Chapter 5

----------------------------------------------------------------

Effect of Passivation on Breakdown Performance of Metal-Overhang Equipped Si Sensors

----------------------------------------------------------------

One of the main aims of the detector research in the High-Energy Physics (HEP) experiments is to stabilize the long-term behaviour of Si strip detectors. However, normal operating conditions for Si detectors in HEP experiments are in most cases not as favourable as for experiments in nuclear physics. In HEP experiments the detector may be exposed to moisture and other adverse atmospheric environment. It is therefore of utmost importance to protect the sensitive surfaces against such poisonous effects. These instabilities can be nearly eliminated and the performance of Si detectors can be remarkably improved by implementing suitably passivated detectors. Dielectric is commonly used as a surface passivant for this purpose both in power devices and in Si detector technology. Since its introduction, however, semi-insulators have gained a lot of interest in view of their application as a surface passivation material for high-voltage metal-overhang (MO) equipped structures in power devices. Although well appreciated in the power devices field, the use of semi-insulating film in the Si sensors for HEP experiments has not been investigated. 

In the previous chapter, we have analyzed the breakdown performance of Si detector equipped with MO in detail. It is very interesting to compare the effects of the two type of passivation films (dielectric vs. semi-insulator) on the breakdown performance and the long term stability of the MO terminated Si detectors in HEP experiments. This chapter presents the results on the effect of relative permittivity of the passivant on the breakdown performance of the Si detectors using computer simulations. The semi-insulator and the dielectric passivated MO structures are then compared under optimal conditions. Influence of the salient design parameters such as field oxide thickness, junction depth, metal-overhang width, device depth, substrate doping concentration and the surface charge on the breakdown performance of these structures are systematically analyzed, thus providing a comprehensive picture of the behaviour of MO structures and helping in the detector optimization task. 

Another important factor, which can significantly affect the long-term functionality of the Si sensors, is the radiation damage and hence a crucial issue for the detectors at LHC is their stability at high operating voltages. Recently an interesting experimental result was reported by Bloch et al. [5.1] in which the breakdown voltage of the Si detectors was found to be increased after neutron and proton irradiation. A similar result was also found earlier by Albergo et al. [5.2]. The results of the I-V and C-V measurements taken on some Si sensors for Preshower detector, presented in this chapter, also verifies this result. This inspired us to investigate the effect of radiation damage on the passivated Si sensors. Although interaction of the radiation with Si is a complex phenomena and its detailed analysis is not yet possible, however, the simulation results obtained in references [5.3] and [5.4] showed us a simple but effective way to realize it. These results were also supported by experimental observations. Using the same methodology the effect of bulk damage caused by hadron environment in the passivated Si detectors is also simulated in this chapter by varying effective carrier concentration (calculated using Hamburg Model [5.5]) and minority carrier lifetime (using Kraner [5.6]).

Static measurement results on some of the irradiated Si sensors, performed at CERN, Geneva along with the irradiation facility and measurement set-ups is also described in this chapter.

5.1 Passivation in Si Detectors

The electrical behaviour of a Si microstrip detector can be influenced during operation by surface contamination, high humidity and surface moisture [5.7]. Working with Si detectors for long periods of time has shown that the reverse current and breakdown voltage change drastically, sometimes hours after biasing a seemingly good detector. A severe contamination of the surface (say by touching it with fingers) may lead to increase of surface leakage current by orders of magnitude [5.8]. These instabilities are believed to be caused mainly by charge density variations on the oxide surface. The surface resistivity of the oxide changes dramatically with humidity or in dry conditions, and this can cause potential spreading on the oxide surface [5.9]. For example, for unprotected p+-n junction devices, under dry or vacuum condition, positive surface charges at the Si-SiO2 interface are fully effective and as already mentioned in the previous chapter, an accumulation layer under the oxide is created. This may lead to very high electric field densities at the edge of the p+ implantation (junction edge) and to a breakdown at voltages much lower than needed for full depletion of the detector. In the other extreme case, when the negative charges collect on the oxide surface due to the exposure of uncovered oxide surface to high humidity, an inversion layer under the oxide is developed. This leads to an extension of the depletion zone towards the edge of the detector; the reverse current can increase by an order of magnitude due to electron-hole pair generation [5.10]. It is thus, crucial to control surface contamination for long term stabilization of fully depleted p+/ n- /n+ Si detector. This is achieved by depositing the final passivation layer over oxide of the Si detector. The need for the final passivation in planar structures was also well emphasized by Kemmer [5.8] while introducing the planar technology for low noise detector fabrication and suggested the use of Si3N4 as passivation layer. Since then in the detector grade technology, dielectrics are generally chosen as passivant.  Instabilities due to the drift of sodium ions in SiO2 film can be suppressed by depositing dielectrics (like Si3N4) [5.11] or Phospho-Silicate-Glass (PSG) [5.12] over the oxide film. 
A similar situation was also faced in high voltage power devices and IC technology where stability in terms of breakdown voltage is essential. There also, dielectrics were commonly used as a surface passivant for this purpose [5.13]. However, it has been found by Matsushita et al. [5.14] that there are still some problems in the planar process with dielectrics as passivation. They introduced a novel passivation scheme, the Semi-Insulating Polycrystalline Silicon (SIPOS) as a surface passivant which solved many of the problems as the film was semi-insulating and almost electrically neutral. This technique proved to be particularly beneficial for field plate (or MO) terminated high voltage planar junctions. Jaume et al. [5.15] showed that since semi-insulator linearizes the potential at the MO edge, thus it reduces the peak surface electric field over there and hence the edge breakdown can be largely suppressed with the use of SIPOS.  Since then semi-insulator films are being largely used in the fabrication of high voltage planar junctions terminated with MO in power devices and IC technology [5.14-5.17]. 

5.2 Radiation Damage in Si Detectors

Irradiation damage in Si detectors can be broadly categorized into surface damage and bulk damage. 

Surface damage: The passage of an ionizing radiation in Si detectors causes accumulation of positive trapped charge and produces traps at the Si-SiO2 interface called interface states. This results in the formation of electron accumulation layer beneath the surface resulting in the contraction of the depletion region over there and hence causing a premature breakdown of the device. This effect is already discussed in detail in the previous chapter. Another major consequence of surface damage is the increase in interstrip capacitance (Cint) and decrease in interstrip isolation. However, it has been found that with careful design, the change in Cint can be limited to 10-20% at operational frequencies of LHC electronics [5.18-5.20]. 

 Bulk damage:  There is a general consensus that in the hadron environment, the viability of long-term operation and performance of Si detectors is affected mainly due to bulk damage [5.5 & 5.21]. Bulk damage in Si detectors by hadrons is caused mainly by Non-Ionizing Energy Loss (NIEL) interaction of primary particle with a lattice Si atom displacing a Primary Knock-on Atom (PKA) out of its lattice site resulting in a Si interstitial (I) and a left over vacancy (V) (Frenkel pair). These vacancies and interstitials migrate through the Si lattice and undergo numerous reactions with each other and the impurity atoms existing in the Si to form stable complexes. The major macroscopic effects expected from bulk damage are [5.5, 5.22]: (a) increase in the leakage current since the defects act as centers to increase the generation bulk current; (b) deterioration of charge-collection efficiency (CCE) as the defects also act as the trapping centers; (c) change in the effective carrier concentration (Neff) due to the removal of donor levels and creation of acceptor like states, leading to the type-inversion. 

