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ABSTRACT 

This dissertation presents an investigation on the low 

temperature fabrication of a new ultraviolet-visible light detector. 

Interface charges between a low temperature grown anodic silicon diox­

ide and a silicon single crystal material are used to generate a 

strong electric field perpendicular to the photodetection surface of 

the device. This electric field separates the photon created electron-

hole pairs in the silicon material to produce a net flux of electric 

current across the detector. 

Experimental optimization studies for surface state charge 

generation in the anodic silicon dioxide-silicon interface are pre­

sented. 

An approximate one dimensional numerical analysis is employed 

to calculate the theoretical quantum efficiency of the device. Com­

parisons between the theoretical and experimental quantum efficiencies 

are made. 

Ion implantation and low temperature anodic oxide growth tech­

nologies are employed for the fabrication of the light detector de­

vice. These techniques allow fabrication of this type of light detec­

tor device at temperatures no greater than 620°C. 

x 



CHAPTER 1 

INTRODUCTION 

It has been known that light detection below the 0.4 ym range 

by semiconductor devices possesses problems. Wide band gap materials 

such as Galium Phosphide (GaP), Cadmium Sulfide (CdS), Galium Arsenide 

(GaAs), etc. have small minority carrier diffusion lengths (Tyagai 

1964). This situation, causes some of the photon generated electron-

hole pairs to be lost by recombination processes across the semicon­

ductor material before they can be extracted from the detector device. 

On the other hand, narrow band gap materials such as Silicon (Si), 

Germanium (Ge), etc. have high absorption coefficients. This situ­

ation causes most of the photon generated electron-hole pairs to be 

produced close to the active surface of the material where they can be 

lost by recombination with the always present surface state traps. 

Taking advantage of the long diffusion length of minority car­

riers in narrow band semiconductors it is possible to enhance the 

light detection of these detectors, in the range 0.4 ytn or below, by 

using very shallow diffused p-n junctions in photodiode devices. The 

presence of an electric field generated by this shallow diffused p-n 

junction helps the electron-hole pairs to avoid loss by recombination 

processes with surface states traps (Lindmayer and Allison 1973). 

Shallow diffused p-n junctions however, decrease the lifetime of 

1 
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minority carriers due to the strain in lattice deformation and 

interstitial lattice traps created by diffused impurity atoms in the 

crystal. 

Solar cells as light detectors, with electric field induced 

shallow junctions, have been investigated by Call (1973). Cells of 

this type do not require impurity diffusion on the active area of the 

device. The electric field, across the Silicon Dioxide-Silicon (SiC^-

Si) interface of this type of detector, is generated by positive sodium 

impurity atoms in the thermal SiC^ layer. Call (1973), has also 

studied Sif^-Si cells with positive Qsg charges produced at the SK^-Si 

interface of thermal Si02» These studies on electric field induced 

junction devices, however, require high temperature fabrication cycles. 

High temperature processing of single crystal silicon wafers reduces 

the lifetime minority carriers in these materials due to thermal lat­

tice deformation. Thermal stress on single crystals are known to gen­

erate: defects, distortions, and faults in the crystal lattices. 

These type of irregularities act as traps or "lifetime killing centers" 

of minority carriers in semiconductor materials. 

The low temperature growth techniques of anodic silicon diox­

ide offer the possibility of study the electric field induced junction 

light detector devices as an alternative to the high temperature 

(> 650°C) fabrication of light detector devices. It is the purpose of 

this dissertation to study this possibility. The broad objectives of 

the dissertation are: 
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1. The experimental study of the interface charges of the anodic 

Si02-Si. 

2. Calculation of the theoretical quantum efficiency of the anodic 

SiC^-Si light detector. 

3. Fabrication of an anodic SiOj-Si light detector. 

4. Comparison between the theoretical and experimental quantum 

efficiency of the anodic Sit^-Si light detector. 

Mathematical Model for the SiOp-Si Light Detector 

Operation of the SiC^-Si light detector relies upon the pres­

ence of a strong electric field at the interface of an SiC^-Si system. 

