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ABSTRACT 

In an attempt to improve the performance of modern 

VLSI chips, new process compatible devices that have small 

geometry, fast switching speed, and less power consumption 

are sought. Punch-Through Space-Charge-Limited Loads 

(PTSCLL) may provide such a device. They may be used as a 

possible high resistance load in VLSI design. The PTSCLL is 

easy to incorporate since it is compatible with a modern 

fabrication process and has a structure similar to an MOS 

device without the gate. This thesis extends an earlier 

study of PTSCLL. Since the PTSCLL is a planar device, a 

two-dimensional analysis is needed to predict performance. 

The surface and substrate bias effects as well as the 

effects of geometry on the I-V characteristic of PTSCLL was 

investigated. It is found that the dynamic resistance 

increases as the surface to substrate reverse bias becomes 

larger. It also increases as the channel length and 

substrate doping increase. But the resistance decreases as 

the channel width, junction depth, and oxide thickness 

over the channel increase. These results can be 

incorporated into the design of PTSCLL to optimize the 

dynamic resistance and performance of the device. 

xiii 



CHAPTER 1 

INTRODUCTION 

Since the development of the first integrated 

circuit, there has been a search for IC devices that are 

smaller, with faster switching speed, and lower power 

consumption. Dennard et al. [8] and Hart et al. [11] 

developed the scale-down approach for MOS devices to 

predict performance as dimensions are decreased. As the 

channel length, oxide thickness, and junction depth are 

made k times smaller and the substrate concentration is 

made k times higher, then the gate voltage, substrate 

bias, and drain voltage are k times lower than for the 

standard device. Using this approach, the depletion layer 

width, as well as the threshold voltage, are scaled down 

proportionately and the electric field is maintained 

approximately constant. This results in an electric current 

that is k times smaller while the power dissipation per 

unit area remains unchanged. The time required to charge or 

discharge a load capacitor, which is the measure of the 

delay per gate, becomes k times shorter, providing improved 

high-speed response. Breakdown voltages are reduced, 

because the electric field strength is maintained as the 

dimensions are reduced. This approach has led to the 

1 
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development of very small MOS device geometries. 

Recent improvements in semiconductor technology, such 

as PMMA photoresist using soft X-ray exposures, can produce 

a linewidth as small as 200 A [1]. The use of refractory 

metals or metal silicides [16] has dramatically reduced the 

series resistance of the source/drain contacts and of the 

polysilicon. Improved cooling technology [30] can sustained 

a power dissipation of 10 W/cm2-°C. All of these 

developments show that the limitation to the 

miniaturization of MOS devices is not restricted by the 

fabrication technique. This limit is determined by the 

behavior of the devices. Hoeneisen et al.[12] have 

considered various physical phenomena that ultimately limit 

device size and hence performance, such as drain-source 

punch-through, drain 'corner' breakdown, gate oxide 

breakdown, and power dissipation. However, the two 

principal mechanisms limiting the size of MOS devices are 

(a) the punch-through mechanism and (b) the impact 

ionization or breakdown mechanism at the drain. 

1.1 Punch-Through Space-Charge-Limited Load 

The punch-through mechanism in a MOSFET device 

occurs when the drain depletion layer spreads toward the 

source with increasing drain voltage until it reaches the 

source depletion region. This results in a field 
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distribution along the drain edge of the source region that 

permits the injection of carriers into the bulk depletion 

region, as shown in Fig. 1-1 (a) and (b) for an n-channel 

device. This is an unwanted phenomenon in the short-channel 

MOS device [2]. It will give rise to an undesirable leakage 

current in the OFF state of a short-channel MOSFET. It is 

characterized by a gradual transition from a pentode-like 

to a triode-like device characteristic. Troutman [29] 

pointed out that a reverse bias on one diffused junction 

can create a field pattern that can lower the potential 

barrier separating it from an adjacent diffused junction. 

When this barrier lowering effect is large enough, the 

adjacent diffusion behaves as a source, resulting in an 

unwanted current path. Recently, Musallam [18] in his 

dissertation pointed out the possibility of using such a 

device operating in the punch-through mode as a high 

resistance nonlinear load in VLSI design. The n+p~n+ 

punch-through space-charge-limited load (PTSCLL) has 

a simple structure as shown in Fig. 1-2. When the drain 

bias is less than the punch-through voltage, there is one 

reverse biased diode allowing only leakage current flow. As 

the drain bias is increased above the punch-through 

voltage, a drain-induced barrier-lowering (DIBL) effect 

takes place at the source. Then the current varies 

exponentially with the square of the potential barrier 
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height.[6] If the drain bias is increased enough to 

exceed the flat-band voltage between the source and drain, 

high injection occurs in which a space-charge-limited 

current dominates. 

1.2 Possible Applications of Punch-Through Space-
Charge-Limited Loads 

1.2.1 PTSCLL in Static RAM 

Very high value load resistors are needed to limit 

the power consumption in static random access memory (RAM) 

circuits. Depletion transistors have been used in the past. 

They generally provide under 1 Mn of resistance and occupy 

considerable chip area. Using PTSCLLs to replace the 

ordinary load as shown in Fig. 1-3 could provide a high 

resistance, occupying minimal substrate area, with less 

parasitic capacitance and hence faster switching speeds. 

1.2.2 PTSCLLs used as a Bootstrapping Bias Resistor 

The junction-field-effect transistor (JFET) has a 

very large input resistance, ranging from 108 to 1012 ohms. 

However, the gate usually must be connected via some dc 

path to the other two terminals. This is often accomplished 

by means of a gate resistor R^ as shown in Fig. 1-4 (a). 

Assume the circuit in Fig. 1-4 (a) has an input 

resistance of 100 Mfl over a range of frequencies that does 

not extend down to dc. Since the JFET input resistance is 
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several orders higher than RQ, the input resistance will 

be determined almost entirely by RQ. RQ must therefore be 

as large as possible. At higher temperatures the leakage 

gate current will increase considerably. It must flow 

through R^. It will produce a voltage drop which may be 

intolerable. If RQ is reduced to reduce this voltage drop, 

the input resistance will be reduced accordingly. A 

technique called bootstrapping as shown in Fig. 1-4 (b) can 

be applied to solve the problem. RQ is replaced by two 

resistors, R^ and RQ2» T**e total resistance in the path 

from gate to ground is an order of magnitude lower than RQ. 

Gate current biasing problems will, therefore, be reduced 

by a corresponding amount. Also, the positive feedback 

through the capacitor C will reduced the input current flow 

through R^. The input resistance is increased because the 

reduced input current. 

For ordinary resistor fabrication, the gate resistors 

occupied considerable chip area. If the resistors are 

replaced by PTSCLL, chip area is saved, and hence the 

circuits can be more densely packed. Also, less chip area 

means less parasitic capacitances, and this improve the 

switching speed for devices. 

1.3 Objective of This Study 

The objective of this study is to investigate 
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methods for increasing the dynamic resistance value 

of the PTSCLL and the effect of geometry on the punch-

through current-voltage characteristic. Oxide interface 

charges can not be eliminated in the fabrication process. 

They can produced a depletion region in an n-channel device 

and reduce the punch-through voltage and increase the 

surface current between the source and drain. The substrate 

should biased to the most negative voltage on the chip in 

the n-channel device to prevent forward biasing to the 

substrate. All of these items affect the electric field 

distribution between the source and drain and change the I-

V characteristic. This research study is a continuation of 

previous work [18]. Geometrical effects also play a major 

role in designing the PTSCLL device. Experimental results 

plus a review of others' work on the geometrical effects 

are included in this thesis. In summary, the purpose of 

this research is to study the surface and substrate bias 

effects as well as the effect of geometry on the I-V 

characteristic of punch-through space-charge-limited loads. 

1.4 Discussion of Contents 

Following the introductory chapter, one and two-

dimensional model of punch-through phenomena are introduced 

in chapter 2. Detailed analysis of the two-dimensional 

punch-through device model is given in section 2.5. Chapter 
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three covers the C-V measurement method used to study the 

impact of the oxide charges. The approximate punch-through 

voltage is also calculated. Next, the surface and substrate 

bias and geometrical effects on the punch-through I-V 

characteristic is presented in chapter 3. The results are 

summarized and recommendations for future work are 

suggested in chapter 4. 



CHAPTER 2 

THEORY 

2.1 Introduction 

In this chapter, the evolution of the theoretical 

analysis of the punch-through devices is presented. In 

section 2.2 a one-dimensional model is described. The 

impact of oxide charges which lead to a two-dimension 

analysis of the punch-through device is outlined in 

section 2.3. In section 2.4, the two-dimensional model is 

reviewed. In section 2.5 the theoretical model analysis is 

described in detail, including the surface and substrate 

bias effects. 

2.2 A One-Dimensional Device Model 

In the early 1970s, Chu, Persky, and Sze studied the 

characteristic of one-dimensional reach-through structures 

[6]. They started with a low resistivity p+ substrate with 

a 9 n-cm n-type epitaxial layer. Then boron was diffused 

into the surface to form a p+np+ structure. This structure 

is shown in Fig. 2-1 along with the charge, electric field, 

and potential distribution shown as a function of the one-

dimension. 

12 
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In final analysis, they found that the current-

voltage characteristic can be divided into three regions 

according to the bias condition. 

(i) The low-current region: 

When the applied voltage is lower than the reach-

through voltage, VRT, the current is due only to 

generation-recombination and surface leakage effects. 