Reverse leakage current is strongly temperature dependent, given by [5.23]:
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where T is the operating temperature in Kelvin, Eg the band-gap energy and kB the Boltzmann constant. Thus, reverse current can be largely reduced by operating the Si sensors at low temperature (-5 (C for CMS), and hence is not a fundamental problem to the long-term operation. The main obstacle to the operation of Si detectors is the change in the effective dopant concentration, which results in an increased full depletion voltage at high hadron fluences. In order to ensure a good charge collection efficiency even after irradiation, one of the recently developed approach is the use of oxygenated Si as starting material, which helps in reducing full depletion voltage at high fluence. The ROSE collaboration (Research & Development On Silicon for future Experiments) has done extensive research in this direction [5.5, 5.21, 5.22, 5.24-5.27]. However, such an improvement is only observed for charged hadron irradiation whereas for neutron-induced damage the diffusion oxygenated float zone (DOFZ) silicon leads only to benefits in connection with low resistivity Si [5.5, 5.21, 5.22, 5.24-5.27]. An alternative, and more conventional approach of improving CCE is to increase the detector bias voltage progressively so that the full depletion can be eventually attained anyway [5.28]. However, operating the detectors at high biases is constrained by the breakdown phenomena. Thus, high breakdown voltage is imperative for the operation of detectors at high neutron fluences.

5.3
Device Structure & Simulation Technique 
The device structure and the parameters used in the present simulation are same as used in the previous chapter. However, an additional passivation layer is also incorporated in the structure, which can be either a dielectric or a semi-insulator as shown in Fig.5.1. The semi-insulator effect as a passivant is simulated with a linear potential distribution along the field oxide-passivation layer interface. Therefore, the solution to the Laplace equation in the passivation layer becomes redundant. In contrast, for the metal-overhang structure passivated with dielectric, the Laplace equation is solved within the passivation layer also. In order to simulate a more realistic situation, the value of surface charge density (QF) is kept fixed at 3x1011/cm2 (unless otherwise specified), which corresponds to QF for the non-irradiated <111> oriented Si detector with moderately good oxides.
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Fig.5.1:  Cross-sectional schematic of two-strip subset of a Si strip detector with metal-overhang.

5.3.1 Modeling of Bulk Damage

The generation of electrically active defects and the donor removal effect result in a fairly complicated picture of the radiation damage defects: the implementation of the defect levels within the present device simulator is presently infeasible. Considering that the dominant macroscopic parameter is the effective doping concentration, in Ref. [5.3] Li et al. pursued a simplified approach; the effect of radiation damage was simulated by simply varying Neff and the results were supported by the experimental observation. In another work by Richter et al [5.4], this simulation approach has been successfully used; in which, in addition to Neff, the minority carrier lifetime (τ) was also varied to take into account the changes in reverse leakage current. The simulated results were again verified experimentally indicating that this approach is indeed helpful in predicting the electric field and the junction breakdown of the irradiated silicon detectors. In the present work we have followed similar approach to analyze the electric field distribution and breakdown phenomena after irradiation. Considering a detector being under continuous neutron irradiation as will be the case for PSD at CMS, we have simulated a pre-irradiation condition characterized by bulk doping concentration Neff = 1 x 1012 cm-2 and τ  = 1 x 10-3 s, and further damage is taken into account by varying Neff and τ. 

In this work Neff is parameterized using Hamburg model [5.5, 5.25], which includes the self-annealing effect during long periods of operation as projected in the actual experiment. 
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consists of three components, a short term beneficial annealing NA, a stable damage part Nc, and the reverse annealing component NY, which are given as [5.5, 5.25] 
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The values of different parameters used in the simulation for calculation of Neff are given in Table 5.1 [5.5, 5.29]. This model is chosen for simulation because it best describes actual operating scenario of LHC environment.

To incorporate the effect of increase in leakage current with fluence, we have changed the minority carrier lifetime ( in our simulation package using the definition of Kraner [5.6] as:
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where 0 is the minority carrier lifetime of the initial wafer, Φeq is the integrated fluence, and k is the damage constant. The initial minority carrier lifetime used is 0.1 ms and value of k used is 4 x 10-8 cm2 s-1 as given by Kraner [5.6] for a minimum ionizing particle.  

Table 5.1: Damage parameters used for calculation [5.5, 5.29]:

	Parameters
	Values

	Neff0
	1x1012 cm-3 (for 4.2 kΩ cm), 1.6x1012 cm-3 (for 2.5 kΩ cm)

	Nc0
	0.7 x Neff0

	c
	2.5x10-14 cm-2 

	gc
	1.5x10-2 cm-1

	ga
	1.8x10-2 cm-1

	ta
	55 hrs. at 200C, 3587 hrs. at –50C

	gy
	5.2x10-2 cm-1

	ty
	480 days at 200C, 64760 days at –50C


5.4
Comparison between Semi-Insulator vs. Dielectric Passivation

5.4.1
  Effect of Field-Oxide Thickness and Junction Depth 

In the two-dimensional computer simulation studies on high voltage Si strip detectors involving metal-overhang structure reported in literature [5.30] and also in the previous chapter, the dielectric medium was invariably taken to be air. However, in practice, a high-voltage device equipped with metal-overhang is protected by a suitable passivant. To study the influence of different passivants on VBD, Fig.5.2 shows the plot of breakdown voltage as a function of field-oxide thickness (tOX) for different passivants: two dielectrics (die=3.9 and die=7.5), a semi-insulator and also when the device is unpassivated (die=1). The qualitative nature of the curve is same in all the cases; VBD increases with increasing tOX, attains a maximum value corresponding to certain tOX(OPT) and then decreases for further increase in tOX. For the region tOX < tOX(OPT), breakdown occurs at the metal-overhang edge, whereas for  tOX > tOX(OPT), it takes place at the junction curvature. For tOX = tOX(OPT), electric field distribution is such that the breakdown simultaneously occurs at the two edges, and we get the maximum breakdown voltage. 
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Fig.5.2:   VBD vs. tOX with different passivants for XJ = 0.2 m.

It can be seen from Fig.5.2 that VBD in the region tOX < tOX(OPT) is very sensitive to the variation in die, implying that metal-overhang edge breakdown is strongly affected by the presence of dielectric passivation layer. However, in the region tOX > tOX(OPT), VBD is almost insensitive to changes in die indicating that junction breakdown is practically independent of the dielectric passivation layer. In the region tOX < tOX(OPT), VBD corresponding to die=3.9 is considerably higher than that for die=1.0, and VBD for die=7.5 is greater than VBD for die=3.9, thus demonstrating that the breakdown voltage increases with increasing die. 

It is also clear from Fig.5.2 that the breakdown voltage obtained for the semi-insulator passivated structure is significantly greater than that achieved using the dielectric passivation for all values of tOX. In order to understand this behaviour, the equipotential contours for the different cases are plotted in Fig.5.3(a)-(d). A careful observation of the potential distribution reveals that the equipotential contours spread out more in the dielectric medium when the die is larger, thus, relaxing the potential crowding near the metal-overhang. Consequently, for a given voltage the electric field in Si bulk decreases resulting in higher VBD for large die. Comparing the potential contours of the dielectric and semi-insulator passivated structures, it can be seen that the semi-insulator layer linearizes the potential inside the field oxide, alleviating the potential crowding at the metal-overhang edge. Thus, the peak electric field at the metal-overhang edge is tremendously reduced and the voltage handling capability of the device is significantly improved. This can be better appreciated by looking at the electric field distribution plot within the Si substrate (Fig.5.4 (a)-(d)). It is clear that at a given bias, the peak electric field amplitude at the metal-overhang edge decreases as the die of the dielectric passivant layer increases. In fact, for the semi-insulator passivated structure, field crowding at the metal-overhang is completely eliminated due to the efficient potential contours spreading and hence the breakdown voltage obtained for semi-insulator passivated structure is maximum. In summary, junction curvature electric field effects are reduced by the presence of MO, however, this results in the field crowding at the MO edge. Semi-insulator layer spreads out the equipotential lines at this edge and hence the complementary functions of these two (MO and the semi-insulator layer) can be exploited to improve the breakdown performance of Si sensors.
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 Fig.5.3(a): Potential distribution near the surface at breakdown for XJ=0.2m in the region tOX < tOX(OPT) for die=1.0.
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Fig.5.3: Potential distribution near the surface at breakdown for XJ=0.2 m in the region tOX < tOX(OPT) for (b) die=3.9,  (c) die=7.5,  and (d) semi-insulator passivated structure.
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Fig.5.4: Electric field distribution near the surface at Vbias=500 volt for XJ=0.2 m in the region tOX < tOX(OPT) for (a) die=1.0, (b) die=3.9, (c) die=7.5, and (d) semi-insulator passivated structure.