This electrical field in the surface of the Si materials is strong 

enough to cause the intrinsic Fermi energy, of p-type material, to 

cross the equilibrium Fermi energy level and produce an n-type inver­

sion layer at the surface of the Si crystal. Fig. 1.1 shows the ther­

mal equilibirum energy diagram of an SiC^-Si interface light detector. 

Electron-hole pairs, generated by photons hitting the surface region 

of the Si material, are separated by the presence of this electric 

field. This charge separation is such that excess generated carriers 

create a net flux of charge current across the SK^-Si device. The 

existing electric field at the SK^-Si interface is generated by the 

presence of positive interface charges, in the Sit^-Si transition re­

gion, so its intensity depends upon the density of positive interface 

charges. 
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E 

Si material (p-type) 

Fig. 1.1 Energy Diagram for an Anodic SiC^-Si Light Detector under 
Dark Conditions 

E£ = Conduction Band Energy Level 

E^ = Valence Band Energy Level 

Ej, = Intrinsic Energy Level 

E^ = Equilibrium Fermi Energy Level 

P 

® = Surface State Charge Q 
s s  

- =• Free electrons in the conduction band 



An analysis of the Sit^-Si light detector quantum efficiency 

requires a knowledge of the electric field at the SiC^-Si interface 

and the electron and hole current density across the field induced p-n 

junction. The quantum efficiency of a non-amplifying light detector 

is the ratio 

«/,x nE _ J(A)hc ,N 
9 W ) "  ̂ "  v O T  ( 1 - »  

where 

J (A) = total current density flowing across the non-amplifying 

detector. 

h = Planck constant 

c = light velocity in vacuum 

A = wavelength of incident radiation 

$e(A) = incident radiant power density or radiant flux falling onto 

the light detector. 

The above equation defines the ratio of a certain number of 

electrons, n , flowing into an external electric circuit per unit time 
E 

to the number of photons, n falling on the photodetector per unit 

time (Chappell, 1976). Previous analysis of the electric field, gen­

erated by the presence of positive charges on the surface of a semi­

conductor material, was investigated by Brown (1953), and Kingston 

and Neustadter (1955). The electric field at the SiC^-Si interface 

is given as 



2 2KT 2 
E (<J>) - ( i£i )^ ( ) [(exp (- B4>) + B<f> - 1) 

" s 

n 
+ -22- (exp (B4>) - B«f> - 1)] (1.2) 

Ppo 

where 

q = electron charge 

Ppo = equilibrium hole concentration 

K = Boltzman constant 

T = absolute temperature 

e = semiconductor permittivity 
s 

B = KT 

<p = electrostatic potential 

n = equilibrium electron concentration 

The value of the electric field, E , at the surface of the 
s 

semiconductor is given by 

e2^b) = ( "IT )2 ( > F ( V i22" } (1*3) 
q s po 

where 

n n 
F(<J) = [ (exp (- B<f>) + B<j> - 1) + —^ (exp (B<|> ) - B<}> - 1)] 

s p s p S b 
po po 

(1.4) 

<J>g = value of the electrostatic potential at the surface of 

the semiconductor. Its value is influenced by the amount of positive 

charges present on the surface of the semiconductor. Fig. 1.2 shows 
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Fig. 1.2 Electric Field E as a Function of the Electrostatic 

Potential <f>g 
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E = E (4> ) as a function of <j> for a given semiconductor material, 
s s s s 

This shows three important regions. The accumulation region for which 

<j>g < 0. This situation corresponds to negative charges on the surface 

of the semiconductor. The depletion and weak inversion region for 

which 0 < <ps < 2<J>g. This situation corresponds to low density of pos­

itive charges on the semiconductor. The strong inversion region for 

which <p > 2<J)n. This situation corresponds to a high density of pos-
S D 

itive charges on the surface of the semiconductor. The value of the 

field induced p-n junction, , is calculated by integrating, from the 

surface value <j> to the intrinsic value <f>., the electrostatic poten-
S 1 

tial equation 

A 

* f 1 J  L  

d(fr 

W F«- ̂  > 
M D *po 

(1.5) 

where 

Ld = Debye length = ( 2KT ̂  )** 

P <3 
P° 

Calculations of the total current density are made by solving 

the approximated minority carrier current equations (one dimension). 

