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Abstract

:

In this paper, the effects of different factors, including the heavy ions striking location, incident angle, linear energy transfer (LET) value, projected range, ambient temperature and bias state, on the single event transient introduced by heavy ions irradiation in the SiGe heterojunction bipolar transistor (HBT) were investigated by the TCAD simulation. The results show that the current transient peak value, collected charge and carrier type of each terminal are changed by the striking location, incident angle and bias state. The current transient peak value and collected charge increase with the LET value, while they decrease with the ambient temperature. When heavy ions vertically irradiate the collector and substrate, the current transient peak value and collected charge increase with the projected range; therefore, the species of heavy ions should be considered in studying the single event effects of the SiGe HBT induced by heavy ions irradiation. The microphysical mechanism of these factors influencing the single event effects of the SiGe HBT is discussed in this work.
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1. Introduction


The space radiation environment is filled with a large number of high-energy charged particles, which will inevitably affect the electronic components of space missions [1,2,3]. The high-energy charged particles mainly come from galactic cosmic rays, solar cosmic rays and the Van Allen radiation belt, and they deposit energy into the aerospace devices to cause radiation effects, resulting in the functional failure of the aerospace devices and even the failure of the related space missions. The radiation effects of the aerospace devices can be divided into the ionizing effect and the non-ionizing effect. The ionizing effect mainly includes single event effects [4,5,6] and the total ionizing dose effect [7,8,9], while the non-ionizing effect is mainly the displacement damage effect [10,11]. These radiation effects occur simultaneously in the aerospace devices and interact with each other [12]. Since the launch of the first man-made satellite, 46% of spacecrafts and satellites suffered functional failures due to these radiation effects [13], ultimately resulting in mission failure.



In addition to the radiation effects caused by high-energy charged particles in the space radiation environment, the aerospace devices also face the challenge of an extremely low-temperature environment during the space mission. There are a lot of extremely low temperatures in the space environment, for example, the temperature on the Mars surface usually ranges from −133    ∘  C to 27    ∘  C, the temperature range of the lunar rover during its mission is usually from −180    ∘  C to 120    ∘  C and the lowest temperature at the polar craters on the lunar surface reach −230    ∘  C. Therefore, it is of great significance to develop an aerospace device with excellent radiation resistance and extremely low-temperature characteristics for the future aerospace industry. Once the research is successful, a large amount of thermal insulation equipment can be removed, which would not only reduce the cost of launching spacecraft and satellites but also enhance their deep-space exploration capabilities.



Since the early 2000s, NASA has been concerned about the use of electronic systems in the extreme space environments. Previous studies have indicated that the germanium silicon heterojunction bipolar transistor (SiGe HBT) has excellent total dose radiation resistance [14,15] and excellent low-temperature characteristics [16,17] due to the advantages of the silicon-based energy band engineering materials, semiconductor process and device structures. The SiGe HBT can operate normally in the temperature range of −180    ∘  C to 125    ∘  C, with the total ionizing dose effect resistance up to an Mrad(Si) magnitude [18,19] and the displacement damage resistance up to a 10   15   cm    − 2    magnitude (equivalent fluence of 1 MeV neutron) [20]. Therefore, the SiGe HBT has an attractive application prospect in the field of the extreme space environment. However, a large number of studies have found that the SiGe HBT is very sensitive to the single event effects [21,22] and has a complex charge collection mechanism different from traditional bulk silicon devices. Thus, the study of the single event effects has always been a hot topic in the research of SiGe HBT radiation effects.



In recent years, many scholars have conducted a significant amount of research on the single event effects of the SiGe HBT. Many famous research institutions such as the Georgia Institute of Technology, Auburn University, Vanderbilt University, and the Boeing company have carried out a lot of research works on the single event effects of the commercial SiGe HBT produced by IMB, National Semiconductor, Jazz Semiconductor and other companies [23], in which a lot of the research works have been carried out based on the fourth-generation SiGe HBT produced by the IBM company. Since 2005, the Georgia Institute of Technology and Auburn University have studied the charge collection mechanism, key influencing factors and anti-radiation reinforcement design of the SiGe HBT single event effects with the help of proton, heavy ion and laser microbeam irradiation experiments and the TCAD numerical simulation [24,25]. The results show that the sensitive area of single event effects in the SiGe HBT with a deep trench isolation (DTI) structure is the DTI region. The DTI structure can not only prevent the external excess carriers from diffusing to the inner collection node but also limit the excess carriers from diffusing to the outside, resulting in a significant increase in the charge collection. The transient current amplitude and integral charge collection induced by the single event effects are closely related to the linear energy transfer (LET) value of the incident ions, but also to the projected range of the incident ions, indicating that the light-doping substrate in the bulk silicon process has an important effect on the sensitivity of the SiGe HBT single event effects. In 2015, Li et al. used laser microbeams to study the single event effects of the SiGe HBT produced by a Chinese company and IBM, respectively [26,27]. Due to the similar doping concentration in their collector region, the peak current values of the two SiGe HBTs collectors were close. The SiGe HBT produced by the Chinese company has a large C/S junction, and its collector has a strong charge collection capacity, so the transient current pulse width is large. From 2017 to 2019, Wei et al. studied the single event effects of the SiGe HBT produced by the Chinese company through the heavy ion microbeam and proton irradiation experiments [28]. The results show that the collector transient current peak value caused by heavy ions is significantly higher than that caused by a proton under the same bias state. The transient current pulse width of the SiGe HBT collector caused by heavy ions is also wider than that caused by protons. When the SiGe circuit works at a higher frequency and its working period is shortened to a time scale of ps, the collector transient current pulse induced by heavy ions covers more working periods than that of the collector transient pulse induced by protons, thus inducing a more serious multi-bit upset effect.



Through a TCAD simulation, Zhang et al. found that the incident angle of heavy ions would significantly change the ionization track length in the SiGe HBT [29], which would lead to the difference in the charge deposition and ultimately the difference in the charge collection. In the SiGe HBT, the emission direction of secondary particles produced by the intermediate and high-energy proton through a nuclear reaction is relatively random. Changing the incident angle of the proton can not uniquely determine the direction of the secondary particles; therefore, the single event effects in the SiGe HBT can not be changed significantly by changing the incident angle. Through a Monte Carlo simulation, Wei et al. found that when the SiGe HBT was irradiated by the proton in different incident angles [30], the main body of the collector transient current pulse waveform distribution shows the same basic characteristics, a fast rising edge and a relatively slow falling edge. However, as the incident angle of the proton increases, the falling edge becomes very slow, and the distribution range of the collector transient current pulse duration expands.