Further, it is clear from Fig.5.2 that the tOX(OPT), required to accomplish maximum breakdown voltage, is lower if die of the passivant layer is larger. Thus, higher values of die allows for reduction in tOX required for attaining a given breakdown voltage. It is seen from Fig.5.2 that tOX(OPT) is still lower for the semi-insulator passivated structure than for the dielectric passivated one. Thus, it is clear that a given VBD can be achieved at a lesser tOX if larger die is used, and at a still lower tOX if a semi-insulator is used.

To study the effect of junction depth (XJ) on the breakdown voltage for different passivants, we show in Fig.5.2 and figures 5.5(a), 5.5(b) and 5.5(c) the variation of VBD vs. tOX for different values of XJ. It is known that when XJ increases, the electric field crowding at the junction curvature decreases due to decrease in flux per unit area leading to increase in VBD. A qualitatively similar behaviour is observed when the junction depth is increased, as shown in the plots (Fig.5.5 (a)-(c)). Increasing the junction depth results, however, in an increase in the breakdown voltage for all the passivants.
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Fig.5.5(a): Breakdown voltage vs. field oxide thickness with different passivants for XJ=1.0m.
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Fig.5.5: Breakdown voltage vs. field oxide thickness with different passivants for (b) XJ=3.5 m, and (c) XJ=15.0 m.

 
An important characteristic of the semi-insulator passivated structure, which is conspicuous from Fig.5.2 and figures 5.5(a), (b) & (c) is that in the region tOX < tOX(OPT), the oxide thickness is not a very critical parameter, as VBD varies only marginally for all junction depths. This is contrary to the MO with dielectric passivated devices where the edge breakdown voltage changes rapidly with change in oxide thickness in the same region.

Figures 5.6(a) & 5.6(b) depict another important feature of the semi-insulator passivated structure. As can be seen that the optimal oxide thickness (Fig.5.6(a)) and the maximum breakdown voltage (Fig.5.6(b)) increases with increase in junction depth for dielectric passivated structure, whereas the maximum breakdown voltage obtained under the optimal conditions for the semi-insulator passivated structure is nearly constant over a wide range of junction depth (Fig.5.6(b)). Specifically, VBD changes by a marginal 4% for a semi-insulator passivated structure, whereas it changes by as much as 27% for a dielectric passivated structure (die = 7.5), when the junction depth is increased from     1.0 m to 15 m. This aspect of the semi-insulator makes it an extremely important passivant for developing high-voltage Si detector with relatively shallow junctions. Also, it is clear from Fig.5.6(a) that for all junction depths, the optimal oxide thickness for the semi-insulator passivated structure is less than that of the dielectric passivated structure.
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 Fig.5.6(a): Optimal oxide thickness vs. junction depth vs. junction depth for the semi-insulator and dielectric passivated structure.
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Fig.5.6(b): Maximum breakdown voltage (for tOX = tOX(OPT)) vs. junction depth for the semi-insulator and dielectric passivated structure.

5.4.2   Effect of Metal-Overhang Width 

The influence of the metal-overhang extension (WMO) on the VBD of the semi-insulator and dielectric passivated metal-overhang structure is compared in Fig.5.7. 
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Fig.5.7: Breakdown voltage vs. field oxide thickness with different metal-overhang widths for the semi-insulator and dielectric (die=3.9) passivated structure.

At a first glance, the effect of increasing the extension of the metal contact enhances the VBD for both the cases due to the flattening of the equipotential lines near the junction edge. However, the increase in VBD with WMO for dielectric passivated structure is large as compared to semi-insulator passivated structure for all values of tOX. The figure also shows that for any given value of the metal-overhang width, the VBD for the semi-insulator passivated structure is greater than that for the dielectric passivated structure.

It can be seen from Fig.5.8(a) that for the dielectric passivated Si strip detector, the optimum oxide thickness increases with increase in metal-overhang extension, attains a maximum value and then decreases with further increase in WMO. 

The maximum VBD (Fig.5.8(b)) obtained under the optimal condition increases continuously with increase in WMO. Ideally, an infinite metal-overhang extension is required to maximize its advantage for high-voltage devices. However, in Si strip detectors, strip-pitch becomes a limiting factor for extending the overhang beyond a certain value and in fact, noise associated to the strip capacitance also increases with an increase in overhang width. Here, the semi-insulator passivated structure offers a decisive advantage over its dielectric counterpart because for such structures the maximum breakdown voltage obtained and also the optimal oxide thickness required for accomplishing it remain practically constant over a wide variation in metal-overhang.
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Fig. 5.8(a): Optimal oxide thickness vs. metal-overhang width for the semi-insulator and dielectric passivated structure.
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 Fig.5.8(b): Maximum breakdown voltage (for tOX = tOX(OPT)) vs. metal-overhang width for the semi-insulator and dielectric passivated structure.

5.4.3 Effect of Passivation Layer Thickness 

Fig.5.9 shows the variation of VBD with passivation layer thickness (tpass) for different passivants. 
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Fig.5.9: Breakdown voltage vs. passivation layer thickness for different passivants.

It can be seen that for dielectric passivated structure, VBD increases with increase in tpass, however, this increase is gradual for higher values of tpass. The effect of increasing tpass significantly increases the spreading of equipotential lines along the surface of the device, reduces the electric field crowding and hence increases the VBD. However, the semi-insulator effect is based on the linearization of the potential at the oxide/passivation layer interface and hence VBD remains independent of tpass for semi-insulator passivated structures. 

5.4.4  Effect of Surface Charges 

As already mentioned in the previous chapter, the SiO2-embedded positive charge layer causes a thin electron accumulation layer to build up at the Si-SiO2 surface. This results in a reduction of the depletion width, increasing the electric field in the Si close to the Si-SiO2 interface, eventually causing an avalanche breakdown in that region at much smaller voltages. Results for the breakdown voltage as a function of surface charge density are plotted in Fig.5.10(a)-(c) for three cases, i.e., tOX < tOX(OPT), tOX = tOX(OPT) and tOX > tOX(OPT) respectively. 
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 Fig.5.10(a): Breakdown voltage as a function of surface charge density with different passivants for tOX < tOX(OPT).

(b) tOX = tOX(OPT)
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(c) tOX > tOX(OPT)
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Fig.5.10: Breakdown voltage as a function of surface charge density with different passivants for (b) tOX = tOX(OPT), and (c) tOX > tOX(OPT).

In the region tOX < tOX(OPT), VBD of dielectric passivated structure decreases with increase in QF. However, in the same region, Fig.5.10(a) shows that the semi-insulator passivated structure remains almost insensitive to the surface charge for the same variation of QF, thus showing its superiority over the dielectric passivated structure. A similar behaviour is also observed for the case when tOX = tOX(OPT) (Fig.5.10(b)). Here also, only a marginal decrease in the value of the computed VBD is found with increasing oxide charge, thus indicating that the semi-insulator structure offers nearly total-immunity against the surface charge for tOX 
[image: image31.wmf]£

 tOX(OPT), which is again an outstanding attribute of semi-insulator passivated structures in adverse radiation conditions.