(ii) The injection-diffusion region: 

When the applied voltage is larger than the reach-

through voltage but smaller than the flat band 

voltage(VpB*), i.e. VRT < Vjjias < VFB, the carriers 

are injected from the forward-bias p+n junction by 

the thermionic-emission process. The authors derived 

the I-V relation as follows: 

* ~ S^FB^bias)2 
Jp->n = A T2exp[ ] (2.1) 

4kTVFB 

where A* is the effective Richardson constant, T is 

temperature, Vi,ias is the applied voltage, and VFB is 

flat band voltage defined as qN[)L2/2es, where NQ and 

L are the ionized impurity density and the length of 

the n layer respectively. 

* VFB, the flat-band voltage between an N+P~N+ device is 

defined as the voltage applied at one np junction which 

will totally eliminate the barrier within the P~ region 
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that impedes the majority carrier flow. This is shown in 

Fig. 2-13. 

(iii) The Space-charge-limited region: 

When the applied voltage is larger than the flat band 

voltage, the injected carrier density is comparable 

to the background ionized-impurity density and the 

mobile carriers will influence the field distribution 

in the drift region. The authors take these into 

account and add another term into the Possion 

equation as follow: 

dE o J 
=  +  ( 2 . 2 )  

dx es esv(E) 

where a is the charge density of the ionized 

impurities in the n layer, v is the velocity of the 

mobile holes which is a function of the electric 

field in the drift region, and J is the injected 

current density. 

The authors call this the space-charge-limited 

effect, and they assume that v(E) = vs, where vs is 

the scattering-limited velocity or saturation 

velocity. The J-V relation is 

J = (2esvs/L2)Vbias (2.3) 

for high current levels. The current tends to vary 

linearly with the applied voltage. The result of 
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their experiment is shown in Fig. 2-2. 

2.3 Oxide Charge Effects and Their Measurement 

2.3.1 Introduction 

The thermal oxidation process is one of the key steps 

in the fabrication of silicon semiconductor devices and 

integrated circuits. Thermal oxides are used to selectively 

mask against dopant diffusion, to passivate device 

junctions, as actual components in device structures and 

for device isolation. While a number of other processes 

involving the deposition of various types of oxides and 

dielectric films have been developed and are employed in 

integrated circuit technology, the unique junction 

passivation properties of thermal oxides will assure their 

continued use. Associated with the thermally oxidized 

silicon system are several types of electrical charges 

which can adversely affect device yield, performance, and 

reliability. Fortunately, the dependence of these charges 

on device processing and subsequent operation has been 

investigated rather thoroughly so that stable devices with 

reproducible properties can be manufactured. In addition, 

rapid and relatively simple methods for measuring these 

charge densities (usually an MOS capacitor can be employed) 

permit on-line, process control procedures. 
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In this section, the type of charges within the oxide 

and their measurement will be discussed. The device 

described in the previous section is quit different from 

PTSCLLs. The major difference is the presence of the oxide-

silicon interface between the source and drain in the 

PTSCLL. This must be investigated to describe PTSCLL 

performance. 

2.3.2 Oxide Charges 

It has been determined that four types or classes of 

electrical charges are associated with the thermally 

oxidized silicon system [5,7,21,24]. These charges are 

located in various parts of the oxide or the interface. The 

main interest in these charges is their effect oh the 

underlying silicon and the devices fabricated therein. 

Their concentration densities are therefore defined in 

terms of their effective charge per unit area at the Si-

Si02 interface. The symbol Q will be used to designate this 

effective charge (in coulombs per unit area) while N 

is the number of effective charges per unit area. The two 

symbols are related by the expression Q/q = N where q is 

the charge of an electron. 

The names of the four types of charges and their 

locations in the oxide are shown in Fig. 2-3[21], which is 

a cross section representing thermally oxidized silicon. 
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Table I contains a tabulation of these four types of 

charges, along with the symbols and the range of their 

densities normally experienced in semiconductor technology. 

As shown in Fig. 2-3, the oxide fixed charge Qss is 

positive and located in the oxide, in a narrow region less 

than 25 Angstroms thick near the Si-Si02 interface. Qss is 

related to the oxidation process. Its density depends on 

various process conditions and ranges from 1010 to 1012 

cm-2 depending on process conditions and crystal 

orientation. These fixed charges cannot be charged or 

discharged. The mobile ionic charge Qm is due to impurity 

ions such as Na+, Li+, K4" and possibly H+. These ions can 

migrate in the oxide even at room temperature. Negative 

ions also can be present in the oxide, but they are not 

mobile at temperatures below 500°C. Densities can range up 

to 1013 cm-2. Interface states (or traps) Qst are located 

at the interface between the oxide and the silicon. They 

can be positively or negatively charged (donors or 

acceptors) and can trap or detrap charge carriers as the 

silicon surface potential is changed. At least three types 

of interface states have been identified [5,7 ]: (a) the 

structural type related to the thermal oxidation process; 

(b) traps due to metallic impurities at the interface; and 

(c) traps caused by radiation of various kinds. The total 

density can be as high as 1013 cm-2 and as low as 109 cm"2. 
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TABLE I 

Four Types of Oxide Charges Associated With 

the Thermally Oxidized Silicon Structure 

NAME SYMBOL DENSITY RANGE 

Oxide Fixed Charge Qss 1010 - 1012 cm-2 

Mobile Ionic Charge Qm 1010 - 1013 cm"2 

Oxide Trapped Charge Q0t 1010 - 1013 cm-2 

Interface State 
(Trapped) Charge Qst 109 - 1013 cm-2 
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Quite often the density of interface states is expressed in 

terms of states per unit area per unit energy, i.e. 

states/cm2-ev, since Nst is usually a function of energy in 

the silicon bandgap. The fourth charge, oxide trapped 

charge N0t, can be located anywhere in the oxide but is 

often near the Si-Si02 interface. Both holes and electrons 

can be generated by ionizing radiation, avalanche 

injection, or by high current flowing through the oxide. 

Densities range from <109 to 1013 cm-2. 

Because all of these charges will induce charge of 

the opposite polarity in the underlying silicon, many 

bipolar and MOS device characteristics can be adversely 

affected by their presence. Affected characteristics 

include junction noise, leakage, and breakdown; leakage or 

channeling between devices; low current beta; and MOS 

threshold voltage shift. Since these charges cannot be 

eliminated, it is therefore desirable that all these 

charges be controlled and in most cases be minimized. This 

can only be done if their process dependence and other 

properties are understood. Nicollian and Brews provide 

numerous details about these charges in their book [21]. 

2.3.3 Flat Band Voltage 

In an ideal case where there are no oxide charges 

within the oxide layer in an MOS system, the Fermi levels 
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in the various materials become equalized by the transfer 

of negative charge from the materials with the higher Fermi 

levels (smaller work functions) across the interfaces to 

the materials with lower Fermi levels (greater work 

functions). The energy levels in three separated components 

that form an MOS system are shown in Fig. 2-4 with aluminum 

as the gate material. When the materials form an MOS system 

at equilibrium, negative charge has been transferred from 

the aluminum into the silicon because the work function of 

the metal is 0.9 eV less than the work function of the 

silicon. The insulator, which is incapable of transferring 

charge, sustains a voltage drop because of the charge 

stored on either side of it. It is perhaps puzzling to 

consider charge transfer in the MOS system when an oxide 

is an almost perfect insulating material. In fact, if the 

system being considered were fabricated without any path 

for charge flow between the metal and the silicon other 

than the oxide, the materials could exist in a condition of 

nonequilibrium for very long periods. Nearly every MOS 

system of interest does, however, have some alternative 

path for the transfer of charge that is much more 

transmissive to charge flow than is the oxide. Hence, we 

can assume that there is thermal equilibrium between the 

metal and the semiconductor. Taking this information into 

account, the ideal band diagram for the MOS system formed 
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with the materials of Fig. 2-4 is sketched in Fig. 2-5. If 

we apply a voltage that compensates for the difference in 

the work functions of the metal and the semiconductor, then 

the stored charge on the MOS capacitor is reduced to zero 

and the fields in the oxide and the semiconductor vanish. 

We call that voltage the flat-band voltage and it is 

defined as 

v'FB = 0M ~ 0S = #MS (2.4) 

where 0M and <ps are the work functions of the metal and the 

semiconductor respectively. Now, consider a density of 

charge Q located at the plane x = x^ within the oxide as 

shown in Fig. 2-6. The charges at x^ will induce equal and 

opposite charges that are divided, in general, between the 

silicon and the metal gate. The closer X! is to the oxide-

silicon interface (xox), the greater will be the fraction 

of induced charge within the silicon. Because this induced 

charge changes the charge stored in the MOS system at 

thermal equilibrium, it correspondingly alters the flat-

band voltage from the value predicted in the ideal MOS 

analysis [Eq.(2.4)]. 