For the p-type side 

Je . qDn (1.6) 

For the inversion n-type side 

J
p * - qDp ̂  + qyp6PE(x) (1.7) 
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where 

D = electron diffusion constant 
n 

6 = excess electron concentration 
n 

D = hole diffusion constant 
P 

6 = excess hole concentration 
P 

and the total current density through the device is given as 

Eqns. (1.6) and (1.7) can be solved with help of the continuity equa­

tion for electron and holes 

(1.8) 

<f>Qexp(- ax) 
[1 - RU)] a (1.9a) 

D 
n 

d2<SP qE(x) d6p , 1 . dE ) . 
, 2  KT dx v D T KT dx ' H 
dx p p 

4>o exp(- ax) 
[1 - R(X)] a (1.9b) 

D 
P 

where 

<j> = number of incident photons per unit time unit area 

t = hole life time in n-side 
P 

t = electron life time in p-side 
n 

R = reflection coefficient of the SiC^-Si interface 

a = absorption coefficient of Si 
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The boundary conditions for Eqns. (1.9a), (1.9b) are for the p-side 

D = s 6p at x = 0 (1.10a) 
p dx p r 

6p = 0 at x = Xj (1.10b) 

Eq. (1.10a) states the presence of recombination centers, at 

the surface of the semiconductor, with recombination velocity s^. Eq. 

(1.10b) states that the hole minority carriers are swept away by the 

electric field as soon as they cross the induced p-n junction at 

x = x j. For the n-side 

fin = 0 at x = Xj (1.11a) 

<5n = 0 at x = H (1.11b) 

where 

H = thickness of p-region. Eq. (1.11a) states that electron 

excess carriers are swept away by the electric field as soon as they 

cross the induced p-n junction at x = x^. Eq. (1.11b) states the pres­

ence of an ohmic contact at x = H. Eq. (1.9a) is solved by standard 

solution methods. The spatial dependence of the electric field, due 

to positive density of charges at the Si02~Si interface, requires 

that Eq. (1.9b) be solved only by approximate numerical methods. 



CHAPTER 2 

STUDY OF SURFACE STATE CHARGE 

The interface charge states of the MIS system have not been 

advantageously utilized by solid state designers. The presence of 

small amounts of surface charge states and surface states in MIS de­

vices have detrimental effects on the electrical properties of such 

structures. These interface charge and surface states can alter con­

siderably the value of the electrostatic potential from the bulk to 

the surface of the semiconductor materials in MIS devices. Deviation 

of the bulk value of the electrostatic potential at the surface of a 

semiconductor can produce the enhancement, depletion or inversion of 

surface density of majority carriers and thus alter the electrical 

properties of the interface. Interface studies of MIS structures by 

Grove et al. (1965), showed the existence of a surface state charge 

of positive polarity in n-type and p-type thermal oxidized silicon 

materials. Deal et al. (1967), pointed out that this fixed positive 

surface state charge, Q , is due to excess silicon species introduced 
ss 

in the oxide layer, near the SK^-Si interface, during thermal oxida­

tion of silicon. It is now known that the nature of the fixed surface 

state charge is due to an intermediate reaction product of the oxida­

tion process of silicon (Raider and Berman 1978). 

11 
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It Is the objective of this part of the dissertation to study 

experimentally the electrical properties of the anodic low temperature 

grown SiC^-Si interface. The aim of this study is toward three impor­

tant objectives: 

1. To avoid destroying the minority carrier lifetime in the Si 

material. 

2. To inhibit creation of fast surface traps at the SiC^-Si 

interface. 

3. To create enough surface states charges, at the SiC^-Si inter­

face, to invert the minority carriers in the Si surface. 

Experimental Assumptions 

The experimental method of study employed in this part of the 

work is by measuring the capacitance versus voltage characteristics 

of MIS structures. This method allows determination of interface 

charges, Sit^ impurity contamination and presence of fast surface 

states in the Metal-SiC^-Si system. 

