C     =     10  6      R −  R 0     R 0    T −  T 0        



(2)




where TCR is the temperature coefficient of the resistors in the ppm/°C (parts per million per degree centigrade) units, R and R0 are the measured resistance at temperatures T and T0. According to this formula, we calculated the TCR values of voltage dividers of SDD-1 and SDD-2. As shown in Figure 9, the voltage dividers of SDD-1 and SDD-2 have similar TCR values and the variety in their TCR values of them are both less than 300 ppm/◦C when the temperature range from −60 °C to 60 °C. These similar TCR characteristics of voltage dividers of SDD-1 and SDD-2 can be explained by the same voltage dividers fabrication process they adopted in our experiment. Moreover, the TCR values for the voltage dividers of SDD-1 and SDD-2 are negative, which can be explained by the variety of intrinsic carrier concentration ni. As is well known, the enlarged carrier concentration will decrease the resistivity of polysilicon, therefore, the resistance value will decline as temperature increases, which results in a negative TCR value. In general, the voltage dividers of SDD-1 and SDD-2 both exhibit a high stability resistance value and a low temperature coefficient at different temperatures.



Finally, the energy resolution of SDD-1 and SDD-2 was tested by placing them in a stainless-steel vacuum chamber and cooling in liquid nitrogen (see the experimental section for specific test methods). As shown in Figure 10, SDD-1 and SDD-2 have energy resolutions of 248 and 257 eV corresponding to the 5.9 keV photon peak of the Fe-55 radioactive source, respectively. This result indicated that there is little impact on the device performance irrespective of the anode positions in the square-SDD devices.




4. Conclusions


In summary, two different types of square-SDD with the anode located either in the center (SDD-1) or at the edge (SDD-2) of its active region were designed to explore the effect on device performance with different anode location positions. The simulation results of current density and potential distribution show that SDD-1 and SDD-2 have both formed a good electron drift path to make the anode collect electrons. We performed a comparative analysis of the device performance of the two fabricated SDDs at the temperature range from −60 °C to +60 °C, finding that the anode current of the two fabricated SDDs both decreased with the decrease of temperature, but their voltage divider characteristics exhibited high stability resistance value and low temperature coefficient, indicating that they both could provide continuous and uniform electric field at different temperatures. Finally, the energy resolution of 248 and 257 eV at 5.9 keV of the two fabricated SDDs was measured with the Fe-55 radioactive source. These results demonstrate that there is no significant impact on the device performance irrespective of the anode positions in the square-SDD devices.
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Figure 1. (a,b) The optical image of the fabricated two square-SDD devices SDD-1 and SDD-2. Metallic aluminum covers the surfaces of the anode, the innermost drift ring, the outermost drift ring, and the ground ring, respectively, for the applied voltage. 
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Figure 2. The schematic diagram of cross-section of the two square-SDD structures: (a) The anode is located in the center of the active region (SDD-1). (b) The anode is located on the left edge of the active region (SDD-2). (c) A schematic of the setup for measuring the anode current of the two SDDs. 
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Figure 3. (a,b) The simulated profile of the electron current density of SDD-1 and SDD-2, respectively. The simulated structure with only the active region and the entrance window is not shown here. (c,d) The simulation of the potential distribution of SDD-1 and SDD-2 with only active region, respectively. The red line represents the potential profile below the Si-SiO2 interface and the black line represents the potential profile along the middle of the wafer thickness. 
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Figure 4. The simulation of the anode current of SDD-1 and SDD-2 versus the time for collecting electrons. In the simulation, E (the energy of incoming radiation) is 5 Mev and t (the time of collecting electrons) is 0 to 1 × 10−6 s. 
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Figure 5. (a,b) The anode current of SDD-1 and SDD-2 at different test conditions (before annealing, after annealing and after annealing the ground ring not grounded), respectively. 
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Figure 6. The IV characteristics of voltage dividers of SDD-1 and SDD-2. 
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Figure 7. (a,b) The anode current of SDD-1 and SDD-2 at the temperature range from −60 °C to 60 °C, respectively. 
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Figure 8. (a,b) The IV characteristics of voltage dividers of SDD-1 and SDD-2 at the temperature range from −60 °C to 60 °C, respectively. (c,d) The variation of voltage divider’s resistance of SDD-1 and SDD-2 at the temperature range from −60 °C to 60 °C, respectively. 
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Figure 9. TCR values are calculated as a function of the test temperature for the voltage dividers of SDD-1, SDD-2 at the temperature range from −60 °C to 60 °C, respectively. 
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Figure 10. Energy spectrum of Fe-55 measured by SDD-1 and SDD-2, respectively. 