However, the situation is different for tOX > tOX(OPT) (Fig.5.10(c)), when the breakdown occurs at the junction edge, the simulation results indicate that the breakdown voltage assumes almost the same value after QF  = 4.0x1011 /cm2 for all the dielectric passivated structures. In fact, the VBD for the semi-insulator passivated structure also overlaps with that of the dielectric passivated structure after QF  = 6.5x1011 /cm2. Thus, in the region tOX > tOX(OPT) and  for large values of QF, VBD of the device is mainly governed by QF irrespective of the type of passivant used. From the above discussion, it is clear that in order to make full use of the passivant properties of the semi-insulator, the field oxide thickness used in the fabrication of the Si strip detectors, should be kept less than or equal to its optimal value.

5.4.5 Effect of Device Depth and Substrate Doping Concentration 

We have also investigated the dependence of VBD on the depletion layer width (which is almost equal to device depth (WN) for punch-through (PT) structures) and substrate doping concentration (NB). 
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 Fig. 5.11: Maximum breakdown voltage vs. device depth for different passivants.

It can be seen from Fig.5.11 that maximum breakdown voltage obtained for semi-insulator structure is greater than that achieved for dielectric passivated structures for all values of WN. 

To study the effect of NB on the optimal conditions, we have varied the doping concentration from 1 x 1012 to 1 x 1013 /cm3. Fig.5.12(a) and Fig.5.12(b) show the variation in the optimal oxide thickness and breakdown voltage as a function of NB respectively for the dielectric and semi-insulator passivated structures. It can be seen that the variation of both the optimal oxide thickness and the breakdown voltage is smaller for semi-insulator passivated structure. This shows that the semi-insulator passivated structures can be employed in a wide range of Si detectors (different resistivities and device depth) used in the HEP experiments.
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Fig.5.12(a):  Optimal oxide thickness voltage vs. substrate doping concentration for two passivants (a dielectric and a semi-insulator).
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 Fig.5.12(b): Maximum breakdown voltage vs. substrate doping concentration for two different passivants (a dielectric and a semi-insulator).

5.4.6
  Effect of Bulk Damage on Full Depletion and Breakdown Voltage

The depletion voltage required to operate a Si detector is directly proportional to Neff, and is given as:
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For Preshower, the fluence profile per year integrated with time [5.29] along with the minority carrier lifetime (using Kraner’s definition [5.6]) is given in Table 5.2. In Fig.5.13, we have plotted variation of Neff and VFD as a function of time and fluence during the 10 years of LHC operation for two initial resistivities of 4.0 K cm (Neff =1.0 x 1012 cm-3) and 2.5 K cm (Neff =1.68 x 1012 cm-3) using equations (5.2) and (5.7). The values of Neff considered here correspond to the various levels of the fluence expected over the full LHC operation. It is considered that the Si detectors will operate at –5oC for 10 years of operation with the exception of 2 days/year at room temperature needed for detector maintenance [5.29]. From Fig.5.13 it can be seen that the Si detector with initial resistivity of 4.0 Kcm becomes intrinsic after about 3 and a 1/2 year (after which type-inversion starts), whereas for 2.5 Kcm resistivity wafer the type inversion is slightly delayed (intrinsic after about 4 years). Also, it is clear that VFD approaches 244 volt for 4.0 Kcm wafer, and is marginally lower for 2.5 Kcm wafer after 10 years.
Table 5.2: Fluence profile (along with Neff and τ) of neutrons expected for PSD detectors.
	Year
	Fluence (each ear) x 1013 (n/cm2)
	Integrated fluence x 1013 (n/cm2)
	Neff x 1011 (/cm3)
	Minority carrier lifetime (ms)

	1
	0.2
	0.2
	9.16
	0.01111

	2
	0.6
	0.8
	7.19
	0.00303

	3
	1.2
	2.0
	3.68
	0.00123

	4
	2.5
	4.5
	-2.62
	0.00055

	5
	2.5
	7.0
	- 8.18
	0.00036

	6
	2.5
	9.5
	- 13.5
	0.00026

	7
	2.5
	12.0
	- 18.8
	0.00021

	8
	2.5
	14.5
	- 24.3
	0.00017

	9
	2.5
	17.0
	- 29.9
	0.00014

	10
	2.5
	19.5
	- 35.6
	0.00013



[image: image36.png]INer (em)

Fluence (10 em®)
0 02 08 20 45 70 95 120 145 170 195

BOE+2
520
70E+2 480
440
BDE+2
400
360
5DE+2 —— Resistiity =42 KQ cm
320
- Resistiity = 2.5 KQ cm
4DE+2 280
20
3DE+2 200
160
20E+12
120
&0
1.0E412
il
15E410 0

1

Time (years)

Vo (volt)



 Fig.5.13:  Variation of effective carrier concentration (Neff) and full depletion voltage as a function of time and fluence during the 10 years of LHC operation.

Fig.5.14(a) and Fig.5.14(b) show the plot of 2-D electric field distribution for the dielectric passivated  structure. It is clear that before type-inversion the depletion region spreads from the front side however, after type-inversion it grows from the rear side indicating that the main junction has shifted from the front side to the backside. Also, after type-inversion, another dominant electric field also develops around the curvature of the front p+/p junction (Fig.5.14(b)). Thus, two dominant peak electric fields are obtained after type-inversion, one at the back junction (p-/n+) and other at the front junction (p+/p-).
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Fig.5.14:  Simulated electric field distribution within the detectors at an applied bias of 35V for two values of Neff : (a) before type inversion (n-type), Neff =1 x 1012 cm-3, and (b) after type inversion (p-type) Neff = -8.18 x 1011 cm-3.

Fig.5.15 shows the plot of breakdown voltage as a function of Neff for a dielectric (die =7.5) and semi-insulator passivated structures. It can be seen that breakdown voltage continuously increases with increasing fluence. In order to understand this behavior, figures 5.16(a)-(d) show the three-dimensional electric field distribution within the device for progressive radiation. 
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 Fig.5.15:  Breakdown voltage vs. Neff   for different passivants.

In the p+/n/n+ detector, the electric field before type-inversion is strongest at the front p+ strip junction and breakdown occurs over there (either at the junction curvature or at the metal-overhang edge). It can be seen that as Neff is decreased from 1 x 1012 cm-3 (Fig.5.16(a)) to 1.5 x 1010 cm-3 (Fig.5.16(b)), the peak electric field at the front junction decreases due to the effective spreading of the potential at the junction curvature. Thus VBD increases, as device becomes less n-type before type-inversion. 
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Fig.5.16:  3-D electric field distribution within the detectors at an applied bias of 500V for different values of Neff: (a) before type inversion (n-type), Neff =1 x 1012 cm-3, (b) intrinsic, Neff =1.5 x 1010 cm-3 & (c) after type inversion (p-type), Neff = -8.18 x 1011 cm-3.
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Fig.5.16(d):  3-D electric field distribution within the detectors at an applied bias of 500V for Neff  = -3.56 x 1012 cm-3 after type inversion (p-type).

As the device is inverted to p-type (Fig.5.16(c)), the depletion layer spreads from the rear side. As a consequence of homogeneous irradiation, the field is higher near the back junction and since the back junction is plane-parallel the field is very uniform also. This, in turn, results in the smooth down of local field peak at curvature of front junction. An important feature of Fig.5.16(c) is that after type-inversion, although the main junction is at the rear side, the maximum electric field and hence the avalanche breakdown still occurs at the front side. This is because of the difference in the nature of two junctions: front junction has a curvature whereas back junction is plane parallel and for a given bias, electric field at the curved junction is greater than the electric field at the plane parallel junction. Thus, bulk inversion results in the reduction in the potential crowding at the front junction (and hence within the silicon bulk), which in effect leads to an improvement in the breakdown performance. 