The presence of an electric field, perpendicular to the sur­

face of a semiconductor, is generated by the total number of charges, 

Q , per unit area in the semiconductor (Sze 1969), given by the rela-
s 

tion 

2e KT n 

-it "*.•£ > (2a) 

Fig. 2.1 shows the energy diagrams of an MIS system for different values 

of the external applied voltage, V, where 
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(b) 

Fig. 2.1 Energy Diagrams for an MIS System 

(a) For an external applied voltage V < 0, there is an 
accumulation of positive charges at the SiC^-Si inter­
face. 

(b) For an external applied voltage > 0, there is an 
accumulation of negative charges at the SiC^-Si inter­
face. 
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(c) 

Fig. 2.1 (Continued) 

(c) For an external applied voltage V2> 0, there is an 
accumulation of negative charges greater than case (b) 
at the SiC^-Si interface. 
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v = Vi + cf>s (2-2) 

V Qs 
V = voltage across insulator (Si0o) = = -r~ 
i ^ e. L. 

ii 

e^ = permittivity of SiC^ region 

<j> = semiconductor surface voltage 

d = SiC^ thickness 

= SiC^ capacitance/area 

Total capacitance/area versus voltage of the MIS system can be cal­

culated as 

c.c 

c = c^Tc" (2*3) 
i + D 

where the depletion capacitance/area, C^, is 

n 

d_ (1 - exp(B<j)) + (exp(B<J>) - 1)) 
o _ s _ Ppo /n /N CD = _ - (2.A) 

F(B(j), -E2. ) 

po 

Eq. (2.3) is calculated for the case in which MIS structure is ideal, 

that is, there is no difference in the semiconductor metal work func­

tion, no surface states, no surface state charges, and no impurity 

charges in the SiC^ layer exist. A plot of C versus V is shown in 

Fig. 2.2 for a p-type substrate Si material. Experimental deviations 

of this C versus V curve will show the presence of fast surface states, 

impurity charges in Si0o-Si layer, and surface state charges, Q„_> at s s 

the SiC^-Si interface. 
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k C (farads) 

accumulation region 

depletion inversion region 

region 

V (volts) 

. 2.2 C-V Curve of an MIS System. 

The C-V curve shown above is for a p-type Si material. For 
an n-type Si material, the C-V curve is obtained by a 

C-axis reflection of Fig. 2.2. 
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Interpretation of capacitance versus voltage, (C-V), 

experimental curves of MIS devices are based upon the following cri­

teria: 

1. The existence of a work function difference, <J> = <f> - <t> » 
ids hi s 

between the metal gate and the silicon material, shifts the experi­

mental C-V curve parallel to the ideal one. The amount of displace­

ment will be equivalent to the amount of d> difference. Here <j) 
ms m 

= work function of metal; (J) = work function of semiconductor. Fig. 
s 

2.3 (a) shows this situation. 

2. The existence of interface state charges, Qss> shift the 

experimental C-V curve parallel to the ideal C-V curve. The direction 

of displacement indicates the polarity of Q . Fig. 2.3 (b) shows 
ss 

this situation. 

3. The existence of fast surface states distorts the shape 

of the C-V curve in the depletion and strong inversion regions. Fig. 

2.3 (c) shows this situation. 

4. Contamination of the SiC^ layer shows a parallel symmetric 

shift of the ideal C-V curve under positive or negative thermal stress 

treatment. 

Experimental Procedure 

Procedure for C-V plots of MIS structures consist of three 

main parts. The anodic oxidation of Si wafers. The metal deposition 

on Si02 layers. Measurements and interpretation of MIS curves. 
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C 

ms 
ms 

Ideal case 

(a) 

Q( ss 
ss 

AV-
AV, 

ideal case 

(b) 

Fig. 2.3 C-V Curves under Different Conditions 

(a) This situation represents the effect on a difference in 
work functions between the metal electrode and the semi­
conductor electrode. 