Above all, the single event effects in the SiGe HBT can be well reproduced by a TCAD simulation, which is not affected by the running time compared with the experimental study. At the same time, a TCAD simulation can complete the research content that is difficult to achieve in the experiment, so as to provide a theoretical basis for the practical application of the SiGe HBT in a space environment. Based on the process and structure of the SiGe HBT produced by the Chinese company, the effects of the striking location, incident angle and LET value of heavy ions, ambient temperature, bias state and other factors on the single event effects of the SiGe HBT were carried out by the TCAD simulation in this paper. The sensitive area of the charge collection, the effects of these factors on the current transient pulse peak value and width of each terminal and the charge collection amount were determined, which provides further theoretical support for the radiation-hardening technique of the SiGe HBT produced by the Chinese company.




2. Materials and Methods


In this paper, a domestic SiGe HBT is selected as the research object, whose inner structure is similar to that of the traditional bulk silicon npn vertical bipolar transistor, as shown in Figure 1. The base region is composed of SiGe material with gradual change in components. The introduction of Ge in the base region forms a slow mutation heterojunction at the emitter/base pole junction (E/B junction) and base/collector junction (B/C junction), as shown in Figure 2. The built-in electric field formed in the base region effectively improves the carrier transit time in the base region. Current gain increases exponentially with the band-gap variation Δ  E g   after the introduction of Ge, as shown in the following equation:


   h  f e   =   N e   N b     V  n b    V  p e    e x p  ( ▵  E g  / k T )   



(1)




where   h  f e    is the current gain,   N e   is concentration in emitter region,   N b   is the concentration in base region,   V  n b    is the electrons’ velocity in base region,   V  p e    is the holes’ velocity in emitter region,   ▵  E g    is the band-gap change, k is the Boltzmann’s constant and T is the temperature. The base region thickness of the SiGe HBT is 0.08 μm, and the doping concentration is up to 10   19   cm    − 3   , which effectively reduces the resistance of the base region and enables the SiGe HBT to simultaneously meet the requirements of high frequency and high gain. A shallow trough isolation (STI) was used to form an active region in the region from the base to the collector. Above the isolated oxide layer, a polysilicon layer doped boron and germanium exported the base, which was epitaxial by the dual polysilicon self-alignment process. Heavy doping epitaxial region can reduce resistance of the base region and the B/C junction. n   +   buried layer leads to the collector. The emitter region is manufactured using polysilicon and leads to the emitter contact at the top. Near the edge of the SiGe HBT, boron ions are injected by ion implantation process to form a P-type isolation wall and export the substrate.



Philips unified mobility model, SRH recombination model, Auger recombination model, velocity saturation model and band-gap narrowing model were used as physical models in TCAD simulation. The majority and minority carrier mobility for bipolar transistor can be accurately simulated by the Philips unified mobility model. The high concentrations of electron and hole in the SiGe HBT can be described by the SRH and Auger recombination models. The velocity saturation model is used due to the presence of high carrier density gradient. The band-gap narrowing model is used because germanium doping will cause gradual change in the band structure.



When heavy ions are striking on the SiGe HBT, a large number of electron–hole pairs are generated by ionization along the ions track, which distorts the potential in the depletion layer and forms a funnel potential toward the substrate. Under the action of the funnel electric field and concentration gradient, carriers are rapidly collected by each terminal through drift and diffusion, and such a large amount of charge collection will cause changes in the current of each terminal in a short time (a few nanoseconds). In TCAD simulation, the calculation of carrier generation rate caused by heavy ions irradiation is the key. The number of electron–hole pairs before the initial heavy ions striking is added to the carrier density at the beginning of the simulation, and the carrier generation rate after heavy ion incident is given by the following formula:


  G  ( l , ω , t )  =  G  L E T    ( l )  R  ( ω , l )  T  ( t )   



(2)




where   R ( ω , l )   and   T ( t )   represent the carrier generation rate as a function of space and time, respectively. Changing carrier with time is Gaussian distribution, that is,   T ( t )   can be expressed by Equation (3):


  T  ( t )  =   2 ·  e x p ( −   (   t −  t 0     2  ·  S  h i     )  2  )    2  ·  S  h i    π   ( 1 + e r f  (   t 0    2  ·  S  h i     )  )     



(3)




where   t 0   is the moment when heavy ions enter the SiGe HBT,   S  h i    is the Gaussian characteristic value. Changing carrier with space can follow either exponential function or Gaussian function. Gaussian distribution is used in this paper, and Equation (4) is a function representation of   R ( ω , l )  .


  R  ( w , l )  = e x p ( −   (  ω  ω   t   ( l )    )  2  )  



(4)




where  ω  is the vertical distance to the ion track, and   ω   t   ( l )    is the characteristic length. The striking locations of heavy ions on the SiGe HBT are, respectively, set in the center of emitter, base, collector and substrate.



Figure 3 shows the Gummel characteristic curve of the SiGe HBT obtained by TCAD simulation in this paper; it is in good agreement with the simulation results obtained by others and the tested values by the semiconductor parameter tester KETHLEY4200. This indicates that the SiGe HBT structure model constructed in this work can accurately reflect the actual performance of the SiGe HBT. In this paper, the substrate is biased at −5 V and all other terminals are biased at 0 V to achieve the worst bias, except where it is specifically stated, for example, in the study of the effects of bias state on the single event effects of the SiGe HBT induced by heavy ions.