The size of the shift in the flat-band voltage is 

found by using Gauss* law to obtain the value of gate 

voltage that causes all of the oxide charge Q to be 

mirrored in the gate electrode, so that none is induced in 

the silicon as shown in Fig. 2-7. By Gauss' law, we note 
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that the field is constant between the metal (at x = 0) and 

Q (at Xi) and zero between x^ and the silicon surface (at x 

= xox)• Its value between the gate and x^, Eox is 

Q 
Eox 0 < x < X! (2.5) 

eox 

where eox is the permittivity constant of oxide. The gate 

voltage resulting from the presence of Q is the negative 

integral of Eox. This produces a variation on the flat-band 

voltage which can be defined as 

XiQ 
v FB - xlEox (2.6) 

eox 

Since the oxide capacitance is defined as Cox = e0x/xox 

(Farad/unit area), we can rewrite Eq. 2.6 as 

, xlQ 
V FB (2.7) 

coxxox 

The results given for the sheet of charge at x = 

can be generalized to account for the shift in flat-band 

voltage by an arbitrary distribution of charge a(x) by 

superposing and integrating the increments that result from 

charges distributed throughout the oxide. The overall 

result is 



v1 FB = 
cox 
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,xox 
X 

a(x)dx (2.8) 
o xox 

The fixed charge at the oxide-silicon interface (Qss) 

is frequently treated separately from the charge that is 

incorporated in the oxide itself, even though this surface 

charge can also be accounted for in the above formula. Thus 

an expression for VFB that includes the effects of the 

differing work functions as well as the influence of oxide 

charge can be written as 

x, 
I Qss 

v FB - 0MS ~ 
cox cox 

ox 
X 

a(x)dx (2.9) 
o xox 

From Eq. (2.9), we see that the effect of oxide 

charge is to shift the flat-band voltage from its ideal 

case value. If the oxide charge is stable, the shift in 

flat band produces a corresponding shift in the C-V curve, 

as shown in Fig. 2-8. 

2.4 A Two-Dimension Device Model 

The one-dimensional punch-through model can be used 

to predict the I-V characteristic of the bulk fabricated 

devices. Modern planar technology, however, creates surface 

devices with very small geometries. Some of these devices 

operate in a punch-through mode such as static induction 



31 

Ideal curve 

Gate voltage V0 

Fig. 2-8 Fixed charge in the oxide causes the C-V curve to 
translate along the VQ axis without distortion 
(dashed curve); charge that is influenced by the 
gate voltage causes distrotion (dotted curve). 
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transistor(SIT) and BARITT diodes [27]. The one-dimensional 

analysis does not explain the observed I-V characteristic 

of planar devices. So, a more accurate analysis model is 

required. Prim and Shockley [25] have pointed out that when 

the depletion region extends into the channel, a two-

dimensional potential model has to be used. 

In the 1960s and early 70s, Pao and Sah [22], Brews 

[3], Bateman, Armstrong, and Magowan [2] developed some 

general ideas on how to deal with the current between the 

source and the drain of a surface MOS structure. El-Mansy 

and Boothroyd [9] used the gradual channel approximation 

(GCA) by dividing the space-charge region between the 

source and the drain into two sections: a source section 

where the GCA is valid, and a drain section where two-

dimensional effects are dominant. They then matched the two 

regions in terms of the potential and the electric field at 

the boundary between the two sections. Their model included 

the space charge due to the mobile carrier density in the 

drain section and avoided any fitting parameters. They used 

a constant depth for the depletion layer under the gate 

insulator and between the source and drain. Thus the 

results were independent of the junction depth. Hsu et al 

[13] found that the maximum field is largely determined by 

the junction depth and the depletion depth has only a small 
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effect on the field. However, Troutman [29] found that both 

the depletion and the junction depth affect the field 

greatly. In 1985, Pfiester et al. [23] used the technique 

of Laplace reduction and improved boundary conditions to 

solve for the potential and field distribution in the oxide 

and silicon channel regions, as shown in Fig. 2-9. However, 

the boundary conditions for the source-drain junction were 

assumed to be rectangular with a finite junction depth as 

shown. This overestimates the values of the threshold 

voltage. Troutman [29] and Pfiester [23] pointed out that 

drain induced barrier lowering (DIBL) was the correct way 

to describe the surface induced effects between the source 

to drain channel. Jain and Balk [14] improved the El-Mansy-

Ko model by considering the dependence of the depletion and 

junction depth on the surface charge, which will be 

described in more detail in the next section. Lin and Wu 

[17] adopted Pfiester's model and approximated the source-

drain junction by a cylindrical junction with a radius of 

Rj, as shown in Fig. 2-10. They used the Green's function 

to solve for the potential within the channel. They also 

proposed a new method called the image charge method to 

solve the problem resulting from different dielectric 

permittivities of the oxide and the semiconductor regions. 

2.5 Two-Dimensional Analysis of The Device 
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2.5.1 Two-Dimension Model Analysis: 

The planar structure performance cannot be predicted 

by the one-dimensional model as discussed in Section 2.2. 

Since surface charges in the oxide will affect the surface 

potential of the silicon, the field distribution between 

the source and the drain becomes very complicated. An exact 

analytical solution of the electric field or potential 

within the channel is not possible. Although numerical 

computation [10,15,28,31] can give good results, the 

process is time consuming and provides little physical 

insight into how the device operates. By using a two-

dimensional Poisson equation approach, an approximate 

analytical solution for the electric potential and field in 

the channel can be obtained. For the region A in Fig 2-11, 

a two-dimensional Poisson equation can be written as: 

d20 d20 qNA 
— + = (2.10) 

dx2 dy2 es 

In the x-direction the device looks like an MOS capacitor 

structure. When Vq - Vg = V'fb (where VG is the gate bias, 

Vg is the substrate bias, and v'pg is "the flat band voltage 

of the MOS capacitor), there is a condition of charge 

neutrality and the band structure is flat. The voltage VG-

Vg is the effective voltage tending to charge the MOS 

capacitor. The flat band voltage for the MOS system is 
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analogous to the built-in voltage for a pn junction; that 

is, both act like offsets to the zero level in the 

equations relating stored charge to an applied bias. To 

express the charge in terms of applied voltage, we can 

carry out the following analysis. The charging voltage ( Vq 

- Vg - V'pb ) is the sum of a drop Vox across the oxide and 

a drop in the silicon 0, i.e., 

VG  -  VB  -  v'F B  = Vo x  + <f> (2.11) 

The field in the insulating oxide is constant in the 

absence of any charge. In terms of the applied voltage and 

oxide thickness(xox), the field Eox is 

vox ( VG ~ VB ~ V*FB ~ 0 ) 
Eox = = (2.12) 

xox xox 

Just inside the silicon and adjacent to the oxide, the 

normal displacement D will be constant and the field Es 

will be 

eoxEox 
Es  = (2.13) 

es 

which we can rewrite as 

V G ~ 4> 6ox 
Ex(x=0) ( ) (2.14) 

xox es 

where 
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V'G = VG - VB - V'FB (2.15) 

Assuming that Ex varies linearly with x since the substrate 

doping is N^, a constant, so this gives 

dEx Ex(x=w0) - Ex(x=0) 
« (2.16) 

dx wQ - 0 

where wQ is the depletion thickness under the gate far away 

from the source and the drain as shown in Fig. 2-11. 

From [26], the MINIMOS simulation shows that the 

lowest barrier path is roughly at the depletion thickness. 

Along this path, the vertical electric field Ex drops to 

zero. Hence, Eq. (2.16) can be rewritten as: 

dEx — Ex(x—0) 
~ (2.17) 

dx wQ 

So, we have an approximation which makes the surface 

potential </>(x,y) a function of y only 

d20 dEx [V«G - 0(y)]eox 

dx2 dx xoxwoes 

Now, rewrite Eq. (2.10) as 

dY2 xoxwoes es 

Define 

(2.18) 

d20 [v»G - 0(y)] 6 ox ^A 
+ = (2.19) 
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Yo2 — xoxwoes/eox (2.20) 

*o = V'G - XoxwoqNA/eox (2.21) 

Then, Eq.(2.19) becomes 

d20 <p <f>Q 

+  —  —  ( 2 . 2 2 )  
&YZ Yo2 Yo2 

From the boundary condition as shown in Fig. 2-12, 

using the one-dimension simplified model to represent the 

quasi two-dimension model, we have: 

<t> = Vx « Vbi for y = 0, (2.23) 

0 = V2 « Vbi + V for y = L. (2.24) 

where Vbj_ is the built-in voltage of the n+p junction, V is 

the applied reverse bias at the drain junction, and L is 

the channel length. 

From Musallam and Jain [18,14], the solution of the 

surface potential distribution in the n+pn+ structure is 

{ Aisinh(L-y)/yQ + A2sinh(y/yQ) } 
0(Y) - <t>o = 

sinh(L/y0) 

(2.25) 

where 

Al = Vl - <f>0 (2.26) 

A2 = V2 - <PQ (2.27) 

Since electrons tend to flow along the minimum 

surface potential, which imply that the current flow is 
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exponentially proportional to the potential barrier 

lowering. To find the position of the potential minimum, we 

impose the condition 

d»(Y) 

dy 
=0 (2 .28)  

y=y' 

where y1 is the position along the channel of the minimum 

potential, and <£(y') is the barrier height in the path of 

the current flow. Taking Eq. (2.25) into the condition 

above and solving for y*, we get 

cosh(L/y0) - B 
y» = Yo tanh"1 [ ] (2.29) 

sinh(L/y0) 

and 

v2 " $o 
B = (2.30) 

vbi " <*»o 

Now the potential 0(y') can be obtained from Eq. (2.29) and 

Eq. (2.25) where y has been substituted by y'. The current 

flow now can be determined as 

q<*>(y') 
I = ID exp( ) (2.31) 

kT 

where k is the Boltzman constant, T is the temperature in 

Kelvin, and IQ can be approximated by the diode reverse 

saturation current [13], which is defined as 
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qDnni2W5x 
IQ « (2.32) 

Nsub^y 

where Dn is the electron diffusion constant, W is the 

channel width, Sy is the effective diffusion distance, 

WSx is the effective cross section of the punch-through 

current, NSUb is the substrate concentration, and n^ is the 

intrinsic concentration. 