(b) This situation represents the effect of the presence of 
impurity charges in the SiC^ region. 
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Interface states 
close to valence band 

ideal case 

Interface states close to 

conduction band 

(c) 

Fig. 2.3 (Continued) 

(c) This situation represents the effects of an imperfect 
Sit^-Si interface. 
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Anodic Oxidation of Si 

The method consists of immersing clean Si wafers in an 

electrolyte solution of potassium nitrate (KNO^), and ethylene glycol 

at different molar concentrations, and applying a direct cur­

rent (DC) anodizatlon voltage across the metal-electrolyte-

semiconductor cell (MES). Fig. 2.4 shows the experimental arrangement 

of this method. Appendix A contains the cleaning procedure for Si 

wafers. Preparation method of ethylene glycol solutions are contained 

in Appendix B. Ethylene glycol is selected as an electrolyte because 

of its chemical inert nature to Si. Other electrolyte compounds could 

be used, however. KNO^ salt is used in the electrolyte to establish 

a low resistance path for electrons and Si ions across the MES cell 

under the influence of an external anodizatlon electric field. 

Anodic oxide growth is carried out under application of a 

varying DC forming voltage in such a way that the total current density 

across the MES cell is kept constant. This variation of is allowed 

until the desired Si02 thickness is reached. After this happens the 

forming voltage is kept constant in such a way as to allow the current 

density to decay to a predetermined value. This method of Si02 growth 

inhibits a high density of states at the Si02~Si interface (Revez 1967). 

Several molar concentrations of KNO^ in ethylene glycol are 

used in this experiment.. Variation of these molar concentrations al­

lows the initial forming voltage, of the Si electrode, to vary accord­

ingly. 
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Fig. 2.4 Experimental Arrangement for Anodic Oxidation of Si 



Metal Deposition 

Aluminum metal is used for the electrode in MIS devices. 

Deposition of aluminum (Al) on top of SiC^ grown layers is made in a 

vacuum station at pressures < 10 ̂  torr. The evaporation is carried 

out at = 700°C. The SK^-Si substrate temperature is kept 100°C. 

Aluminum electrodes on MIS devices have "key hole" shapes as shown in 

Fig. 2.5. The central dot acts as the active area of MIS capacitors. 

The external ring with a contact pad is used to avoid surface currents 

on the Sit^ layer. 

Measurement of C-V Curves 

An alternating current (AC) voltage is used to measure the 

capacitance of MIS devices. The frequency of this signal is 100 khz. 

It is high enough to prevent the minority carriers, in the inversion 

region of the semiconductor surface, from following this variation. 

A direct current (DC) voltage is added to the ac signal voltage. This 

dc voltage changes the value of the electrostatic potential at the sur­

face of the semiconductor and thus the capacitance of the device. 

The steps for C-V measurements are as follows: 

1. At room temperature set a dc bias voltage in the metal elec­

trode of 50 volts with respect to the semiconductor. 

2. Allow the dc bias to change from 50 to -50 volts and measure 

the change in capacitance in an X-Y plotter. 

4. Allow the dc bias to change from -50 to 50 volts and measure 

the change in capacitance. This set of curves is used to 
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detect the presence of surface states, and surface state 

charges (fixed charges). The value of the charge density and 

surface density is given by 

Q Ke (V + <f> ) 0 xss o Yms / -2X /0 c\ = —j (m ) (2.5) 
q qd 

where 

d « SK^ thickness 

K = dielectric constant of Sit^ 

eQ = electrical permittivity of free space 

V = displacement of C-V curve with respect to the ideal case 

d> = metal semiconductor work function difference 
ms 

If no distortion exists on the experimental C-V curves, Eq. 

(2.5) gives the value of the surface charge only. 

4. At a temperature of 250°C, set the dc bias voltage on the metal 

electrode for 10 volts and a period of 5 minutes. 

5. Allow the temperature of MIS capacitor to decrease to room 

temperature while maintaining the 10 volts bias voltage. 

6. At room temperature measure C-V curves by changing the dc bias 

from 50 to -50 volts. 

7. At a temperature of 250°C set a dc bias voltage on the metal 

electrode of -10 volts for a period of 5 minutes. 

8. Allow temperature of the MIS capacitor to decrease to room 

temperature while maintaining the -10 bias voltage. 