3. Results and Discussion


3.1. Striking Location


The single event effects’ sensitive area of the SiGe HBT can be obtained by analyzing the device structure and the simulation results of heavy ions striking at different locations. The charge collection quantity at each terminal is closely related to the striking location of the heavy ions. Figure 4 and Figure 5 show the current transients and charge collection quantity of each terminal introduced by heavy ions striking at the center of the emitter, base, collector and substrate, respectively. When heavy ions are striking at the center of the emitter and base, electrons are collected by the emitter and collector, holes are collected by the base and the current of the substrate is not changed significantly by the heavy ions striking. When heavy ions are striking at the center of the collector and substrate, the electrons are collected by the collector, the holes are collected by the base and substrate and the current of the base and emitter is not changed significantly. The current transient peak value of each terminal is strongly dependent on the heavy ions’ striking location. The current transient peak value caused by the irradiation of heavy ions on the emitter and base is much higher than that caused by the irradiation of heavy ions on the collector and substrate. When heavy ions are irradiating the collector, the current transient peak value is the minimum, which indicates that the emitter and base are the sensitive area of the single event transient. Electron–hole pairs are generated by ionization when the heavy ions are incident on the sensitive area of the SiGe HBT, the electrons are collected at the high potential region and the holes flow in the direction of decreasing potential. When heavy ions are striking the center of different terminals, different carrier transport modes result in the different response of the single event transient. When heavy ions irradiate the emitter and base of the SiGe HBT, the total charge quantity collected by the emitter and collector is equal to the charge quantity collected by the base. While heavy ions irradiate the collector and substrate of the SiGe HBT, the charge collected by the collector is equal to the charge quantity collected by the substrate. All of the results show that the emitter is the sensitive area of the SiGe HBT.




3.2. Incident Angle


The effective LET value of the heavy ions incident on the SiGe HBT surface changes with the incident angle. Figure 6 shows the current transients and collected charge of the base as the heavy ions irradiate the emitter and base of the SiGe HBT with different incident angles. With the increase in the incident angle, the current transient peak value increases first and then decreases, and the current transient pulse width does not change obviously. The collected charge quantity of the base changed with the incident angle, the collected charge quantity of the base is the maximum when the heavy ions irradiate the emitter with an angle of 60   ∘  , while the collected charge quantity of the base is the maximum when the heavy ions irradiate the base with an angle of 90   ∘  . As shown in Figure 1, the incident angle increases in a clockwise direction. The base current changes with the incident angle caused by the change in the distance from the carrier to the base, and it decreases first and then increases with the incident angle when the heavy ions irradiate the emitter of the SiGe HBT.



Figure 7 shows the current transients pulse and collected charge quantity of the collector as the heavy ions irradiate the collector and substrate of the SiGe HBT with different incident angles. When the heavy ions irradiate the collector, there are two transient peaks in the current of the collector caused by the drift and diffusion of electrons. The current transient peak value and collected charge quantity change with the incident angle. When the heavy ions irradiate the substrate, the current transient peak and pulse width of the collector are changed by the incident angle of the heavy ions. The current transient peak value and collected charge quantity of the collector caused by heavy ions irradiation with an angle of 0   ∘   is the lowest, while the values caused by heavy ions irradiation with an angle of 30   ∘   is the highest.




3.3. LET Values


The number of electron–hole pairs in the SiGe HBT produced by heavy ions irradiation with different LET values is different, and the number of the electrons and holes in SiGe HBT increases with the heavy ions’ LET value. In the TCAD simulation, the LET value of the heavy ions is represented by the charge deposition quantity, and the charge deposition quantity of 0.1 pC/μm corresponds to the LET value of the heavy ions of 10 MeV·cm   2  /mg. When studying the effect of the heavy ions’ LET values on the single event effects of the SiGe HBT, the charge quantity deposited by the heavy ions in the SiGe HBT is set to vary in the range 0.1 to 1.5 pC/μm, and the corresponding heavy ion LET values vary in the range 10 to 150 MeV·cm   2  /mg. Figure 8 and Figure 9 show the change in the current and collected charge with time when the heavy ions with different LET values vertically irradiate the different terminals of the SiGe HBT. The current transient peak value, pulse width and collected charge increase with the heavy ions’ LET values.




3.4. Projected Range


Different heavy ions with the same LET value have different projected ranges in the SiGe HBT, and lighter ions will have a longer projected range in the SiGe HBT. Whether the LET value can be used to characterize the single event effects induced by different heavy ions irradiation depends on the microstructure and the inner material of the device. Figure 10 and Figure 11 show the current transients and collected charge quantity of the base and collector under the irradiation of heavy ions with the same LET value and different projected ranges, respectively. The projected range of heavy ions is set in the range of 1 to 10 μm. When heavy ions irradiate the emitter, the base current peak value and collected charge quantity increase with the projected range. When heavy ions irradiate the base, the base current peak value decreases with the projected range, but the collected charge is increased by the projected range because the transient pulse width increases with the projected range. When the heavy ions irradiate the collector and substrate, the current peak value, pulse width and collected charge quantity of the collector increase with the heavy ions’ projected range. Therefore, the species of heavy ions should be considered when studying the single event effects of the SiGe HBT induced by heavy ions irradiation.




3.5. Ambient Temperature


Under different temperatures, the mobility of the carrier in the SiGe HBT is different, and the mobility of the carrier decreases with the temperature. Therefore, the ambient temperature during the heavy ions irradiation has a significant influence on the single event effects of the SiGe HBT. Figure 12 and Figure 13 show the current transients and collected charge quantity of the base and collector introduced by the heavy ions irradiation under different ambient temperatures. The current transient peak value and collected charge quantity decrease with the ambient temperature, while the pulse width is not significantly changed by the ambient temperature. We can conclude that increasing the ambient temperature of the SiGe HBT can effectively reduce the single event effects caused by the heavy ions irradiation.




3.6. Bias State


Previous studies have shown that the inverse bias of the large area C/S junction enhances the funnel effect, making the SiGe HBT sensitive to the single event effects. To compare the effects of different bias states on the SiGe HBT single event effects and considering the practical application in circuits, the positive bias (base = +1.2 V, collector = +3 V), off bias (emitter = +3 V, collector = +3 V), collector positive bias(collector = +3 V) and substrate inverse bias (substrate = −3 V), four kinds of work bias states that form the inverse bias C/S junction, were selected in this work. Figure 14 shows the current change in each terminal with time when heavy ions vertically irradiate the emitter of the SiGe HBT under different bias states. When the SiGe HBT is in the substrate inverse bias state, electrons are collected by the collector and emitter, and holes are collected by the base and substrate. When the SiGe HBT is in the positive bias state, electrons are collected by the collector and base, and holes are collected by the emitter. When the SiGe HBT is in the off bias state, electrons are collected by the collector and emitter, and holes are collected by the base. When the SiGe HBT is in the substrate inverse bias state, electrons are collected by the collector and substrate, and holes are collected by the base and emitter. The current transient peak value when the SiGe HBT is in the collector positive bias state is the highest, followed by the SiGe HBT in the off bias and positive bias states, and the SiGe HBT in the substrate inverse bias state has the lowest current transient peak value. Therefore, the single event effect of the SiGe HBT is changed by the bias state during the heavy ions irradiation.