This is also clear from the maximum electric field vs. Neff plot as shown in Fig.5.17, wherein it can be seen that as the detector is inverted and becomes progressively p-type, the peak electric field at the front junction (and hence in the Si substrate) decreases at a given bias, thus improving the breakdown performance of Si detectors with radiation.
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 Fig.5.17: Variation of maximum electric field at the front and back junction with Neff at an applied bias of 500 V.
It can also be seen from Fig.5.15 that VBD of semi-insulator passivated structure is less sensitive to Neff as compared to dielectric passivated detectors. This can be attributed to the fact that in semi-insulator structures, the potential distribution is more uniform before type-inversion also and the field crowding at the front junction edge beneath the metal-overhang is already alleviated. Another important result is that for all values of Neff, maximum VBD for semi-insulator structure is greater than that of the dielectric passivated ones.

5.5 Comparison with Experimental Work

In order to support the simulation analysis performed for the passivated structures, the simulator has been calibrated against the experimental data [5.16 & 5.31]. For clarity, cross-sections of the structures given in these references are shown in Fig.5.18(a) [5.16] and Fig.5.18(b) [5.31]. The results are given in Table 5.3 along with the information on salient device parameters. A very good agreement between the experiments and simulations is found, thus validating our present effort.


[image: image46.png]2 i 125um

P+ (base)

N (collector) Stop channel

emitter

Al ®)

|

l passivation layer

1o,
A
P

¥ |oum

N- Substrate




Fig.5.18: Cross-sections of the structures simulated for experimental verification. (a) corresponds to structure given in Ref. [5.16] and (b) is for Ref. [5.31]. Figures are not to scale.
Table 5.3: Comparison of the simulation results with the experimental work 

	Resistivity

()

((-cm)
	Collector-base junction
	tOX

(m)
	Field plate-stop channel distance  (L)

(m)
	Present

simulation

result (P)

(V)
	Exp.data (E)

(V)
	(P-E)/P

	60 [5.16]


	14 m

(QF=3x1011

/cm2)
	1.25
	60
	830
	880
	-6%

	
	
	
	110
	1005
	1045
	-4%

	
	
	
	210
	1080
	1065
	1%

	75 [5.16]


	14 m

(QF=3x1011

/cm2)
	1.25
	80
	1170
	1150
	2%

	
	
	
	110
	1200
	1245
	-4%

	
	
	
	210
	1540
	1500
	3%


	
((-cm)
	XJ

(m)
	Semi-insulator

(SIPOS) passivated
	Nitride

passivated

	
	
	QF

(x1011)

(/cm2)
	VBD
(P)

(V)
	VBD
(E)

(V)
	(P-E)/P


	QF

(x1011)

(/cm2)
	VBD
(P) (V)
	VBD
(E)

(V)
	(P-E)/P

	50 [5.31]


	70

(tOX=1m)
	0.5
	1260
	1200
	5%
	0.75
	1115
	1190
	-6%

	
	
	1.0
	1305
	1390
	-6%
	2
	1440
	1420
	1%

	
	
	4.5
	1530
	1500
	2%
	3.4
	1560
	1630
	-4%


5.6 Static Measurements on Irradiated Si Sensors

The static measurements (Current-Voltage (I-V) and Capacitance-Voltage (C-V)) were performed at CERN, Geneva, on five irradiated Si microstrip detectors of different designs and coming from four manufacturers. Measurements on these detectors were carried out earlier, both before and after irradiation, by Dr. Anna Peisert, CERN. We have compared our measurements with the earlier set of measurements to analyze the improvement in I-V characteristics and study the variation in full depletion and breakdown voltage.

5.6.1  Irradiation Facility

The Irradiation of all the detectors were carried out at the CERN Proton Synchrotron (PS). The damage factor for this beam is 0.5 to 0.6, i.e., the equivalent 1-MeV-neutron fluence is about half the 24 GeV-proton fluence. The period needed to achieve the fluences between 2.8x1014 p/cm2 and 3.2 x 1014 p/cm2 (error ~ 6% [5.32]) was about 6-10 days. During irradiation, the detectors were kept under realistic operating conditions, cooled to a temperature of about –7(C, with an applied bias of 150 volt. Sensors were stored at temperatures below –3(C after the exposure and taken out into ambient conditions only for measurements. 

5.6.2  Measurement Set-ups

Set-up used for measuring the static characteristics (I-V and C-V) of the sensors is shown in Fig.5.19. Total current and capacitance measurements were performed with High-Voltage (HV) source (Keithley 237), which also acts as the current meter and LCR meter (HP4284A) (along with an isolation box) connected to a PC running LabVIEW program. 
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 Fig.5.19:  I-V & C-V setup at CERN

Total detector current (I) was measured by connecting all the 32 strips together as shown in Fig.5.20(a). Keithley 237, which can supply up to 1100 volt, biases the detector and also measures the current. Non-irradiated sensors were measured at room temperature and the irradiated ones at temperature below 00C. For irradiated detectors current is calibrated at -5(C using the relation

                          I = a ebT,

where values of  a and b were already calculated using current vs temperature measurement for different fluences. 
For total capacitance, the measurements were carried out using HP4284 LCR Meter using Keithley 237 HV source to bias the detector (Fig.5.20(b)). An HV isolation box was used to decouple the HV from the LCR meter. For the measurement, AC frequency of 100 kHz was used for non-irradiated detectors and 5kHz for the irradiated ones with 30 mV AC amplitude.
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Fig.5.20:  Test set-up for measurement of (a) total current and (b) total capacitance.

5.6.3 Measurement Results on Irradiated Sensors

The detectors used in the study along with device depth and irradiation fluence are listed in Table 5.4.

Table 5.4: Tested detectors, their depths and the irradiation flux to which they were exposed. 

	Detector
	Depth (m)
	Fluence (p/cm2)

	India 2000-1
	300
	3 x 1014

	Elma RTS 12-24-21
	282
	3 x 1014

	Taiwan 1-3
	310
	2.8 x 1014

	Greece N4
	384
	2.8 x 1014

	Taiwan H-8044-4
	325
	3.16 x 1014


Figures 5.21(a) & 5.21(b) show an example of the I-V & C-V characteristics of one of the sensors fabricated at Bharat Electronics Limited (BEL). It can be seen that before irradiation, detector has a very low leakage current at small voltages and the breakdown occurs at about 60-70 volt. Here, we define the breakdown voltage as a voltage at which the leakage current shows a sharp increase, accompanied by a rapid increase in the capacitance (or a decrease of 1/C2 Fig.5.21(b)). When the measurement was performed after irradiation, the leakage current increases manifold, by an order of 3-4.  However, an interesting fact to notice is that the current behaviour is now stable up to 400 volt without any signs of breakdown. In the subsequent measurements, when the detectors were kept at cold temperature, the improvement both in terms of leakage current and breakdown voltage is observed. The value of full depletion voltage is deduced from the 1/C2 vs. VBias plot. It can be seen that immediately after irradiation, VFD increases from 50 volt (before irradiation) to 210 volt indicating the occurrence of bulk-inversion. The decrease in the value of VFD in the next measurements after irradiation signifies that beneficial annealing has taken place. In fact, its value has come down to 145 volt in the measurement taken on 2nd May 2001. 
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Fig.5.21(a): Leakage current of an Indian detector as a function of applied bias. 


[image: image51.png]1¢* (F?)