The above analysis is only applicable when the bias 

voltage is smaller than the flat band voltage between the 

source and drain, but is larger than the punch-through 

voltage. For if the bias voltage is larger than the flat 

band voltage, as shown in Fig. 2-13, we can see there is no 

barrier between the source and drain; therefore, drastic 

increase of the injected carriers is expected. This will 

lead to the space-charge-limited current [19] 

9 V2 

^ ~~ M-n ® s "I (2.33) 
8 L3 

for the small field, where nn is the mobility of electron. 

The dynamic resistance, R, in this region is 

dV 4 L3 1 
R = (2.34) 

dl 9|ines A V 

where A is the cross section area. Within the high field 

region, the carrier velocity becomes the saturation 
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Fig. 2-13 Potential distribution at various drain bias 
conditions. 
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velocity vs, the I-V relationship becomes Eq. (2.3), and 

1 L2 
R (2.35) 

2vses A 

2.5.2 Surface and Substrate Bias Effect On PTSCLL 

With no drain to source voltage, Eq. (2.15) predicts 

a gate bias on the oxide-silicon interface as 

VG = VG - VB - V'fb (2.15) 

V'q is controlled by the gate and substrate bias and is 

affected by the oxide charges. Musallam [18] in his 

dissertation predicted and measured the performance of a 

device with no gate. His data showed that a 156Kn 

resistance was possible with a 10p,m spacing in the device. 

In order to produce a higher resistance a means for 

controlling the punch-through current is necessary. The 

gate bias can provide such a control mechanism. 

The oxide charges are usually positive within the 

oxide, which will produce a depletion region or even an 

inversion channel in the p"-substrate. This will affect the 

performance of the device. The inversion channel will allow 

drain current to flow at low values of drain to source 

voltage. Hence the total channel plus punch-through current 

will be large and sensitive to drain voltage. This 

produces a lower dynamic resistance. Therefore, if we apply 
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a gate to substrate bias that can eliminate the channel, we 

can drastically increase the dynamic resistance. So, from 

Eg. (2.15) and Eqs. (2.19) through (2.31), we can calculate 

the approximate drain-source potential and current 

characteristic with different gate to substrate bias 

conditions. The gate control should provide a large value 

resistors in small areas. Also, from Eg. (2.20), (2.21), 

(2.25), (2.29), (2.31), and (2.32) show that the I-V 

characteristics of the punch-through device depend on the 

geometrical design. These are channel length and width, 

source and drain junction depth, substrate concentration, 

and the oxide layer thickness. Although the geometrical 

dependence is not explicit as shown in the equations. 

Still, Eq. (2.31) and (2.32) indicate that current increase 

as the channel width, source/drain junction depth, and 

oxide thickness increase, and current decrease as the 

channel length and substrate concentration increase. Detail 

measurements and analysis are provided in chapter 3. 



CHAPTER 3 

EXPERIMENTAL RESULTS AND DISCUSSION 

3.1 Introduction 

Understanding the device kinetics and electrical 

behavior based on the structure and other physical 

properties are vital for tailoring the device 

characteristic to the need of the design using the 

fabrication process available. Only the measured 

performance of the devices can provide the ultimate test. 

This chapter presents the results of measurements made on 

devices fabricated in the Microelectronics Laboratory of 

the University of Arizona. Table II summarized the process 
i 

.parameters used. All the devices were measured using the 

HP-4145A Semiconductor Parameter Analyzer to get the I-V 

characteristics. Following this introduction, the C-V 

measurements and punch-through voltage calculations are 

presented in sections 3.2 and 3.3. From sections 3.4 to 

3.6, the effects of gate bias, substrate bias, and geometry 

on the punch-through device performance are presented. 

In chapter two, the theoretical analysis of the 

punch-through current was presented. The theoretically 

predicted I-V characteristics are shown in Fig. 3-1 to 3-5 

47 
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15.00 

Fig. 3-1 Theoretical punch-through I-V characteristic for 
L=2ixm and width = 20, 30, and 40|xm. 
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Fig. 3-2 Theoretical punch-through I-V characteristic for 
L=4im and width = 20, 30, and 40|xm. 
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Fig. 3-3 Theoretical punch-through I-V characteristic for 
L=6fxni and width = 20, 30, and 40jxm. 
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Fig. 3-4 Theoretical punch-through I-V characteristic for 
L=8im and width = 20, 30, and 40im. 
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Fig. 3-5 Theoretical punch-through I-V characteristic for 
L=10nm and width = 20, 30, and 40|im. 
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for different channel lengths. These plots are obtained 

from Eg. (2.31) and (2.32) and generated from .the program 

in appendix B.1.2. Each plot showed the I-V characteristic 

of different channel width with specified channel length. 

From these figures we can observed as the channel length 

increase, for the same drain bias and channel width device, 

the dynamic resistance increase significantly. Also, for 

the same channel length, the dynamic resistance decrease as 

the channel width increase. Figures 3-6 and 3-7 show the 

theoretically predicted potential distributions 

between the source and drain. These are derived from Eq. 

(2.25) and simulated with the program in appendix B.l.l. 

Figure 3-6 shows that as the drain bias increases, the 

barrier between the source and drain will reduce. This is 

the drain-induced barrier-lowering effect. Fig. 3-7 shows 

the potential distribution with the same drain bias on 

three different channel lengths. We can observe that as 

the channel length is reduced, according to theory the 

drain-induced barrier-lowering effect becomes severe. 

TABLE II 

Process Parameters 

Initial wafer: 3 inches diameters, (100) direction, 

boron doped p-type, 2.6E14 cm""3. 

Mask oxide: 5060 A. 
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After predeposition: sheet resistance - 1.455E-3 n-

cm, Ns = 8E19 cm""3. 

After drive-in/oxidation: sheet resistance - 9.58E-4 

n-cm, Ns = 1.2E20 cm"3, 

oxide thickness: 233OA. 

Metallization: surface - 7000A Al. 

backside - 5000A Al. 

3.2 C-V Measurement Results 

3.2.1 C-V Measurement Analysis 

The characteristics of transistor and diodes are 

critically dependent on the surface condition of the 

semiconductor. The most common method used to study 

surface properties is with a capacitance versus voltage (C-

V) measurement. The equipment used is.shown in Fig. 3-8. 

The on-chip capacitor is designed as a square shape ( 

as shown in appendix A.l ) with width equal to 1016um. The 

reason for such a large pattern size is due to the thick 

oxide which results in a very small capacitance. An 

increase in the pattern size will give a capacitance value 

which can be measured. The capacitor was fabricated during 

the fabrication of the punch-through devices with oxide 

thickness equal to 5060 Angstroms. By definition, the 

capacitance per unit area Cox is 
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Fig. 3-6 Drain-induced barrier-lowering effect on the 
punch-through device. 
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Fig. 3-7 Potential distribution between the source & drain 
for different channel length. 
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Fig. 3-8 C-V measurement set-up. 
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6 ox 
C0x - (3.1) 

xox 

3.9*8.854E-14 
= 6.82423E-9 F/cm2 

5060E-8 

The area of test capacitor was A = ( 1060E-4 )2 cm-2, 

so the capacitance is Cox*A = 70.44 pF. 

From [20], the theoretical flat-band capacitance is 

defined as 

1 
CFB = (3.2) 

1 LD 
+ 

cox es 

where LD is the Debye length and is defined as 

eskT , 
lD = ( ; )* (3.3) 

q2NA 

where k is the Boltzman constant, T is the temperature is 

°K. From the process used, NA = 2.6E14 cm"3, Lq = 0.2368nm, 

CFB = 5.9713E-9 F/cm~2, and the ratio of the theoretical 

flat-band capacitance to oxide capacitance is CFB/Cox = 

0.8646. 

3.2.2 Data and Calculation 

In Fig. 3-9, a typical C-V measurement is shown. 

Table III list all the data been measured on the HP-4280A 

and the percent of error from the calculated oxide capaci

tance value. 



4280R C-V CHnRRCTERISTICS ' 

Sample= SG3 

Cox= G8.95CpF] 
fb shift 

cFB/cox — 0*8646 

L-i..l-i.-l—i— 

0-9 -8 -7 -G -5 -4 -

Fig. 3-9 C-V measurement from the HP-4280A machine. 
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Wafer name 

TABLE III 

C-V Measurement Data List 

-ox (PF) VFB shift (V) 
% of error 
from cal. 

cox 

561 

562 

563 

564 

581 

582 

583 

584 

69.07 

68.90 

68.95 

65.33 

68.57 

68.51 

72.30 

68.65 

-2.9 

-2.9 

-2.9 

-3.0 

- 2 . 8  

-3.0 

-3.0 

-2.75 

1.98 

2.23 

2.16 

7.82 

2.73 

2.82 

2.57 

2.61 

* The capacitance values were read from the HP-4280A. 

The flat-band shift value is .determined by the amount of 

voltage shift left from the point of Cpg/Cox = 0.8646 as 

shown in Fig. 3-9. 

From section 2-3 Eq. (2.9) shows that v'FB = <£MS-

QSs/cox* For NA = 2.6E14 cm-3, Sze[27] shows that <£jjs is 

approximately equal to -0.85V. For a flat-band shift equal 

to —3V, Qss is approximately 9.15E10 coulombs/cm"2. 
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3.3 Punch-Through Voltage Calculation 

3.3.1 Punch-Through Voltage 

A small positive drain bias on a N+P~N+ device create 

a small depletion region between the source and drain. The 

depletion region charge will consist almost entirely of 

ionized acceptors. The free carrier concentration will be 

extremely small compared to the ionized acceptors. 