9. At room temperature measure C-V curves by changing dc bias 

from -50 to 50 volts. 
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This set of curves is used to detect the presence of Sif^ 

impurity contamination (mobile carriers). Calculation of the amount 

of impurity contamination in SiC^ is not of interest in this experi­

ment. 

Materials Used 

Silicon wafers used in this work are p-type with resistivities 

of 0.1 flm and crystal orientation (111). Dimensions of the Si wafers 

—A 2 
are 4 x 10 m with thicknesses of H = 250 ym. 

The molar concentration of KNO^ salts dissolved in ethylene 

glycol are: 0.02 M, 0.04 M, 0.06 M, and 0.08 M. 

The metal electrode employed in the MES cell consist of a 

steel plate of 0.02 by 0.06 m. on which a layer of approximately 

10,000 A of palladium (Pd) has been deposited by vacuum evaporation 

method at a pressure of 10 ^ torr. The temperature of Pd evaporation 

occurs at about 1600°C. 

The Si electrode wafer holder consists of a plexiglass rectan­

gular box with a spring copper contact attached to one of the side 

faces. The sealing ring between the Si wafer and the box is made of 

silicon rubber able to stand temperatures of 200°C. The Si wafer was 

held by means of vacuum suction. Fig. 2.6 shows the experimental set 

up for measuring C-V curves in MIS devices. 

Results 

Measurements of C-V curves were made on a total of 30 Si 

wafers. Each wafer consists of about 20 MIS capacitors. Data from 
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5 capacitors per wafer were taken; one capacitor was selected from the 

center and the other from the side of a wafer. The electrolyte used 

in each anodic growth was freshly made; this situation ensures repro­

ducibility in the growth conditions. 

The first SiO^ batch was grown under the conditions indicated 

in Table 2.1. Results on the measured Q of the described batch are 
ss 

given in Table 2.2. Data in Table 2.2 indicates a significant increase 

of positive Qgg in the SiC^-Si interface as the anodic current is in­

creased through the MES cell. 

Table 2.1 Anodic Silicon Dioxide Growth Conditions for Several Si 

Wafers 

Wafer Anodic Molar Forming Oxide 

Number Current Concentration Voltage Thickness 

5 25 mA 0.02 M 250 v 1250 A 

8 25 mA 0.02 M 250 v 1250 A 

9 25 mA 0.02 M 250 v 1300 A 

10 25 mA 0.02 M 250 v 1350 A 

4 50 mA 0.02 M 250 v 1150 A 

6 50 mA 0.02 M 250 v 1150 A 

7 50 mA 0.02 M 250 v 1150 A 
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Table 2.2 Density of Surface State Charges of Several MIS Capacitors 

Wafer 
Number 

Anodic 
Current Qss/q(m~2) 

-2 
Average Qgg/q(m ) 

5 25 mA 3.13xl015 

8 25 mA 4.11xl015 5.54xl015 

9 25 mA 6.74xl015 

10 25 mA 7.85xl015 

4 50 mA 7.93xl015 

8.6lxl015 
6 50 mA 8.01xl015 

8.6lxl015 

7 50 mA 9.91xl015 

A second batch of SiC^ growth was made to observe the effect 

of SiO_ thickness on Q generation. Table 2.3 shows the growth con-
6 ss 

ditions. Results on the measured Q of the second batch are given in 
s s 

Table 2.4. 

Table 2.3 Anodic Silicon Dioxide Growth Conditions for the Second 
Batch of Si Wafers 

Wafer Anodic Molar Forming Oxide 
Number Current Concentration Voltage Thickness 

11 25 mA 0.02 M 400 v 2200 A 

13 25 mA 0.02 M 400 v 1850 A 

12 50 mA 0.02 M 400 v 1850 A 
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Table 2.4 Density of Surface State Charge of the Second Batch of MIS 
Capacitors 

Wafer 
Number 

Anodic 
Current Qss/q(m~2) 

_2 
Average Qee/q (m ) 

SS 

11 

13 

25 mA 

25 mA 

5.39xl015 

3.91xl015 
4.65xl015 

12 50 mA 4.19xl015 4.19xl015 

Data of Q in Table 2.4 indicates no significant change in the 
ss 

surface charge generation at the SK^-Si interface as the current is 

increased from 25 to 50 mA. 