8.0E+17

70E+17

6.0E+17

S0E+17

4.0E+17

30E+17

20E417

10E+17

0.0E+00

India 2001-1

200

400

600 800
Vgias (VoIt)

1000

—+—10-2.2000
2deqgC, non-rad,|
ov)

—=—19-9.2000 (rrad, Vid
=210v)

4 11-4-2001 (rrad,
Vid=170v)

—+—02-05-2001(irrad,
Vid=145 volt)




 Fig.5.21(b): Inverse square capacitance of an Indian detector as a function of applied bias. The measured full depletion voltage is also indicated.


Similar I-V behaviour is also observed for the detectors (figures 5.22(a)-(c)) from other foundries. These results, thus, further validate the improvement in the breakdown performance of Si sensors after irradiation.
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Fig. 5.22(a): Leakage current of a Taiwan detector as a function of applied bias.
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 Fig. 5.22(b): Leakage current of the 2nd Taiwan detector as a function of applied bias.
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 Fig. 5.22(c): Leakage current of another Indian detector as a function of applied bias.
5.7 Conclusions

In this chapter, the application of the 2-D device simulation to the analysis and comparison of the dielectric and semi-insulator passivated metal-overhang structure has been described. By analyzing simulation results, influences of all the salient physical and geometrical parameters on these structures have been elaborated. 

It is demonstrated that higher values of relative permittivity (die) of the passivant dielectric play an important role in determining VBD, and results in an increase in breakdown voltage as compared to the unpassivated detector. Also, VBD increases with an increase in die in the region tOX < tOX(OPT) for dielectric passivated structures. However, semi-insulator passivated structure results in still higher values of VBD for all values of tOX due to the better distribution of equipotential lines under the same conditions. It is found that the optimal oxide thickness decreases with increase in die for dielectric passivated structure and for the semi-insulator passivated structure, the decrease is still greater. For semi-insulator passivated structure, the maximum breakdown voltage achieved for the optimal field oxide thickness remains fairly constant over a wide variation in the junction depth. Thus, the present study shows that the semi-insulator passivated structures allow for a design of Si strip detectors with shallow junctions and thinner oxides, reducing dead layer and making the detectors more suitable for high-energy physics experiments. 

Also, for semi-insulator passivated structures, the maximum VBD obtained under the optimal conditions is found to be independent of the overhang width. The small values of metal-overhang would help in the design of high voltage and low noise Si strip detector, since increasing the metal extension results in higher interstrip capacitance and hence the noise associated with it. VBD of semi-insulator passivated structure is also found to be independent of tpass, whereas that of dielectric passivated structure increases with increase in tpass.

Effect of the bulk damage in Si sensors shows that the increase in fluence results in the smooth down of the local field peak at the front side of the single sided p+/n/n+ detector (where the detector breakdown occurs) and hence an improvement in the breakdown performance is observed.

Another very important feature of the semi-insulator passivated structure is the nearly constant breakdown voltage for a wide variation in QF for tOX 
[image: image55.wmf]£

 tOX(OPT), this establishes its supremacy and offers an extremely important design flexibility when realizing high-voltage junctions for Si strip detector. Thus, the present study shows that semi-insulator passivated structures are attractive for achieving high breakdown voltages of Si strip detectors.

The measurements performed on irradiated detectors show an improvement in terms of breakdown performance after irradiation. After irradiation, the depletion voltage and total leakage current of irradiated detectors are decreasing with time over the period. 






PAGE  
132

_1087115486.xls
vbd_vs_xj(for tox(opt)

		0.2		0.2		0.2		0.2

		1		1		1		1

		3.5		3.5		3.5		3.5

		15		15		15		15



NB = 1x1012 /cm3
WN=300 microns
WMO=20 microns
QF=3x1011 /cm2

semi-insulator

edie=1.0

edie=3.9

edie=7.5

(b)

Junction depth (microns)

Max. VBD (for tOX=tOX(OPT)) (volt)

2500

2550

2750

3800

2860

2930

2950

3900

3350

3450

3500

3850

3600

3750

3750

3750



Sheet1

																										Xj		VBD

																												air		sio2		si3n4		si

																										0.2		2500		2550		2750		3800

																										1		2860		2930		2950		3900

																										3.5		3350		3450		3500		3850

																										15		3600		3750		3750		3750






_1087825107.xls
Xj=0.2

		0.4		0.4		0.1		0.4

		1		0.7		0.4		1.2

		1.6		0.9		1		1.6

		4		1.6		1.6		4

		12		4		4		12

				12		12



XJ=0.2 microns

NB = 1x1012 /cm3
WN = 300 microns
WMO=20 microns
QF=3x1011/cm2

semi-insulator

edie=1.0

edie=7.5

edie=3.9

Oxide thickness (microns)

Breakdown voltage (V)

1700

2000

3650

1430

2550

2600

3820

2450

2200

2750

3700

2130

1230

2230

3120

1210

850

1250

1840

850

865

975



Sheet1

		

				air(xj=0.2)						sio2(xj=0.2)						sin(xj=0.2)						si(xj=0.2)

								0.4		1700				0.4		2000				0.1		3650

		0.4		1430				1		2550				0.7		2600				0.4		3820

		1.2		2450				1.6		2200				0.9		2750				1		3700

		1.6		2130				4		1230				1.6		2230				1.6		3120

		4		1210				12		850				4		1250				4		1840

		12		850										12		865				12		975






_1090656950.xls
tox(opt)_vs_wmo

		10		10		10		10

		20		20		20		20

		30		30		30		30

		40		40		40		40



semi-insulator

edie=1.0

edie=3.9

edie=7.5

NB = 1x1012 /cm3
WN=300 microns
XJ=0.2 microns
 QF=3x1011 /cm2

Width of metal-overhang (microns)

tOX(OPT) (microns)

0.8

0.7

0.7

0.4

1.2

1

1

0.4

1

0.8

0.7

0.4

0.7

0.6

0.5

0.4



Sheet1

		

																										Wmo		tox(opt)

																												air		sio2		si3n4		semi-I

																										10		0.8		0.7		0.7		0.4

																										20		1.2		1		1		0.4

																										30		1		0.8		0.7		0.4

																										40		0.7		0.6		0.5		0.4






_1090659811.xls
Xj=3.5

		0.4		0.4		0.4		0.1

		1		1		1		0.4

		1.6		1.6		1.6		1

		2		2		2		1.6

		4		4		4		4

		12		12		12		12



NB = 1x1012/cm3
WN=300 microns
WMO=20 microns
 QF=3x1011 /cm2

(b)  XJ=3.5 microns

edie=1.0

edie=7.5

edie=3.9

semi-insulator

Oxide thickness (microns)

Breakdown voltage (volt)

1500

1760

1950

3750

2420

2660

2820

3825

3120

3350

3500

3860

3350

3450

3500

3850

2650

2700

2720

3750

2530

2590

2610

3120



Sheet1

		

										xj=3.5

				air						sio2						si3n4						semi-I

		0.4		1500				0.4		1760				0.4		1950				0.1		3750

		1		2420				1		2660				1		2820				0.4		3825

		1.6		3120				1.6		3350				1.6		3500				1		3860

		2		3350				2		3450				2		3500				1.6		3850

		4		2650				4		2700				4		2720				4		3750

		12		2530				12		2590				12		2610				12		3120






_1090659812.xls
Xj=15

		0.4		0.4		0.4		0.4

		1		1		1		1

		1.6		1.6		1.6		1.6

		2		4		2		2

		4		12		4		4

		12				12		12



NB = 1x1012 /cm3
WN=300 microns
WMO=20 microns
QF=3x1011 /cm2

(c)   XJ=15.0 microns

semi-insulator

edie=7.5

edie=3.9

edie=1.0

Oxide thickness (microns)

Breakdown voltage (volt)