Consequently, very little current would be expected to flow 

from drain to source with the application of small positive 

drain bias. As the drain bias is increased, the depletion 

regions of source and drain will meet, and punch-through 

will occur. Under the punch-through condition, the drain-

voltage-induced-barrier-lowering effect will allow 

electrons to flow across the barrier to the drain side and 

cause the drain current to increase with increasing drain 

voltage. 

While the punch-through voltage (VpT) is a useful 

measure to characterize device performance, it is somewhat 

limited because it strongly depends on the drain voltage, 

channel length and substrate doping parameters. An exact 

value of VpT is difficult to calculate due to surface 

effects. An approximation of its value can be made. From 

Fig. 3-10 , for a one-dimensional N+P-N+ structure, when at 

punch-through 

W-l + W2 = L (3.4) 



Fig» 3-10 A one-dimensional N+P~N+ structure diagram with 
bias applied. 
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where Wlf 2 
are the voltage dependent depletion region 

widths of the drain and source side respectively and L is 

the channel length. From abrupt depletion junction 

approximation theory, 

where V! is the reverse bias voltage at drain side, V2 is 

the forward bias voltage at source side, Vb£if2 
are the 

junction build-in voltages. 

At punch-through, equation (3.4) can be rewritten as 

( + W2 )2 = L2 and with Eq. (3.5), (3.6) gives 

( + Vbil ) ]i ( 3 . 5 )  
qNA 

2 e s  ,  
W2 = [ ( Vb i 2  -  V 2  )  ] t  

<JNA 
( 3 . 6 )  

2 e s  
[ ( V a + V b i i ) *  +  ( V b i 2 - V 2 ) i ] 2  = L 2  

qNA 
( 3 . 7 )  

Expanding the terms, gives 

T(V;L+V2)i(Vbi2-V2)*] = L-[V1-V2+Vbi1+Vbi2] + 

At punch-through, Vq_ + V2 = Vp-p, or 



6i 

V! = Vpp - V2 (3.9) 

substituting into Eg.(3.8), gives 

[VPT+(Vbil-Vbi2)+2 (Vbi2-V2) ] + 2 [ (VpT-Vs+Vbn) * (Vbi2-V2) * ] 

qNAL2 

2es 

If defined 

(3.10) 

VC = qNAL2/2es (3.11) 

then from Eq.(3.5), (3.6) and condition (3.4), (3.9) and 

(3.11), we get 

2(Vbi2-V2) + 2[(VPT+Vbil-V2)*(Vbi2-V2)*] 

= 2(Vbi2-V2)*(Vc)* (3.12) 

From this we can get the punch-through voltage as 

2qNA , 

VpT = VC + (Vbi2-vbil) - L[ (Vbi2-V2)]^ (3.13) 
eS 

For a symmetric source and drain design, Vbn = Vbi2 

= Vbi, and Eq.(3.13) can be rewritten as 

£«- Vp VpT 
V2 = Vbi ( )2 (3.14) 

2qNA L 

From the current continuity requirement, = J2, and 

[27] we get 



q3NA 

87r2es
3 
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-)h(VpT+vbi-v2)i - (Vbi-v2)i] = 

Vrpln[exp(V2/VT) - 1] (3.15) 

where VT = kT/q, k is the Boltzman constant, T is tempera

ture in °K, q is the charge. With Eq. (3.14) into Eq. 

(3.15), we can find the punch-through voltage by iteration 

method using the following equation, 

q3NA es es 
, - ") }{[VPT + VB2]* - [ VB2]J} 

8tt £g 2qNA 2qNA 

es 
= VT*ln{exp[ (VBI VB2)/VT] - 1} (3.16) 

2qNA 

where 

Vp — Vprn 
VB = (3.17) 

L 

The iteration program for Eq. (3.16) is written in 

BASIC language and attach in appendix B.2. 

3.3.2 Calculation and Results 

The calculated punch-through voltage 

iteration program are listed in table IV below: 

using the 
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TABLE IV 

Punch-through voltage calculation 

Designed channel 
length (nm) 

10.60832 

VpT 
(V) 

2.35332 -0.8064 

4.25832 | 7.0569 

6.16332 | 12.5499 

8.06832 | 19.4874 

30.9847 

From table IV we can see for the 2m.hi device, the 

punch-through voltage is negative which indicate that the 

device is already in punch-through condition before any 

drain bias applied. As the channel length increases, the 

punch-through voltage increase is predicted by Eq. (3.16). 

3.4 Punch-Through Characteristic Includes Gate Bias 

Effects 

3.4.1 Introduction 

For an MOSFET operating in a punch-through condition, 

the application of the gate voltage will affect the flow of 

current from drain to source. An inversion layer is formed 

for gate voltages above the threshold voltage. Below this 

inversion layer, the punch-through generated depletion 

region will extended from drain to source. Therefore, two 
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components of drain-to-source current will be observed, one 

component is the usual channel current flowing through the 

inversion layer, and the other component is due to the 

drain-induced-barrier-lowering effect due to injected 

current flowing through the depleted region. 

Increasing the gate voltage negatively for an n-

channel MOSFETs will reduce the channel component by 

depleting the surface inversion layer. For a gate voltage 

which is lower than the threshold voltage of the device, 

the inversion layer will be depleted completely and only 

the punch-through current will flow from drain to source. 

As the applied gate voltage is even made more negative, it 

will affect the flow of injected electrons from the source 

and the total observed current will decrease. For a very 

large negative gate bias, theoretically all surface current 

will be eliminated by the large gate induced field. 

However, for a lightly doped substrate, the depth of the 

drain depletion region will be quite large, and a 

substantial amount of the injected current due to 

punchthrough will flow between the drain and source by way 

of a path through the substrate. 

Thus, the application of large negative gate voltage 

in an n-channel punch-through device will have a tendency 

to terminate the drift current flowing through the 

inversion layer by means of completely depleting the layer. 
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Also, the gate voltage will diminish the punch-through 

current by forcing the flow of the injected electrons away 

from the silicon surface. However, there will still be 

punch-through current flowing through the bulk of the 

substrate due to punch-through. This current can be far 

enough removed from the silicon surface and therefore 

virtually unaffected by the surface charges. 

3.4.2 Results and Analysis 

In Fig. 3-11 through Fig. 3-25 shows the measured I-V 

characteristics of punch-through devices with different 

lengths and widths under different gate bias conditions. 

Each device is operated with the source and substrate 

grounded, and with gate biased of 0, -3, and -5 V. The 

drain bias is varied from 0 V to the voltage just below 

catastrophic breakdown. Figures. 3-11 to 3-13 show the I-V 

characteristics with a channel length equal to 2p.m and 

channel widths equal to 20, 30, and 40jim. These graphs show 

that for L = 2|im, the device enters the punch-through 

condition at a very low voltage. For a gate bias equal to 

zero volts, the current is the sum of the surface current 

and punch-through current. As the gate voltage was 

increased in the negative direction to the flat-band 

voltage the surface channel effect was eliminated. Thus 

only the punch-through current flowed. Therefore the. amount 
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Fig. 3-11 I-V characteristic of the punch-through device 
with L=2|im, W=20|im, Vs=Vsub=0V, VG=0, -3, -5V. 
o: VG = 0V; A: vG = -3V; *: VG = -5V. 
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Fig. 3-12 I-V characteristic of the punch-through device 
with L=2M.m, W=30|im, Vs=Vsub=0V, VG=0, -3, -5V. 
o: VG = OV; a; vG = -3V; *: VG = -5V. 
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Fig. 3-13 I-V characteristic of the punch-through device 
with L=2P.m, W=40nm, VS=Vsub=0V, VG=0, -3, -5V. 
o: VG = 0V; A: VG = -3V; *: VG = -5V. 
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Fig. 3-14 I-V characteristic of the punch-through device 
with L=4|im, W=20M.m, Vs=Vsub=0V, VG=0, -3, -5V. 
o: VG = 0V; a; vG = -3V; *: VG = -5V. 
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Fig. 3-15 I-V characteristic of the punch-through device 
with L=4|im, W=30nm, Vs=Vsub=0V, VG=0, -3, -5V. 
o: VG = 0V; A: Vg = -3V; *: VG = -5V. 
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Fl9* 3-16 I-V characteristic of the punch-through device 
with L=4|im, W=40jim, Vs=Vsub=0V, VG=0, -3, -5V. 
o: VG = OV; a; vG = -3V? *: VG = -5V. 
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3-17 I-V characteristic of the punch-through device 
with L=6nm, W=20nm, Vs=Vsub=0V, VG=0, -3, -5V. 
o: VG = OV; a: VG = -3V; *: VG = -5V. 
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Fig. 3-18 I-V characteristic of the punch-through device 
with L=6|im, W=30jim, Vs=Vsub=0V, VG=0, -3, -5V. 
o: VG = OV; a; vG = -3V; *: VG = -5V. 
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Fig. 3-19 I-V characteristic of the punch-through device 
with L=6pjn, w=40nm, Vs=Vsub=0V, VG=0, -3, -5V. 
o: VG = OV; A: vG = -3V; *: VG = -5V. 
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Fig.. 3-20 I-V characteristic of the punch-through device 
with L=8(i,m, W=20nm, Vs=Vsub=0V, VG=0, -3, -5V. 
o: VG = OV; a; vG = -3V; *: VG = -5V. 
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Fig. 3-21 I-V characteristic of the punch-through device 
with L=8|xm, W=30jim, Vs=Vsub=0V, VG=0, -3, — 5V. 
o: VG = 0V; a: VG = -3V; *: VG = -5V. 
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Fig. 3-22 I-V characteristic of the punch-through device 
with L=8jim, w=40|im, Vs=Vsub=0V, VG=0, -3, -5V. 
o: VG = 0V; a: vg = -3V; *: VG = -5V. 