Figure 15 shows the collected charge quantity change in each terminal with time when the heavy ions vertically irradiate the emitter of the SiGe HBT under different bias states. When the SiGe HBT is in the substrate inverse bias state, the collected charge quantity of the collector and substrate increases with time, while the collected charge quantity of the base and emitter rapidly reaches saturation after heavy ions irradiation, and the charge quantity of the electrons collected at the collector and emitter is equal to the charge quantity of the holes collected at the base and substrate. When the SiGe HBT is in the positive bias state, the collected charge of the base, collector and emitter increases with time, while the collected charge quantity of the substrate is not changed with time, and the charge quantity of the electrons collected at the base and collector is equal to the charge quantity of the holes collected at the emitter. When the SiGe HBT is in the off bias state, the collected charge quantity of the base, collector, emitter and substrate increases with time, and the charge quantity of the electrons collected at the collector and emitter is equal to the charge quantity of the holes collected at the base and substrate. When the SiGe HBT is in the collector positive bias state, the collected charge quantity of the collector and substrate increases slowly with time, while the collected charge quantity of the base and emitter rapidly reaches saturation, and the charge quantity of the electrons collected at the collector is equal to the charge quantity of the holes collected at the base, emitter and substrate. In the 5   ×   10  − 8     s after the heavy ions irradiation, the collected charge quantity of the terminal of the SiGe HBT in the positive bias state is the highest, followed by the SiGe HBT in the off bias and collector positive bias states, and the least quantity of charge is collected at the terminal of the SiGe HBT in the substrate inverse bias state. Therefore, the quantity of the collected charge at each terminal of the SiGe HBT after the heavy ions irradiation depends on the bias state of the device.



Figure A1, Figure A2 and Figure A3 show the change in the current with time when the heavy ions irradiate the base, collector and substrate of the SiGe HBT under the different bias states, respectively. When the heavy ions irradiate the base, the electrons are collected by the collector and emitter, and the holes are collected by the base and substrate under the substrate inverse bias and off bias. The collector and base collect the electrons under the positive bias state, while the emitter collects holes. Under the collector positive bias state, the electrons are collected by the collector and substrate, while the holes are collected by the base and emitter. The bias state not only changes the peak value and pulse shape of the current transients at each terminal but also changes the type of carriers collected at each terminal. When heavy ions irradiate the collector and substrate of the SiGe HBT, there are two peaks in the current of the collector and substrate, except for the positive bias state, and the peak values are not changed significantly by the bias states.



Figure A4, Figure A5 and Figure A6 show the collected charge quantity of each terminal when the heavy ions irradiate the base, collector and substrate under the positive bias, off bias and collector positive bias states, respectively. When the heavy ions irradiate the different locations of the SiGe HBT, the quantity of the collected charge at each terminal is changed by the bias state. The collected charge quantity increases linearly with time under the positive bias state and slowly with time under the other bias states. Therefore, the collected charge quantity at each terminal of the SiGe HBT is affected by both the irradiation position of the heavy ions and the bias state during the irradiation.





4. Conclusions


To understand the microphysical mechanism of single event effects in the SiGe HBT induced by heavy ion irradiation, the effects of the heavy ion striking location, incident angle, LET value, projected range, ambient temperature and bias state on the single event effects were investigated in this paper by using a TCAD simulation. The results show that the current transient peak value and collected carrier type of each terminal was changed by these factors. The current transient peak value increases with the LET and projected range of the heavy ions and decreases with the ambient temperature. The single event effects of the SiGe HBT are not only affected by the heavy ion irradiation parameters such as the incident angle, LET value and projected range, but they are also affected by the striking location, ambient temperature and bias state. The peak value of the current transient peak value increases with the projected range when the emitter, collector and substrate of the SiGe HBT are irradiated by heavy ions with the same LET value, while the current transient peak value decreases slowly with the projected range when the heavy ions irradiate the base, which indicates that the species of heavy ions should be taken into account when carrying out research on the single event effects of the SiGe HBT induced by heavy ions irradiation. The main reason for the change in the single event effects is the change in the carrier mobility and transport mode under different factors. According to the simulation results, we can conclude that the single-particle effect caused by heavy ion irradiation can be weakened by increasing the pseudo electrode to carry away the electron–hole pairs generated by heavy ions irradiation, increasing the isolation area of the insulating materials to prevent the electron–hole pairs being collected by the terminals, increasing the ambient temperature to reduce the mobility of carriers, and other methods.
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Appendix A


The following figures show the change in current and collected charge of each terminal with time when heavy ions irradiate the base, collector and substrate of the SiGe HBT under the different bias states, respectively.
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Figure A1. Change in current with time when heavy ions vertically irradiate the base of the SiGe HBT under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive bias (d) states. 






Figure A1. Change in current with time when heavy ions vertically irradiate the base of the SiGe HBT under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive bias (d) states.



[image: Electronics 12 01008 g0a1]







[image: Electronics 12 01008 g0a2 550] 





Figure A2. Change in current with time when heavy ions vertically irradiate the collector of the SiGe HBT under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive bias (d) states. 






Figure A2. Change in current with time when heavy ions vertically irradiate the collector of the SiGe HBT under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive bias (d) states.
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Figure A3. Change in current with time when heavy ions vertically irradiate the substrate of the SiGe HBT under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive bias (d) states. 
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Figure A4. Change in collected charge with time when heavy ions vertically irradiate the emitter of the SiGe HBT under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive bias (d) states. 
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Figure A5. Change in collected charge with time when heavy ions vertically irradiate the emitter of the SiGe HBT under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive bias (d) states. 
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Figure A6. Change in collected charge with time when heavy ions vertically irradiate the emitter of the SiGe HBT under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive bias (d) states. 






Figure A6. Change in collected charge with time when heavy ions vertically irradiate the emitter of the SiGe HBT under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive bias (d) states.
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Figure 1. Schematic diagram (a) and the internal structure simulation profile (b) of the SiGe HBT. 
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Figure 2. Schematic diagram of the band structure of the SiGe HBT. 
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Figure 3. Gummel characteristic curve of the SiGe HBT. 
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Figure 4. The current change in each terminal with time as heavy ions irradiate the center of emitter (a), base (b), collector (c) and substrate (d) of the SiGe HBT. 