Figure 10. Energy spectrum of Fe-55 measured by SDD-1 and SDD-2, respectively.



[image: Micromachines 13 01496 g010]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file8.jpg
~Betore smnesing

T

?“ | e —
’ SDD-1 SDD-2

Ry 80 %0 40 20 o R 80 40 20

Votage of Ringx (V)

(@)

Voltageof Ringx (¥

(b)






media/file13.png
Current of Anode (A)

107k
I e S
10°® 3
10°F
o | —
E —=—-60°C
10" r —e—-40°C
125 —a— -20°C
0*F —oc  SDD-1
i —e— 25°C
107 F —«—40°C
F —»— 60°C
10-14 1 M 1 M 1 1 1
-100 -80 -60 -40 -20
Voltage of Ringx (V)

(a)

Current of Anode (A)

107 k

10°®

16"
10
10-12

10-13

10-14 i

3

........

SDD-2

-80 -60 -40 -20
Voltage of Ringx (V)

(b)






media/file12.jpg
[
|

Tl =
g SDD wp e SDD2
wf e wf e
] e
" 100 %0 ) - £ ° b 100 ET) %0 0 20
- Votage ot inge )

(a) (b)





media/file18.jpg
Counts

1000

5.9keV SDD-1
~———SDD-2
800
600
FWHM=248eV. FWHM=257eV
400 |-
200 |
0
2k 3k 4k 5k 6k 7K 8k

Energy (eV)





media/file9.png
Current of Anode (A)

—a— Before annealing
—e— After annealing

-5
18 —a— After annealing w/o GR
10° —
107F
10° E
SDD-1
10° A L L .
-100 -80 -60 -40 -20 0
Voltage of Ringx (V)

(a)

Current of Anode (A)

T

T

T T T Ty

—s— Before annealing
—se— After annealing
—a— After annealing w/o GR

——
SDD-2
[ 1 1 L A L i 1

-100 -80 60 -40 -20 0

Voltage of Ringx (V)

(b)





media/file14.jpg
», i
| A " e
" s
<) 3
kS 3
B H
H i
£ H
i i
o
e 50 40 20 ° - . - " -
[— ep——
(a) (b)
s
70 s
Tuo
3 w8
Tuo
E s
ol spD2
o
o

Temperature ()

(© (d)






media/file5.png
(url) ssouydRYy .

-600

Potential (V)

Anode Drift rings
A

electron drift path

-400 -200 0 200

Position (pm)

(a)

400

Section along the middle of the wafer thickness

Section just below the Si-SiO, interface

1 I 1 A 1

-400 -200 0 200 400
Position (um)

(c)

600

600

(wrd) ssowydIy L

Anode Drift rings
y4

200} electron drift path

-600 -400 -200 0 200 400 600
Position (um)

(b)

0 Section along the middle of the wafer thickness

Potential (V)

80}

100 F Section just below the Si-SiO, interface

" 1 A 1 1 1 1 1 A 1 L
-600 -400 -200 0 200 400 600
Position (pm)

(d)






media/file15.png
Current of Ring1 (uA)

Resistance (MQ)

30

25

20

SDD-1

—a—-60°C
—s—-40°C

7.5

70|
65

6.0

5.0

4.5
40
3.5

3.0

25

-100

-80

Voltage of Ringx (V)

-60

-40

(a)

-20

5.5

e
_____H.h‘ﬁ-._____%._ﬁ__.
T—nm
-60 -40 -20 0 20 40 60
Temperature (°C)

(€)

Resistance (MQ)

Current of Ring1 (uA)

13.0
12.5
12.0
11.5
11.0
10.5
10.0

9.5
9.0 i

8.5
8.0

—=—-60°C
—e— 40°C

SDD-2
-1]00 -SIO ‘ -610 -4;0 . —2:0
Voltage of Ringx (V)
(b)
-\.
T
"\‘\.
a__‘______-.a.
TTT—n
SDD-2
0 40 20 0 20 40 60

Temperature (°C)

(d)






media/file19.png
Counts

1000

800

600

400

200

FWHM=248eV

FWHM=257eV

Energy (eV)





media/file2.jpg
Groynd rings |

Silicon Oxide layer N+ region Péreg