72 

80.00 -1 

^ 60.00 

o 

X 40.00 

o 20.00 

0.00 
50.00 40.00 20.00 30.00 

DRAIN VOLTAGE (V) 
10.00 0.00 

Fig. 3-23 I-V characteristic of the punch-through device 
with L=l0ixm, W=20nm, Vs=Vsub=0V, VG=0, -3, -5V. 
o: VG = OV,* A; vG = -3V; *: VG = -5V. 
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Fig. 3-24 I-V characteristic of the punch-through device 
with L=10jxm, W=30imf Vs=Vsub=0Vf VG=0, -3, -5V. 
o: VG = 0V; a; vG = -3V; *: VG = -5V. 
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Fig. 3-25 I-V characteristic of the punch-through device 
with L=10nm, W=40nm, Vs=Vsub=0V, VG=0, -3, -5V. 
o: VG = OV; A; vG = -3V; *: VG = -5V. 
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of the curve shift downward is very nearly equal to the 

surface channel current component. As the gate is biased 

more negatively, some of the injected carriers will be 

squeezed toward the substrate terminal by the resulting 

field, and the current will continue to be reduced. As the 

channel length increases, the punch-through voltage will 

increase as shown in table IV. These curves show that the 

surface channel was formed due to the oxide charge at small 

values of drain bias VD. As the drain bias is increased, 

the channel will be pinch off, and the current flow will 

tend to follow an ordinary MOS characteristic. But, as the 

drain bias is increased more, punch-through will occur. The 

drain-induced barrier-lowering effect will introduce extra 

carriers. The total current will be dominated by the 

punch-through current. If the flat-band voltage is applied 

to the gate, the surface current will be eliminated, and 

only the punch-through current is observed. As more 

negative voltages are supplied to the gate, the punch-

through current will be reduced as expected due to current 

crowding toward the substrate contact. Fig. 3-14 to 3-25 

show that as the channel length increases, punch-through 

occurs at higher drain bias voltage as outlined in section 

3.3. For a negatively gate bias equal to or large than the 

gate flat-band voltage, there is only surface leakage 

current exist before punch-through. As for no gate biased, 
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before punch-through can occur, the current will be a 

combination of the oxide-induced surface current and drain-

induced barrier-lowering current. 

In Fig. 3-26 and 3-27, two devices with channel 

widths equal to 30nm and channels length equal to 2 and 4|im 

are biased with zero substrate and source voltage. Then 

high negative gate voltages are applied to observe the I-V 

characteristics with large negative gate bias. As can be 

seen from the figures, even with a -30 V gate bias, there 

is still punch-through current flowing. Thus the gate bias 

does not cut off the punch-through current. A substantial 

amount of injection current still flows from drain to 

source by way of a path through the substrate. But still, 

we can observed the constricting field effect on the drain 

current, i.e., the drain current is reduced as the gate 

bias is increased negatively. 

Theoretically, as the drain bias increases, the 

lateral electric field becomes so large such that the 

injected carriers reach saturation velocity. A further 

increase of carrier velocity is not possible because all 

carriers then travel with the saturation velocity. At high 

voltages and currents the injected carriers (electrons from 

the source for an n-channel device) will see an electron 

cloud creating space charge of mobile carriers. This will 

retard further injection of carriers..Under this condition, 
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Fig. 3-26 I-V characteristic of the punch-through device 
with L=2nm, W=30|im, Vs=Vsub=0V, VG=-5, -10, -20V. 
o: VG = —5V; a: vG = -10V; *: VG = -20V. 
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Fig. 3-27 I-V characteristic of the punch-through device 
with L=4jm, W=30nm, Vs=Vsub=0V, VG=-10, -20, -30V 
o: VG = -10V; a: vG = -20V; *: VG = -30V. 
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the current is space-charge-limited, and the drain current 

is stabilized. But, since the device junction is only 0.5m>hi 

in depth, the electric field around the drain junction edge 

is so large that it will often breakdown before the space-

charge-limited region is attained. Thus space-charge-

limited phenomenon is difficult to observe. 

3.5 Substrate Bias Effects on Punch-Through Device 

Characteristics 

3.5.1 Introduction 

In an n-channel MOSFET IC circuit, the substrate bias 

needs to be connected to the most negative chip voltage to 

prevent an unwanted forward biased pn junction. Thus, it is 

necessary to study the substrate bias effect on punch-

through devices. Fig. 3-28 shows a band diagram of an n-

channel MOS device with and without substrate bias 

including the surface charge effect. If the substrate 

voltage impact is the same as a gate voltage, the applied 

voltage is offset by the increased density of uncovered 

ionized impurities generated in the space charge region and 

no current flows. The energy band will shift up by the 

amount of the substrate bias and the depletion region will 

reduce. Hence, for the surface channel the threshold 

voltage is increased and more gate bias is required to 

invert the surface. Fig. 3-29 shows that as the substrate 



78 

M 

v~ 

-E. 

r_"i>7 E^Vsu6 "0) i. Er(Vsue = o) 

/ 

Fig. 3-28 Energy band diagram of an NMOS device with and 
without substrate bias included. 



79 

10 

~ r > 
> 
<3 

K 6 

bJ 

5s 
o > 

o 
X 

tr 
x »- 3 

-

Sit300K) 

Tio15 
iio1s 
1 1017 

-

a»20/ 

-

-

/ J 

10/ 

/ 

5/^ 

. — ^  

r—* 1  ̂

1 1 

Fig. 

^vBSiv> 

3-29 Threshold voltage shift vs substrate reverse bias 
for various values. Where VBS = VRnlv - Ve~. 

7 ,^*^€s/eox) ("tojc/LD) i where tox xs the oxide' 
thickness and Lq is the Debye length.[27] 



80 

bias increases negatively, the threshold voltage will 

increase accordingly. In the punch-through depletion 

region, the injected carriers (electrons) will be retarded 

by the field produced by the substrate bias. So, the total 

current will be reduced as the substrate bias applied. 

3.5.2 Result and Analysis 

Figures. 3-30 to 3-44 show the I-V characteristics 

of punch-through devices with different channel lengths and 

widths. The devices are operated with the gate voltage and 

source voltage at zero volt, and the substrate biased at 0, 

-2, and -4 V respectively. The drain bias is varied from 

zero volt to a voltage that is less than the catastrophic 

breakdown voltage. The measurements show that as the 

substrate bias becomes more negative, the current is 

reduced for the same drain bias. This is as expected based 

on the theory. Also, we can see the zero substrate biased 

I-V curve is different from the other negatively biased 

ones. From section 3.2, the C-V measurement showed there 

exist a large amount of oxide charges. These charges tended 

to induce a conduction channel between the source and 

drain. Thus, before the punch-through occurred, the device 

behaved like an NMOS device. Because the negatively biased 

substrate will supplied negative charges which tend to 

compensate the positive charges within the oxide, the 

probability of producing a conduction channel between the 
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Fig. 3-30 i-v characteristic of the punch-through device 
with L=2nm, W=20nm, Vs=VG=0V, Vsub=0, -2, -4V. 

Vg^ = ov'* Vsub = -2V; *: Vsub = -4V. 
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Fig. 3-31 I-V characteristic of the punch-through device 
with L=2nm, W=30M.m, Vs=VG=0V, Vsub=°f ~2/ -4V. 
oj Vgub = 0V; a; Vgub = —2V; *J Vgub = ""4V. 
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Fig. 3-32 I-V characteristic of the punch-through device 
with L=2nm, W=40nm, Vs=VG=0V, VSUb=0, -2, -4V. 
o: Vsub = 0V; a: Vsub = -2V; *: Vsub = -4V. 
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Fig. 3-33 I-V characteristic of the punch-through device 
with L=4fim, W=20[im, vs=VG=0V, Vsub=0, -2, -4V. 

vsub = 0V; a: Vsub = -2V; *: Vsub = -4V. 
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Fig. 3-34 I-V characteristic of the punch-through device 
with L=4|xm, w=30|im, Vs=VG=0V, Vsub=0, -2, -4V. 
o: vsub = ov' A: vsub = -2V; *: Vsub = -4V. 
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Fig. 3-35 I-V characteristic of the punch-through device 
with L=4|im, W=40p,m, vs=VG=0V, Vsub=0, -2, -4V. 
°: vsub = 0V; a; Vsub = -2V; *: Vsub = -4V. 
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Fig. 3-36 I-V characteristic of the punch-through device 
with L=6p,m, w=20|im, Vs=VG=0V, Vsub=0, -2, -4V. 
o: vsub = 0V; A: vsub = -2V; *'• vsub = "4V* 
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Fig. 3-37 I-V characteristic of the punch-through device 
With L=6|im, W=30nm, Vs=VG=0V, Vsub=0, -2, -4V. 
o: vsub = ov' A: vsub = "2V? vsub = '4V-
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Fig. 3-38 I-V characteristic of the punch-through device 
with L=6jim, W=40|im, Vs=VG=0V, Vsub=0, -2, -4V. 
o: vsub = ov' vsub = -2V; *: Vsub = -4V. 