Figure 4. The current change in each terminal with time as heavy ions irradiate the center of emitter (a), base (b), collector (c) and substrate (d) of the SiGe HBT.



[image: Electronics 12 01008 g004]







[image: Electronics 12 01008 g005 550] 





Figure 5. The collected charge change in each terminal with time as heavy ions irradiates the center of emitter (a), base (b), collector (c) and substrate (d) of the SiGe HBT. 
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Figure 6. The current and collected charge change in the base with time as heavy ions irradiates the center of emitter (a,b) and base (c,d) of the SiGe HBT. 
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Figure 7. The current and collected charge change in the collector with time as heavy ions irradiate the center of collector (a,b) and substrate (c,d) of the SiGe HBT. 
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Figure 8. Change in base current and collected charge with time when heavy ions with different LET values vertically irradiate the emitter (a,b) and base (c,d) of the SiGe HBT. 
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Figure 9. Change in collector current and collected charge with time when heavy ions with different LET values vertically irradiate the collector (a,b) and substrate (c,d) of the SiGe HBT. 
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Figure 10. Change in base current and collected charge with time when heavy ions with different projected range vertically irradiate the emitter (a,b) and base (c,d) of the SiGe HBT. 
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Figure 11. Change in collector current and collected charge with time when heavy ions with different projected range vertically irradiate the collector (a,b) and substrate (c,d) of the SiGe HBT. 
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Figure 12. Change in base current and collected charge with time when heavy ions vertically irradiate the emitter (a,b) and base (c,d) of the SiGe HBT under different ambient temperatures. 
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Figure 13. Change in collector current and collected charge with time when heavy ions vertically irradiate the collector (a,b) and substrate (c,d) of the SiGe HBT under different ambient temperatures. 
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Figure 14. Change in current with time when heavy ions vertically irradiate the emitter of the SiGe HBT under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive bias (d) states. 
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Figure 15. Change in collected charge with time when heavy ions vertically irradiate the emitter of the SiGe HBT under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive bias (d) states. 






Figure 15. Change in collected charge with time when heavy ions vertically irradiate the emitter of the SiGe HBT under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive bias (d) states.



[image: Electronics 12 01008 g015]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 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/).






media/file13.jpg
@






media/file4.png
@

Current/A

nul
10"
Time/s

sl 1 sl
10" 10"

L annl 1
107

nul MR
10

10

0.4 |

e
(¥
——

S
e

©)]

Current/A

1
@
(]
..||.....
Py

1ol T | sl 11
10" 10" 10"

Time/s

1t + o anul T
107 10°

10

Current/A

Current/A

S
e

1
R
wn

T

0.4

0.2

0.0 |

0.4

e .
n

_IB

—1 ]

—I :
— ]

e

nul nul
" 10"

Time/s

sl nul
10" 10"

waul MY
10

sl PRI
108

()]

[ I

Ll T | sl + o anul + o anul Ll R
w0 10 10" 10" 10" 107 10°

1me/s

108





media/file30.png
5.0x10”

1.0x10%

1.5x10°% 2.0x10°® 2.5x10°® 3.0x
Time/s

[ T T T T T i T L
= - 9 b
0.4 _ (a) 1.6x10
1.4x10° |
0.3 |- 4 12x10°
g [—10 1 1om0? |
g [—20 ] &
502 (——30 . .és.Oxlo-‘“ -
© [—40 .
e () 6.0x107° |
70 0
0.1 [——90 4 4.0x10™ F
—_—120
2.0x10° F
— 150
0.0 R ——_— I — 0.0
1015 1014 1083 1012 101 10 10° 10 0.0
Time
0'12 1 b | b | 1 1 o 1 bl | T
1 1 -11
(c) i 8x10
0.10 — -1 7x10-11
- 6x10™1
0.08 | -
% L —10 %wa-ﬂ
5 L 0
£0.06 20 1 & . n
= 30 54x10
@]
— 4 .
0.04 F———50 i 3x10
—170 2x10™M
0.02 | 20 -
=120 1x10™
— 150
0.00 R e — 0
1015 10 10" 1012 101 101 107 108

Time/s






media/file39.jpg
e e I
e, s

- o





media/file18.png
103 ..

10° ._

L
1

k
<
—

= —
\YJALICRRILNQ ]

10-11 ;_

0.4

10-13





media/file35.jpg
i .

5< e

@ -

i -

‘@

e e Y






media/file21.jpg
e

§ i
| e e
1
EreTy —Base h—
o =P
D e e Suie e .E,
- — T
- = .
= -
i £
H Eow
owin| A
g e

e o
o T





media/file26.png
e —— 705102 et T T T T -
— o (@) (b);

6.0x10" | 3

1.5x10° |

5.0x10 | E

4.0x10 | -

[

0x10° |

Current/A

3.0x10 2 | -

“Charge/lC

5.0x10% |
L 2.0x102 F

1.0x102 | 60°

C gl PEEECEETTT | PRI ETIT | sl sl PEEECEETTT | PEETEEEETIT | raal 0.0 ........ | IR R N A1 | T N T T T | IR S N R A1 | T T T T T
1075 10 10 102 10 101 10° 10 0 1x10°® 2x10% 3x10°® 4x10® 5x10°®
Time/s Time/s

hb | R AL | R | LA | R | R AL | R | g R LI LI LI L

()] 12x0mf (d)