2060

2400

2620

3700

3200

3550

3700

3750

3550

3750

3750

3750

3600

3700

3750

3750

3550

3715

3750

3750

3550

3700

3750



Sheet1

		

										xj=15

		0.4		2060				0.4		2400				0.4		2620				0.4		3700

		1		3200				1		3550				1		3700				1		3750

		1.6		3550				1.6		3750				1.6		3750				1.6		3750

		2		3600				4		3700				2		3750				2		3750

		4		3550				12		3715				4		3750				4		3750

		12		3550										12		3700				12		3750






_1091527587

_1090657162.xls
Chart1

		0.7		0.7		0.7		0.7

		1.4		1.4		1.4		1.4

		3.9		3.9		3.9		3.9

		6.4		6.4		6.4		6.4

		8.9		8.9		8.9		8.9



Unpassivated

edie=7.5

edie=3.9

semi-insulator

NB = 1x1012 /cm3
XJ=1.0 micron
tOX=0.4microns
WMO=20 microns
WN = 300 microns
QF=3x1011/cm2

passivation layer thickness (microns)

VBD (volt)

1950

3800

1700

1430

2050

3800

1800

2280

3800

1930

2380

3800

1980

2450

3800

2050



Sheet1

		

				AIR		SIO2		SI3N4		SI

		0.7		1430		1700		1950		3800

		1.4				1800		2050		3800

		3.9				1930		2280		3800

		6.4				1980		2380		3800

		8.9				2050		2450		3800





Sheet2

		





Sheet3

		






_1088064844.xls
tox>tox(opt)

		300000000000		300000000000		300000000000		300000000000

		400000000000		400000000000		400000000000		400000000000

		500000000000		500000000000		500000000000		500000000000

		650000000000		650000000000		650000000000		650000000000

		800000000000		800000000000		800000000000		800000000000

		1000000000000		1000000000000		1000000000000		1000000000000



XJ=0.2 microns

WN =300 microns

WMO=30 microns

semi-insulator

dielectrics

NB = 1x1012 /cm3

Surface charge density (/cm2)

Breakdown voltage(volt)

1020

1050

1050

1850

720

720

725

950

415

415

418

550

147

148

144

145

130

127

132

134

105

105

105

105



Sheet1

								Effect of qf

								tox> tox(opt)

				air(xj=0.2)		sio2		sin

		qf

		3.00E+11		1020		1050		1050		1850

		4.00E+11		720		720		725		950

		5.00E+11		415		415		418		550

		6.50E+11		147		148		144		145

		8.00E+11		130		127		132		134

		1.00E+12		105		105		105		105






_1088064852.xls
tox=tox(opt)

		300000000000		300000000000		300000000000		300000000000

		400000000000		400000000000		400000000000		400000000000

		500000000000		500000000000		500000000000		500000000000

		650000000000		650000000000		650000000000		650000000000

		800000000000		800000000000		800000000000		800000000000

		1000000000000		1000000000000		1000000000000		1000000000000



XJ=0.2 microns

WN =300 microns

WMO=30 microns

edie=1.0

edie=3.9

edie=7.5

semi-insulator

NB = 1x1012 /cm3

Surface charge density (/cm2)

Breakdown voltage(volt)

2860

2950

3160

3950

2500

2750

2910

3750

2180

2510

2730

3700

1650

2080

2400

3700

1100

1530

1850

3600

870

1255

1600

3250



Sheet1

								Effect of qf

								tox = tox(opt)

				air(xj=0.2)		sio2		sin		si

		qf

		3.00E+11		2860		2950		3160		3950

		4.00E+11		2500		2750		2910		3750

		5.00E+11		2180		2510		2730		3700

		6.50E+11		1650		2080		2400		3700

		8.00E+11		1100		1530		1850		3600

		1.00E+12		870		1255		1600		3250






_1087825258.xls
tox(opt)_vs_xj

		0.2		0.2		0.2		0.2

		1		1		1		1

		3.5		3.5		3.5		3.5

		15		15		15		15



NB = 1x1012 /cm3
WN=300 microns
WMO=20 microns
QF=3x1011 /cm2

semi-insulator

edie=1.0

edie=3.9

edie=7.5

(a)

Junction depth (microns)

Optimal oxide thickness  (microns)

1.2

1

0.9

0.4

1.6

1.4

1.2

0.9

2

1.8

1.7

1

2.2

2

1.9

1



Sheet1

		

																										Xj		tox(opt)

																												air		sio2		si3n4		si

																										0.2		1.2		1		0.9		0.4

																										1		1.6		1.4		1.2		0.9

																										3.5		2		1.8		1.7		1

																										15		2.2		2		1.9		1






_1087826466.xls
Chart1

		100		100		100		100

		200		200		200		200

		300		300		300		300



edie = 1.0

edie = 7.5

semi-insulator

edie = 3.9

NB = 1x1012 /cm3
XJ=1.0 micron
tOX=0.4 microns
WMO=20 microns
QF=3x1011/cm2

WN (microns)

Maximum breakdown voltage (volt)

870

970

1060

1525

1900

2000

2100

2700

2860

2930

3050

3900



Sheet1

		

				air		sio2		sin		si

		100		870		970		1060		1525

		200		1900		2000		2100		2700

		300		2860		2930		3050		3900






_1087121928

_1087122110.xls
Chart1

		1000000000000		1000000000000

		500000000000		500000000000

		100000000000		100000000000

		15000000000		15000000000

		-1250000000000		-1250000000000

		-2000000000000		-2000000000000

		-3600000000000		-3600000000000



semi-insulator

edie=7.5

n-type (before type-inversion)

p-type (after type-inversion)

XJ = 1.0 micron
WMO=20 microns
WN = 300 microns
QF=3x1011/cm2

Effective doping concentration (/cm3)

Breakdown voltage (volt)

2460

3700

2600

3800

2720

3840

2750

3850

3050

3920

3200

3950

3340

4000



Sheet1

		

				sin		si

		1.00E+12		3050		3900

		1.50E+10		2750		3850

		-1.25E+12		2460		3700

		-3.60E+12

						1.50E+10		-1.25E+12		-3.63E+12

		tox												1.00E+12		2460		3700

		0.4				2000		2070		2250				5.00E+11		2600		3800

		0.7				2350		2510		2700				1.00E+11		2720		3840

		1.5				2930		3100		3340				1.50E+10		2750		3850

		2				2630		2720		2940				-1.25E+12		3050		3920

		6				1540		1625		1825				-2.00E+12		3200		3950

														-3.60E+12		3340		4000

		1.00E+12		3050

		1.50E+10		2930		3550

		-1.25E+12		3100		3600

		3.60E+12		3340		3650






_1087209024

_1087385311

_1087122127.xls
Chart1

		1000000000000		1000000000000

		500000000000		500000000000

		100000000000		100000000000

		15000000000		15000000000

		-1250000000000		-1250000000000

		-2000000000000		-2000000000000

		-3600000000000		-3600000000000



n-type (before type-inversion)

p-type (after type-inversion)

at front junction

at back junction

XJ = 1.0 micron
WMO = 20 microns
WN = 300 microns
QF=3x1011/cm2

Effective doping concentration (/cm3)

Maximum electric field (volt/cm)

167000

14600

160000

15000

156000

16000

154000

16800

136400

19700

125000

21000

103000

25000



Sheet1

		

														1.00E+12		1.67E+05		1.46E+04

														5.00E+11		1.60E+05		1.50E+04

														1.00E+11		1.56E+05		1.60E+04

														1.50E+10		1.54E+05		1.68E+04

														-1.25E+12		1.36E+05		1.97E+04

														-2.00E+12		1.25E+05		2.10E+04

														-3.60E+12		1.03E+05		2.50E+04






_1087121976

_1087122005

_1087121943

_1087119452.xls
tox<tox(opt)