120.00 q 

100.00 

g 80.00 
o 

H-
Z Ul 60.00 oc. cc -1 o 
z 40.00 

20.00 

0.00 
40.00 30.00 0.00 10.00 20.00 

DRAIN VOLTAGE (V) 

Fig. 3-39 I-V charactieristic of the punch-through device 
with Ir=8|im, W=20y,m, Vs=VG=0V, Vsub=0, -2, -4V. 
o: vsub = 0V; A; vsub = -2V? *: Vsub = -4V. 
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Fig. 3-40 I-V characteristic of the punch-through device 
with Lr=8p.m, W=30^m, Vs=VG=0V, Vgnh~0i -2, -4V. 
o: vsub = ' A" sub = "*2V? *: Vsub = -4V. 
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Fig. 3-41 I-V characteristic of the punch-through device 
with L=8|xm, w=40P,M, VS=Vq=0V, VSUB=0, -2, -4V. 
O: VSUB = 0V; a: vsub = -2V; *: VSUB = -4V. 
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Fig. 3-42 I-V characteristic of the punch-through device 
with L=10nm, W=20nm, Vs=VG=0V, Vsub=0, -2, -4V. 
o: vsub = ov' AI vsub = "2V' vsub = ~4V-
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Fig." 3-43 I-V characteristic of the punch-through device 
with L=10nm, W=30nm, Vs=VG=0V, Vsub=0, -2, -4V. 
o: vsub = °V; A: vsub = -2V; *: Vsub = -4V. 
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source and drain due to oxide charges is reduced. Hence, 

before the onset of punch-through no conduction current 

will flow except the very small leakage current. 

3.6 Geometrical Effects 

3.6.1 Length Effects 

Fig. 3-45 to 3-47 show the effect of channel length 

on the I-V characteristic. Each plot shows the measured I-V 

characteristics of five devices with the same channel width 

but with different channel lengths of 2, 4, 6, 8, and lOiim. 

The source, gate, and substrate were all held at zero 

volts. The drain voltage was varied from zero to a voltage 

below the catastrophic breakdown voltage. As the channel 

length is increased, the current at a given drain voltage 

decreased. From the C-V measurements, we know that a large 

oxide surface charge exists in these devices. These will 

produce a surface channel between the source and drain. 

Since the inversion channel current is inverse proportional 

to channel length, the current will decrease with 

increasing channel length at low drain voltages where 

surface charge effects dominate. If the drain bias is 

larger than the punch-through voltage, drain-induced 

barrier-lowering current will dominant. In this case also 

the shorter channel will allow the drain potential to 

decrease the potential barrier, thus allowing higher punch-
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Fig. s-45 I-V characteristic of the punch-through device 
with L=2(top curve), 4, 6, 8, lOjim (bottom curve), 
vs=vsub=V2G=0V, W=20nm. 
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Fig. 3-47 I-V characteristic of the punch-through device 
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Vs=vsub=V2G=0V' W=40p.m. 
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through current for shorter lengths. Thus, the total 

combined effects result in a decreasing current for an 

increasing channel length. 

3.6.2 Width Effect 

Figures. 3-48 to 3-52 show the effect of width 

variations on different channel length devices. These 

devices were operated with the source, gate, and substrate 

voltages held at zero volts. The drain bias was varied from 

zero volts to a voltage just below the catastrophic 

breakdown voltage. The channel widths used were 20, 30, and 

40nm. Before punch-through occur, surface current dominant 

the conduction mechanism. Based on the MOS current-voltage 

relation, the drain current is directly proportional to the 

channel width, so as the channel width increases, the 

current increases as well. Also, as the channel width 

decreases toward Ws, as shown in Fig. 3-53, the two 

depletion layer edge profiles start to overlap. This causes 

a reduction of the depletion layer depth underneath the 

remaining gate width. This reduction signals an increase in 

the gate voltage requirement for maintaining a given 

effective concentration of carriers per unit width within 

the channel, or a reduction of punch-through current with 

gate bias equal to zero volts when the channel width is 

reduced. So the total result is that the drain current will 
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Fig. 3-48 I-V characteristic of the punch-through device 
with L=2nm, Vs=Vsub=VG=0V, W=20, 30, 40^m. 
o: W = 20|im; a; w = 30jim; *: W = 40nnt. 
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Fig. 3-49 I-V characteristic of the punch-through device 
With L=4|i,m, VS=Vsub=VG=0V, VI-20, 30, 40*im. 
o: W = 20p.ni; A: w = 30M>m; *: W = 40|im. 
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3-50 I-V characteristic of the punch-through device 
with L=6p,m, Vs=Vsub=VG=0V, W=20, 30, 40p.m. 
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Fig. 3-51 I-V characteristic of the punch-through device 
with L=8pm, VS=VSUj3=Vq=0V, W=20, 30, 40jxm. 
o: W = 20pm; a: w = 30nm; *: W = 40p.m. 
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Fig. 3-52 I-V characteristic of the punch-through device 
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Fig- 3-53 Schematic device cross section in channel width 
direction for channel width effect. 
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decrease as the channel width decrease. 

3.6.3 Substrate Doping Effects 

Previous studies [2,4,13,18,29], showed that as the 

substrate doping increased, the punch-through current will 

decreases. The reason is that an increase in the substrate 

doping will decrease the probability of a drain-to-source 

field penetration. As the field is reduced, the drain-

induced barrier-lowering effect is reduced too. Hence, 

reducing the probability of injecting carriers from the 

source. Measured result are shown in Fig. 3-54. For 6 

volts applied to the drain, a 0.3mA of drain current was 

observed for a substrate doping of 5E13 cm"3. As the 

substrate doping increased to 3E14 cm-3, for the same drain 

biases, only 0.07mA was observed. 

3.6.4 Junction Depth Effects 

As the junction depth of the source and drain 

increases, it increases the probability of drain-to-source 

field penetration. So, as the field increases, drain-

induced barrier-lowering effect increases too, hence, 

increases the probability of injecting more carriers from 

the source. As shown in Fig. 3-55, the drain current 

increases as the junction depth is increased as predicted. 

Also, as the junction depth is decreased, the breakdown 
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voltage at the drain side will decrease due to the 

concentration of the electric field close to the surface at 

the drain side. This limits the drain voltage bias range 

for the operation of the PTSCLL. So, when designing 

PTSCLLs, there is a need to choose the junction depth so 

that it can maintain the operation of PTSCLL without 

breakdown occurring. 

3.6.5 Oxide Thickness Effect 

Fig. 3-56 shows that as the oxide thickness is 

increased, the punch-through voltage decreases. The reason 

is that the thicker oxide reduces the impact of the gate 

voltage and therefore the drain-induced barrier-lowering 

effect is increased. In order to have a large dynamic 

resistance value, it is necessary to limit the oxide 

thickness to its minimum design value. Then a smaller 

drain current will result producing a higher dynamic 

resistance value. 
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CHAPTER 4 

CONCLUSION 

4.1 Summary 

This research is a continuation of a study [18] 

concerning the possibility of using a sample to fabricate 

punch-through device as a small area resistive element for 

IC applications. This work has extended the past work to 

include the effect of charges at the surface or in the 

oxide, and geometry effects. The I-V characteristics of 

punch-through devices as a function of oxide thickness, 

channel length and width, and substrate doping under 

varying applied bias conditions was investigated. The 

experimental data showed that before the punch-through 

voltage was reached, an MOS type of I-V characteristic was 

observed. This was due to the oxide charges which produced 

a surface conduction channel between the source and drain. 

After the punch-through voltage was reached, a combination 

of the surface channel current and the injection current 

due to the drain-induced barrier-lowering was observed. 

Because of the drain edge breakdown effect, the space-

charge-limited current mode was not observed. The 

experiments showed that as the gate was biased more 

101 



102 

negatively on an n-channel punch-through device, a lower 

punch-through current was observed. If the gate bias was 

increased to a large negative value, the punch-through 

current was not eliminated. 

The substrate is typically biased to prevent any 

unwanted forward bias paths. Thus for an n-channel punch-

through device,. a more negative substrate bias will 

decrease the punch-through current. As the channel length 

or the substrate concentration increases, higher drain to 

source voltages are required to reach the punch-through 

condition, The result is a reduction in the punch-through 

current. Increasing the channel width, the junction depth, 

or the oxide thickness, increases the penetration of the 

drain induced field lines. This increases the punch-through 

current. A summary of the surface, substrate bias and 

geometrical effect is shown in table V. 

The experimental results show that in order to 

produce a resistive load that will work in the space-

charge-limited region, a drain bias larger than the flat-

band voltage is needed on the drain. This condition is 

difficult to attain. As the channel length increases, a 

higher drain bias is needed to reach space charge limited 

operation which will increase the power consumption. A 

decrease of the channel length will reduce the power 

consumption, but Eq. (2.34) shows that as the channel 
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Table V 

Svunmarization of The Relation Between The 

Experimental Result & The Punch-Through Current 

1 vG 1 vsub L 1 W 1 Xj 1 NSUb ^ox 

state| t* 1 t* 1 f 1 t I ' t | t 1 t 

VPT 1 t 1 t t 1 * 1 * 1 t 1 I 

XPT 1 1 1 i t 1 t 1 1 t 

RpT | t 1 t t 1 * 1 * 1 t 1 

* : more negative. 

Vq : gate bias. 

vsub : substrate bias. 

L : channel length. 

W : channel width. 

Xj : junction depth. 

Nsub : substrate concentration. 

tox : oxide thickness. 

Vpip : punch-through voltage. 

IpT : punch-through current. 

RpT : dynamic punch-through resistance, 

t : increasing. 

I : decreasing. 
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length decreases, the dynamic resistance decreases 

drastically as L3. In addition, the drain junction 

breakdown will limit the voltage operating range of such 

devices. These behaviors limit the use of the PTSCLL device 

as high resistance load. 