1.6x107 |
1.0x102 |- -

2
1.2x10 8.0x10™2

6.0x10™ |- -

aal e a gl
Charge/C

8.0x10° |

Current/A

-13 (L
4.0x10 m‘

2.0x10 |

4.0x10° [

Y BN RPN ST R R EEPERTN ST E [ Loe v v vy s Loeovovv 000 [ h
105 10 103 102 10 100 10”? 108 0 1x10°¢ 2x108 3x108 4x10’8 5x10%
Time/s Time/s






media/file27.jpg
CurreavA

g L bt tEbtoce

5
5
3






media/file3.jpg





media/file22.png
"""" rrrrrrrrrrrrrrrrrr[rrrrrrrorrrrrrrr e F—+ "' ' rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr3
. a X
1.5x10™ é ) 1.0x10 1 (b)
1.0x10™! | K E
=12 | .
5.0x10"2 S0x10 ]
7~ 7~
) )
P 0.0 P 0.0
2 2
= =
-12 -
O -5-0x10 @)
" Base -5.0x10°2 | Base -
-1.0x10™ Collector E Collector
= Emitter
} 11 [ = Emitter J _ 11 .
1.5x10 Substrate 1.0x10 t Substrate ;
-2.0x10™ E - F
........ | IS T T T N R T N [ T T T T T T T AN T T T TR T T N N T N SO T T R T N _1.5x10-11'........I........I........I........I........
0 1x108 2x10° 3x10°% 4x10® 5x10°® 0 1x10® 2x10° 3x10°% 4x10®
Time (s) Time (s)
6.0x10"? L L LR LR Fr LI LR LR LI ]
© F(d) ;
5.0XI0-12 ] 1.0XI0-12 9
4.0x10" | : ]
5.0x10° |- .
O3.0x10 | i~
Chtets )
R2.0x107 F Base B 0.0
= =
Q Collector 1 ©
12 F .
1.0x10 ——— Emitter Base
-5.0x10 |
o0 Substrate Cllector
—— Emitter ]
-1.0x10™ | o f Substrate
-1.0x10™% | g
-2.0X10-12 ........ | I T T N R | IR T N N T T | IR T T T R T | I T T T N R : ........ | I T T T N N | I T N T R | IR T T T N | I T T N 'Y .:
0 1x108 2x10° 3x10°% 4x10® 5x10°® 0 1x10® 2x10° 3x10°% 4x10® 5x108
Time (s)

Time (s)





media/file19.jpg
I8 i
8 -
@) )
i W i
- =
o ) e @) i






media/file7.jpg
@)

i [C)
PP ey
e
o
e
o

D LR T





media/file28.png
-5.0x10™"
g 39-1.0x10™ | ]
= %] L
0 w
- 1=
I -]
= 5 i ]
© -1.5x10™° | .
-2.0x10"° | .
(a) 150 5
-0.7 S — e e S, Y39 [ s
10" 101 1012 101 101 10° 108 0.0 .0x10®
Time/s
b | LR L L | L L | LR L L | LI | T """: 0°0
0.0 |
: -2.0x10!
[ -11 -
02f -4.0x10
-6.0x10™" -
« b
= 04 '% -11
5 &,-8.0x10 -
£ E
5 -0.6 10 -1.0x10" -

-1.2x10°1° -

-1.4x10°"° -

1wk ——120] -16x10™
F(¢) —— 150
E MR | s sl AN EET | s sl AT | MR EET - -1.8X10-10
10 10" 1012 10 101 107 108 0.0 2.0x10” 4.0x10” 6.0x10” 8.0x10° 1.0x108

Time/s Time/s





media/file10.png
2.0X10-9 """" j rrrrrrr : IIIIIIIII | YT rTrTTT [ T T v r 1 T 11 [ T T r 11 1 11 [ r rr 1 r 1 11 :
1 eox10* | (b) 3
1.5x10° E . :
1  4so0x10°F :
1.0x107° r ' .
é sE E
Q 5.0X10-10 _: Q 2.0x10 - §
S~ . Al =
Y 1S
:.b.n ] ,?_13
= 0.0 1 0.0
1 &=
~ 10 :
-10 - C
-5.0x10 Base 1 -2.0x10° |
-1.0x10° Collector 3 Base
——— Emitter -4.0x107 |
Substrat ] Collector
9 upstrate - .
-1.5x10 : . [ — Emitter
§ -6.0x10 5 Substrate
20x10° 2 b e e b e e b Lo N ST T S S S L0 00 I Lo Looovovo0ny
4x1078 5x108 4x108 5x1078
2.0x10° ———m—m————7 7T T T 7 2.0x10° —————— :
1.5x10° 3 3
1.0x10° 3 3
0 5.0x10™° E E
S~ - -
<P . .
(=Y ) . .
R ] ]
fé 0.0 | : :
-5.0x101° _ _
Base ] Base ]
——— Emitter : ——— Emitter 1
-1.5x10°° Substrate - Substrate -
20x10° 20— 0 L Ly vy 00y P Lovovov0 000 : I X T T T e .
1x108 2x103 3x103 4x103 5x103 4x103 5x103
Time/s

Time/s






media/file40.png
Current/A
o
[—)

©
Y

o
IS

-0.6 |

aaaul PEEECEETIT | PECECEETTT | gl gl PRI
101 102 10" 101 10°

Time/s

108

Current/A

S—

-15 -_ I
15

20 Lo
1078

10—14

aaaul PEEECEETIT | PECECEETTT | gl gl PRI
103 1012 10 10710 10”°

Time/s

10

Current/A
[—)

1
—

10

sl gl sl PETEEEETIT | gl MR
101 102 101 101 10°
ime/s

Current/A
[—)

2
.—Isl

105 104

| s nl L1
1072 107

Time/

sl
101
ime

MR | PR
1 10-10

10°





media/file33.jpg
S e e e e e e g R T T
A Timet





media/file32.png
Current/A

Current/A

&)
5 1 um
180 F ’
18 s um
5 -1.5x10™"° : 3um -
1 5 um
[ 7um 1
-2.0x10™° | -
* - 10 um -
] -25x10" F
10 um- X
08 Ll ] L 1 1 M B TR
10 10" 10° 0.0 2.0x10” 4.0x10° 6.0x10” 8.0x10” 1.0x10°®
Time/s Time/s
0.0 0.0 ————— T ————r T T
I -2.0x10! |- (d)
02 |
[ -4.0x10™ | :
-6.0x10™" |- -
-0.4 .
& 8.0x10™ |- 1 um
180 2 um
0.6 E -1.0x101° 3 um -
°
lum | -12x10% i um -
1 um
-0.8 .
- 2 um 1 -14x10 10 um-
i 3um ]
i ] -10 F K
ok Sum ] -16x10
7 um {1 _18x10" [
10 um -
a2l sl NPT R R W Y 1 S L | PP L
10 101 10 0 1x10°® 2x107® 3x10°® 4x10° 5x10°%

0.0

-5.0x10™"