		300000000000		300000000000		300000000000		300000000000

		400000000000		400000000000		400000000000		400000000000

		500000000000		500000000000		500000000000		500000000000

		650000000000		650000000000		650000000000		650000000000

		800000000000		800000000000		800000000000		800000000000

		1000000000000		1000000000000		1000000000000		1000000000000



XJ=0.2 microns

WN =300 microns

WMO=30 microns

semi-insulator

edie=1.0

edie=3.9

edie=7.5

(a)  tOX < tOX(OPT)

NB = 1x1012 /cm3

Surface charge density (/cm2)

Breakdown voltage (volt)

2120

2440

2630

3800

1850

2200

2400

3800

1550

1930

2180

3800

1370

1540

1760

3800

1300

1400

1560

3780

1170

1260

1440

3750



Sheet1

								Effect of qf

								tox < tox(opt)

				air(xj=0.2)		sio2		sin		si

		qf

		3.00E+11		2120		2440		2630		3800

		4.00E+11		1850		2200		2400		3800

		5.00E+11		1550		1930		2180		3800

		6.50E+11		1370		1540		1760		3800

		8.00E+11		1300		1400		1560		3780

		1.00E+12		1170		1260		1440		3750






_1087119592.xls
Chart2

		10000000000000		10000000000000

		7500000000000		7500000000000

		5000000000000		5000000000000

		2500000000000		2500000000000

		1000000000000		1000000000000



semi-insulator

edie=7.5

XJ=1.0 micron
WN = 300 microns
WMO=20 microns
QF=3x1011/cm2

(a)

Substrate doping concentration ( /cm3)

optimal oxide thickness (microns)

1.25

1.6

1.2

1.5

1.1

1.4

1

1.2

0.9

1



Sheet1

		

				sin		si

		1.00E+13		1.6		1.25

		7.50E+12		1.5		1.2

		5.00E+12		1.4		1.1

		2.50E+12		1.2		1

		1.00E+12		1		0.9






_1087119229.xls
Chart1

		0.4		0.1		0.1		0.1

		0.7		0.4		0.4		0.4

		1		0.7		1		0.7

		1.2		1		1.6		1

		1.6		1.6		4		1.6

		4		4		12		4

		12		12				12



NB = 1x1012/ cm3
WN = 300 microns
XJ=0.2 microns
QF=3x1011/cm2

WMO=20 microns ( edie=3.9)

WMO=40 microns ( semi-insulator)

WMO=20 microns ( semi-insulator)

WMO=40 microns ( edie=3.9)

Oxide thickness (microns)

Breakdown voltage (volt)

1700

2310

3650

3800

2190

3650

3820

3900

2550

3720

3700

3880

2600

3600

3120

3810

2200

3050

1840

3280

1230

1750

975

1970

850

980

1100



Sheet1

		

						sio2

		0.4		1360				0.4		1700										0.1		2310

		0.7		1810				0.7		2190				0.4		2440				0.4		3650

		1		1635				1		2550				0.7		2950				0.7		3720

		1.6		1230				1.2		2600				1		2860				1		3600

		2		1060				1.6		2200				1.6		2060				1.6		3050

		4		780				4		1230				2		1750				4		1750

		12		1250				12		850				4		1050				12		980

														12		1350

						si

		0.1		3850				0.1		3650				0.1		3800				0.1		3800

		0.4		3850				0.4		3820				0.4		3800				0.4		3900

		0.7		3550				1		3700				0.7		3600				0.7		3880

		1		2850				1.6		3120				1		3200				1		3810

		1.6		2540				4		1840				1.6		2430				1.6		3280

		4		1660				12		975				2		2070				4		1970

		12		1400										4		1200				12		1100

														12		1000






_1080216000.unknown

_1084285319

_1085058818

_1086166932.xls
Chart1

		1000000000000		1000000000000

		2500000000000		2500000000000

		5000000000000		5000000000000

		7500000000000		7500000000000

		10000000000000		10000000000000



semi-insulator

edie=7.5

XJ=1.0 micron
WN = 300 microns
WMO=20 microns
QF=3x1011/cm2

(b)

Substrate doping concentration (/cm3)

Maximum VBD (volt)

3050

3900

2950

3870

2750

3850

2600

3770

2460

3700



Sheet1

		

				sin		si

		1.00E+12		3050		3900

		2.50E+12		2950		3870

		5.00E+12		2750		3850

		7.50E+12		2600		3770

		1.00E+13		2460		3700






_1086182967

_1087115412.xls
Xj=1.0

		0.4		0.4		0.1		0.4

		1.2		1		0.4		1

		1.6		1.3		0.8		1.1

		2		1.6		1		1.6

		4		4		1.6		4

		12		12		4		12

						12



NB = 1x1012 /cm3
WN = 300 microns
WMO=20 microns
QF=3x1011/cm2

(a) XJ=1.0 microns

semi-insulator

edie=1.0

edie=3.9

edie=7.5

Oxide thickness (microns)

Breakdown voltage (volt)

1430

1700

3700

1950

2600

2600

3800

2990

2860

2930

3870

3050

2540

2920

3900

2950

1700

1745

3800

1770

1170

1260

2520

1265

2100



Sheet1

				air(xj=1.0)						Sio2(xj=1.0)						Semi-i(xj=1.0)						Sin(xj=1.0)

														0.1		3700

		0.4		1430				0.4		1700				0.4		3800				0.4		1950

		1.2		2600				1		2600				0.8		3870				1		2990

		1.6		2860				1.3		2930				1		3900				1.1		3050

		2		2540				1.6		2920				1.6		3800				1.6		2950

		4		1700				4		1745				4		2520				4		1770

		12		1170				12		1260				12		2100				12		1265






_1086171364

_1085059659

_1086165860.xls
vbd_vs_wmo(for tox(opt)

		10		10		10		10

		20		20		20		20

		30		30		30		30

		40		40		40		40



NB = 1x1012 /cm3
WN=300 microns
XJ=0.2 microns
QF=3x1011 /cm2

semi-insulator

edie=1.0

edie=3.9

edie=7.5

Width of metal-overhang (microns)

Max. VBD (for tOX=tOX(OPT)) (V)

1605

1810

1925

3800

2500

2600

2750

3800

3000

3100

3260

3850

3700

3720

3800

3900



Sheet1

				air(xj=1.0)																						Wmo		VBD

																												air		sio2		si3n4		semi-I

		0.4		1430																						10		1605		1810		1925		3800

		1.2		2600																						20		2500		2600		2750		3800

		1.6		2860																						30		3000		3100		3260		3850

		2		2540																						40		3700		3720		3800		3900

		4		1700				ACTUAL

		12		1170		Wmo		VBD

								air		sio2		si3n4		si

				air(xj=1.0)		10		1605		1810		1925		3780

						20		2500		2550		2750		3800

		0.4		1430		30		2860		2950		3160		3850

		1.2		2600		40		3750		3650		3800		3900

		1.6		2860

		2		2510

		4		1700

		12		1170

				air

		0.4		1500

		1		2420

		1.6		3120

		2		3350

		4		2650

		12		2530

				air

		0.4		1500

		1		2420

		1.6		3120

		2		3350

		4		2650

		12		2560

		0.4		2060

		1		3200

		1.6		3550

		2		3600

		4		3550

		12		3550






_1085060350

_1085058858

_1084976151.unknown

_1085050435

_1084801120

_1083505351.unknown

_1083586314

_1083586899.bin

_1083505855.unknown

_1081339709.unknown

_1081931924.unknown

_1081200384.unknown

_1057660978

_1057661088

_1059479686

_1059479829

_1059211321.unknown

_1059211295.unknown

_1057661011

_1057652939

_1057653278

_1057652867

_999542715.unknown