4.2 Recommendation For Future Work 

Upon completion of this theses, there are three 

suggestions for the future research. 

1. It would be interesting to use MINIMOS, BAMBIT, 

or other device simulation programs to study the behavior 

of the device in more detail. 

2. It may be possible to find another purpose for 

this device based on switching speed or temperature 

coefficient. 

3. It is possible to design a device with a very low 

substrate concentration, a moderate channel length which 



APPENDIX A: FABRICATION OF PUNCH-THROUGH DEVICE 

A.l Mask Sets Used for Fabrication. 

QO 
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A.2 Process Procedure. 

PTSCLL FABRICATION FliOW CHART 

1. WAFER SPECIFICATION: 

3 inches, ( 100 ) orientation, p-type ( boron ), 3E14 

cm-3 concentration. 

2. RCA CT.TCANTWr;; 

a. Piranha: H2SO4 : H202 =2 : 1, 10 minutes. 

b. Rinse in DI water for 6 minutes. 

c. SC-l solution: NH4OH : H20 : H202 = 5 : 1 : 1, 

80°C, 10 minutes. 

d. Rinse in DI water for 6 minutes. 

e. Deglaze: HF (49 %) : H20 = 1 : 50, 15 seconds. 

f. Rinse in DI water for 30 seconds. 

g. SC-2 solution: HCL : H20 : H202 =6:1:1, 80°C, 

10 minutes. 

h. Rinse in DI water for 20 minutes. 

i. Spin dry. 

3. MASK OXIDATION: 

Purging Furnace: 

Field oxide furnace: bubbler 02 ( R-15-2-B type ) 

= 30, bypass 02 ( R-15-2- B 

type ) = 10, variac = 100, 

temperature = 1000°C, for at 

least 2 hours. 
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In Field Oxide Furnace: 

a. Bypass 02 = 150, temperature = 1000°C, 10 

minutes. 

b. Bubbler 02 = 30, bypass 02 = 10, variac = 100, 

temperature = 1000°C, 1.5 hours. 

4. DIFFUSION PHOTOLITHOGRAPHY; 

a. YES primer to apply HMDS, 30 minutes, 135°C. 

b. apply KTI-820 ( 27 cs ) positive resist, 1 second 

@ 500 rpm, 30 seconds @ 4500 rpm. 

c. prebake 30 minutes @ 90°C oven. 

d. expose wafer using GCA Direct Wafer Steper, Model 

4800, 0.2 seconds exposure time. 

e. develop resist in KTI 809 solution (3:1) for 2 

minute, rinse in Dl water for 1 minute. 

f. postbake 3 0 minutes 0 135°C oven. 

g. etch the oxide within the opening area with Buffer 

HF ( NH4F : HF = 10 : 1 ), then rinse in DI water 

for 6 minutes. 

h. strip the resist in two 85°C R-10 positive resist 

stripper, 5 minutes each, then rinse in DI water 

for 6 minutes. 

5. RCA CT.T-AMTwr:-

Same as step 2. 

6. PREDEPOSITION: 
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POCL3 liquid source, 900°C, 4 minutes, 

bypass N2 ( R-15-2-A type ) = 50, 

bubbler N2 ( R-15-2-A type ) = 70, 

02 ( R-15-2-A type ) =40. 

7. DRIVE-IN; 

0.55 micro meter device: 

i. 6 minutes drive-in in 900°c predeposition furnace 

with bypass N2 = 50, bubbler N2 = 70. 

ii. Into Drive-in furnace: 

950°C, 10 minutes, bypass 02.= 25, bubbler 02 = 

60, variac = 100. 

8. CONTACT PHOTOLITHOGRAPHY: 

Same as step 4. 

Q_ T?ra PT.TgANING: 

Same as step 2. 

10. METAT.T.TgaTTON; 

0.7 micro meter, HP evaporator. 

11. METAL PHOTOLITHOGRAPHY: 

Same as step 4 except for the metal etcher. 

metal etcher: 

H3PO4 : H20 : HNO3 = 2 0  :  4 . 5  :  1  

heat to 70°C, etch time: 15 to 30 seconds. 

12. BACKSIDE METAT.T.TKATTONi 

0.5 micro meter, HP evaporator. 

13. SINTERING: 



450°C metal sintering furnace, 

15 minutes. 

14. TESTING. 

110 

N2 ( R-15-2-A type ) =150, 



APPENDIX B: SIMULATION PROGRAMS 

B.l Device Simulation Program: 

The following programs (B.l.l and B.l.2) are used in 

the mathmetic software package called EUREKA - THE SOLVER 

by Borland International Inc. and used in the IBM personal 

computer. 

B.l.l 
; This equation can solve and plot the relation between the 
; punch-through device potential and spacing between the 
; source and drain. 

Define constant 
All numbers are in CGS unit (i.e. cm, sec, V etc.) 

Ni = 1.5el0 
ND = 1.2e20 
NA = 2.6el4 
Xox = 5060e-8 
WO = .51355e-4 
Vg = 0 
Vb = 0 
Vbias = 10 
VFB = -3.0 
L = 2e-4 
0 < y < 2e-4 

; Variable Define 

Y0 = sqrt(11.8*Xox*W0/3.9) 
Vbi = .02586*ln(NA*ND/Ni* 2) 
VI = (1.602e-19*NA*Xox*W0)/(3.9*8.854e-14) 

? Vgl = Vg-Vb-VFB 
; V0 = (Vg-Vb-VFB)-VI 
? VD(Vbias) := Vbi+Vbias 

; Main Equation 

V(y) :=(Vg-Vb-VFB-VI)+((Vbi-(Vg-Vb-VFB-VI))*sinh((L-y)/Y0)+ 
(Vbi+Vbias-(Vg-Vb-VFB-VI))*sinh(y/Y0))/sinh(L/Y0) 

111 
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B.1.2 
; This program can solve the minimun surface potential 
; value with respect to the bias voltage at drain side, 
; also it can calculate the punchthrough current along 
; this surface potential 

; Define constant 
; All numbers are in CGS unit (i.e. cm, sec, V etc.) 

Ni = 1.5el0 
ND = 5el9 
NA = 3el4 
Xox = 5060e-8 
WO = .55e-4 
Vg = -3 
Vb = 0 
VFB = -3 
10 = le-15 
L = 2e-4 
0 < Vbias < 10 

; Variable Define 

YO = sqrt(11.8*Xox*W0/3. 9) 
Vbi = .02586*ln(NA*ND/Ni'2) 
VI = (1.602e-19*NA*Xox*W0)/(3.9*8.854e-14) 

; Vgl = Vg-Vb-VFB 
; V0 = (Vg-Vb-VFB)-VI 
; VD(Vbias) := Vbi+Vbias 

? Main Equation 

x (Vbias) : = (cosh (L/YO) - ( (Vbi+Vbias) - (Vg-Vb-VFB-VI))/ (Vbi-
(Vg-Vb-VFB-VI))) /sinh(L/Y0) 

Yb(Vbias) := YO*.5*ln((x(Vbias)+1)/(1-x(Vbias))) 

V(Vbias) : = (Vg-Vb-VFB-VI)+ ((Vbi-(Vg-Vb-VFB-VI)) *sinh( (L-Yb (-
Vbias)) /YO) + (Vbi+Vbias- (Vg-Vb-VFB-VI)) *sinh (Yb (Vbias) /YO)) -
/sinh(L/Y0) 

I(Vbias) := I0*exp(V(Vbias)/.02586) 

J(Vbias) := le9*I(Vbias) 
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B.2 Punch—Through Voltage Calculation Program 

This program was written in BASIC software and used 

in IBM personal computer. 

10 PRINT " CALCULATION OF PUNCH-THP.0U61I VOLTAGE & OTHER VALUES * 
20 INPUT "NA=";NA 
21 INPUT •ND=*;ND 
22 INPUT *L=? ci ";L 
23 INPUT "NI=':NI 
24 INPUT "TEMP5? K';T 
30 BETA=1.38E-23IT/1.602E-I9 
35 PRINT •BETA=';BETA 
40 VFB=1.602E-19INDILA2/(2111.818. B54E-14) 
45 PRINT •VFB=,;VFC 
50 VBI=BETAIL0G(NAtND/NIA2) 
55 PRINT 'VBI=';VBI 
60 A=(1.602E-19A3tND/(8t3.141592654lA2t(ll.BtB.854E-14)rt3))A.25 
70 B=11.8t8.854E-14/(2tl.602E-19IND) 
75 INPUT 'VPT^VPT 
80 INPUT 'VRI=";VFT 
90 C=(VFB-VRT)/L 
100 X=A»UVRT+BICA2)\25-(BICA2)A.25) 
105 H=BETAI(VBI-BICA2) 
106 6=EXP(H)-I 
107 PRINT ,6=";GI"H=';H 
120 Z=EXP(BETAIX)-G 
130 IF ABS(I) <= .00001 THEN 200 
140 IF Z > 0 THEN 160 
150 VPT=VRT:VRT=VRT+(VRT-VPT)/2:B0T0 90 
160 VPT=VRT:VRT=VRT-(VRT-VPT)/2:GOTO 90 
200 PRINT •VRT=,iVRT;"V' 
210 V2=VBI-BICA2 
220 PRINT °V2=,:V2;-V-
230 V1=VRT-V2 
240 PRINT -V1=B;V1 ;'V 
250 EH1=(VRT+VFB)/L 
260 PRINT "E«l=";E(11;-V/c«" 
270 X0=11.8I8.854E-14IEM1/(1.602E-1SIN0) 
280 PRINT "X0=";X0;"Micro Heter' 
290 END 
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