Time/s

-1.0x10" |

(b)]






media/file14.png
SlGe

p-Si substrate

Collector

(b) o

SiGe HBT structure

5 ]
10
DopingConcentration [cm ™ -3]
1.628e+20
~ 1.870e+17
2.149¢e+14
15 -
-7.659e+11
-8.816e+14
-7.674e+17
6.680e+20
-20 -10

20





media/file11.jpg





media/file6.png
Current/A

Current/A

0.15 e

Current/A

-0.05 |

-0.10 |

10 10" 10" 102 10" 1010 10? 108 10% 10 103 102 10 101? 10? 108

0°15 L " T L | L | ' "I"lg'l"le/s' LR | LR | LR | LA 0°15 | " T LR | LR | ' :I:lmrle/s' LR |

0.05 [ ] 0.05 [-

Current/A

-0.05 | . -0.05 |-

-0.10 ] -0.10 [

105 10" 1083 1012 101 1010 10° 108 101 10" 1083 1012 101 10 10° 10

Time/s Time/s






media/file36.png
0 e
] — () K— 280 K
] 1x10° — 120 K—— 320 K:
] =160 K—— 360 K1
0 ——200 K—— 400 K
i =0 ——240K
< &)
2 'S -3x1071°
O bﬂ
E &
; -
&} O 4x107°
—200 K
-5x1071°
— 280 K1
6x1071° E
PRI PEEERETIT | g aaaul gl o aanul PR _7x10-10 ........ | I R R T N T
1075 104 103 102 10 100 10”° 104 3x10's 4x108
0 rrrrrrrr o[ rrrr . rrrg
[ 0 —_— 90 K— 280 K
: —120 K—— 320 K ]
I ——160 K——360 K
27 1x107° ——200 K—— 400 K—
[ ——240K ]
3| ® E
B0 S -2x107* 3
5 . ]
1= B 12
1= L -]
- [ =
© 1 © 3x1070
-6 [
[ -4x10°°
adl -5x101° 3
A EETTT ol o aanul gl o aanul M | I T T T R | I T R N B I A
1015 104 108 1012 10 1010 10° 10* 3x10% 4x10®

Time/s






media/file15.jpg
AE e x=0)

AE, ¢ (gradient)=
§BE ) A =)






media/file41.jpg
.

e

Colctor
S






media/file37.jpg
W e e e e e e e E T T
[ b





nav.xhtml


  electronics-12-01008


  
    		
      electronics-12-01008
    


  




  





media/file16.png
AE, ¢ (x=0)

AE, c.(gradient)=
r AE, ¢ (=W)-AE, ¢ (x=0)

Ec
n*Si1
emitter Drift field
region 3
Ey

n-Si

Collector region






media/file2.png
Current/A
e
[—]

1
e
wn

sl MR | MR RTTT | MR ETTT | M
10-13 10-12 10-11 10-10

Time/s

10? 108

Current/A
[—]

1
[
T

sl
10-11
Time/s

ol ol el o aauul
1013 1012 1010 107

T | A
1078

[

Current/A

FECEETTT BT
10"

Time/s

wl 0 el
10" 10

Current/A

4
IR ETIT |

107

107

sl
10"

T | PR
10"
Time/s

sl L
10"

aul T
10"

wul MR
10°

10





media/file20.png
Current/A

Current/A
Current/A

— I |

2 F — I ] 02

—ni
+sHa) —hi Bik)

MR | sl MR | s sl sl sl " 1 i i i " i
10-15 10-14 10-13 10-12 10-11 10-10 10-9 10-8 10-15 0-14 0-13 0-12 0-11 0-10 0-9
Time/s Time/s

1-5X10-3 L L | LA | R LA | R LA | R | bk | R LA | L q L |
F 1.5x102
1.0x10° | i
i 1.0x102 |

4 f :
5.0x10 | 5.0x103 |

0.0 |

(=]
.
]

AEEEEENE IREEEEENE SRR EE RN
Current/A

-5.0x10 ‘ S5.0x10° _

- 1 oxi0? b

-1.0x - -]
(©) I ] asxae? :—(d)

-1.5x10° L NI N EEN R S BN RN B E ol

P P P saanul METERETTH
0-15 10-14 10-13 10-12 10-11 10-10 10-9 10-8 10-15 0-14 0-13 0-12 0-11 0-10 10-9

Time/s Time/s





media/file23.jpg
@]

e

-

[

T G

- -
e
i - =
Ol o —
" a4 ..,..w‘ p—
an) | ——






media/file5.jpg
CurrentA.

CurreatiA.

)

W e e
s, g

(@]

H

e e e e e e e e






media/file24.png
T r T - T T R s i
: (a)] (b) 1
0.0 | — — 0.0 [- ]
- [ -5.0x10™2 |- .
T 5 .
= [ len [
o [ ] a1 | ]
] ! :_g -1.0x10™ |- —_— ]
502 f s : ]
[ ] : 30° ;
; 0° ol 45°
! -1.5x10 |- .
: 30° X 60°
-0.3 - 45° \ 90° 1
o-
60 1 -2.0x10™ |
[ 90° ] :
04 L | raaaanl | runl wnl o 1 ey | I B B PP
1015 101 1013 1012 101 1010 10” 108 0 1x10°® 2x10°8 3x10® 4x10°® 5x10°°
Time/s Time/s
0.05 r——rr——rrr—— M ——r——rr—r——r—r—rr; -
00 f (d)-
0.00 |- —
-2.0x1012 |- -
-0.05 F
-4.0x10"2 |- -
§ -0.10 F @
= ) 0°
o 015 E ;-6.0){10‘12 : -
; =U. = 6 _300
U-o 20 F -8.0x10™2 |- ——— 450
) — 60°
-025 F -1.0x10™ 90°-
030 F \ 60°4 -12x10™ :
90° : ]
035 bt i sl wl o od g 4x10 PR PPN B BRI PP ]
1015 101 1013 1012 101 1010 10” 108 0 1x10°® 2x10°8 3x10® 4x10°® 5x10°°

Time/s





media/file29.jpg
[}
J






media/file1.jpg
O e e e
T T
©)]
B
H
%
G s






media/file31.jpg
b gttt EELEee

“r

bt






media/file25.jpg
o

— v.,.«/
i i

- e .

2ouen ot

—

s G e






media/file12.png
2.0x107°

5 6.0x10° |
1.5x10™ | i

§ 4.0x10° |
1.0x10™ [ F

2.0x10°®

Charge/C

% 5.0x10™!
o0 o
s 0.0
o) 0.0 T F
3 "3 E
5.0x10™ Base 1 U Base -
: Collect ] : Collector 3
ollector ; . ]
-1.0x101° Emitt : -4.0x10-“:— = Emitter :
mitter : Substrate ]
Substrate o f 3
-1.5x101° 4 -6.0x10°F -
........ | RS SRS S B S S RN R A A ||||
0 1x10% 2x10°® 3x10°¢ 4x10°8 5x10°8 0 1x10°® 2x10°¢ y 3x10°® 4x10°8 5x10°8
Time/s ime/s

2.0x10™ 7 2.0x10"

1.5x107 | 1.5x107 |

1.0x10™ f 1.0x10™ f

% 5.0x10™" % 5.0x10™"
S0 S0
= =
< <
5 0.0 5 0.0

-5.0x10™ | -5.0x10™ |

Base Base
- Collector 3 Wk Collector
-1.0x10 - Emitter - -1.0x10 - e Emitter 3
: Substrate 1 : Substrate ;
-1.5x10™ | 3 -15x10" F -
E | IR T | IR R T | IR R T S T | R E . | IR A T | IR R T | I T S T Lo v v 003 s o 3
0 1x10% 2x10 3x10°® 4x10°® 5x10° 0 1x10°® 2x10°8 3x10°® 4x10°® 5x10%





media/file9.jpg
i

-

g

3

E—






media/file0.png





media/file42.png
1.0x10° |

5.0x107° |

Charge/C

[ -8 | K

5.0x10™ [ Base ] Ao Base
Collector . Collector
| ——— Emitter 6.0x107 F o FEmitter ;
Substrate ; Substrate

-1.0x10? T 8.0x108 e e L b L
0 1x10°8 2x10°® 3x10°® 4x10°® 5x10°% 0 1x10°8 2x10°8 3x10°8 4x10°® 5x1

Time/s Time/s
6.0x10® R e LI i b o o

4.0x107 |

2.0x10? |

Charge/C

-2.0x107 |

0.0 [

Charge/C

Base

-4.0x10° E Collector
t —— Emitter
F Substrate
-6.0x10% B e
0 1x10® 2x10°8 3x10 4x10°®
Time/!

6.0x108 |

4.0x10° |

2.0x10°8 F

0.0

1.0x10”

Charge/C

0.0

-5.0x101°

-1.0x10°

-2.0x10% |

2.0x10° F

1.5x10° F

5.0x10° |-

Base
Collector "
= Emitter

Substrate -






media/file38.png
Charge/C

F —_— 90K
4r —120 K
— 160K
i ——200K]
3 ———240K_
< t — 280 K |
E ——320K:
E T ——360K]
B2
Q — 400 K|
1 -
(a);
0 gl ol
1018 10 108 1012 10 101° 10? 10°%
Time/s
T T b} bk B | T oo )
— 90K]
L —120K
4 —160 K-
r —200 K ]
I ——240K
<3| — 280 K|
. —— 320K
E — 360 K |
3,1 —— 400K
1 .
. (9]
1015 104 101 101 101 101 10° 108
Time/s

5.0x107 |

4.0x107 |

3.0x107 f

2.0x107 |

1.0x10?

7x10°1°

6x101°

5x10°1°

Charge/C
2
s

3x1071°
— 90K
2x101° —120 K— 280 K-
—160 K—— 320 K1
1x101° 200 K— 360 K
(d) 240 K—— 400 K -
1 1 1 M 1 M
0 0 1x10°® 2x10°8 3x10°® 4x10°8 5x1

ime/s





media/file8.png
1.5x10° [ T+ rrrrrr rrrrrr 7 T L Fr L L L T
F Base (a)f 6.0x10° | Base
Collector : F Collector ]
1.0x1 0-9 :__ Emitter ] 4.0x1 0—8 E_— Emitter E
- Substrate ] ; Substrate ]
S0 | ] 20xo0tf 3
0x -] o 3
2 : 1% 5 :
0 18 o0f 3
= _g 2 3
S oo 15 5 5
-2.0x10° | 3
-5.0x10™ | ~4.0x10°% £ 3
F -6.0x10° [ 3
-1.0x10? | F ]
......... | I TR T ST T AT TR N T TN T TN TN TN TR SN AT TN TN TN TN ST S T N TN T SN NN SN NN N A _8.0x10-8 E PR T N T T TR T TR [N TR N TN T TN T SO TN (NN T SO TN SO SN TN WO T [N TN T T T TN SO T W NN SN T S N NN N N
0 1x10® 2x10°8 3x10° 4x10°® 5x10°% 0 1x10°® 2x107® 3x107% 4x10° 5x10%
Time/s Time/s
6.0x10? e T T T 2.0x10° T T T ]
Base (C) ] Base (d)
Collector N Collector ]
4.0x10° F— Emitter { 1500 f —— Emitter ]
Substrate ; Substrate
] 9 -
2.0x10° I ]
3 1S : ]
g’ ] %"5.0::10-1" 3
£ 0.0 - £
® 19
] 0.0
-2.0x10”
-5.0x101° |
-4.0x10”° :
-1.0x10” f
-6.0x10” B R Lo ia e L a e TR
0 1x10® 2x10°8 3x10° 4x10°® 5x10°% 0 1x10°® 2x107® 3x107% 4x10° 5x10%
Time/s Time/s





media/file34.png
0.7 ¢

Current/A
e e e e
w S [7/] (-}

S
¥

——r
1 um

(@)

10-15

PRI |
10

vl Ll Ll MR
101 1012 101
Time/s

025 |

Current/A
e
0
1

e

i

<
I

0.05 F

0.00 &
107

r——rr
1 um

2 um
3um
5 um
7 um
10 um

101

“Charge/C

Charge/C

Time/s

ul sl il M
10-13 10-12 10-11

PEETT! B
10-10

10°

10

2.0x10” [

5.0x10™ |

0.0

2.5x10™° |
2.0x10™° |
1.5x10" |

1.0x10"° |

5.0x10™M

0.0

1.5x10° |

1.0x10” |

0 1x10°®

2x10°8

3x10°






media/file17.jpg
10°

Current/A
2

10°

0"

101
04