From the above observations, an increase in Q at the Si00-Si s s / 

interface is possible by increasing the anodic current as much as pos­

sible; however, it was found that anodic current densities above 1.5 

2 2 
x 10 A/m produce porous Si02* All MIS capacitors made from porous 

Si02 show a short circuit condition. Data from Tables 2.2 and 2.4 in­

dicates that the amount of Q generated under such conditions is be-
ss 

low that reported in the literature (Raider and Berman 1978). 

A second optimization parameter considered was the electrolyte 

resistance (molar concentration of KNO^), therefore a third batch was 

made; its growth conditions are summarized in Table 2.5. Results on 

the measurements of Q of this batch are given in Table 2.6. 
ss 

Data of Q in Table 2.6 indicates again an increase in Q 
ss ss 

as the anodic current is increased. Also, it shows that decreasing 
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Table 2.5 Anodic Silicon Dioxide Growth Conditions for the Third 
Batch of Silicon Wafers 

Wafer 
Number 

Anodic 
Current 

Molar 
Concentration 

Forming 
Voltage 

Oxide 
Thickness 

22 25 mA 0.04 M 250 v 1400 A 

24 25 mA 0.04 M 250 v 1470 A 

21 50 mA 0.04 M 250 v 1450 A 

23 50 mA 0.04 M 250 v 2300 A 

Table 2.6 Density of Surface State Charge of 
Capacitors 

the Third Batch of MIS 

Wafer 
Number 

Anodic 
Current Qss/q m"2 Average Qgg/q cm ^ 

22 

24 

25 mA 

25 mA 

9.59xl015 

9.70xl015 
9 .6xl015 

21 

23 

50 mA 

50 mA 

1.73xl016 

1.16xl016 
1 .45xl016 

electrolyte resistance it is possible to increase Q . For complete-
ss 

ness, as in 0.02 M batch, another batch of 0.04 M was studied with 

thicker Si©2 layer. Growth conditions are shown in Table 2.7. 

Results of the measured Q of wafers from Table 2.7 are given 
SS 

in Table 2.8. These results show no significant change in Q by 
ss 
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Table 2.7 Anodic Silicon Dioxide Growth Conditions for the 4th Batch 
of Silicon Wafers 

Wafer 
Number 

Anodic 
Current 

Molar 
Concentration 

Forming 
Voltage 

Oxide 
Thickness 

1 25 mA 0.OA M A00 v 2150 A 

20 25 mA 0.0A M A00 v 2350 A 

2 50 mA 0.OA M A 00 v 2250 A 

17 50 mA 0.0A M A00 v 2600 A 

19 50 mA 0.OA M A00 v 2A50 A 

Table 2.8 Density Surface State Charge of the Ath Batch of MIS 
Capacitors 

Wafer 
Number 

Anodic 
Current 

Q /q m ^ 
ss n 

-2 
Average Q /q m 

s s 

1 

20 

2 

17 

19 

25 mA 

25 mA 

50 mA 

50 mA 

50 mA 

l.AlxlO16 

1.78X1016 

5.51xl015 

1.68xl016 

2.OlxlO16 

1.6xl016 

l.AlxlO16 



increasing anodic current from 25 to 50 mA. This situation resembles 

that of the 0.02 M batches. 

Further decrease in electrolyte resistance was studied to see 

its effect on the surface charge generation. For this situation Table 

2.9 lists the growth conditions of this batch. Also Table 2.10 shows 

the results of Q generation for this batch. 
ss 

Table 2.9 Anodic Silicon Dioxide Growth Conditions for the 5th Batch 
of Silicon Wafers 

Wafer 
Number 

Anodic 
Current 

Molar 
Concentration 

Forming 
Voltage 

Oxide 
Thickness 

27 25 mA 0.06 M 250 v 1500 A 

34 25 mA 0.06 M 250 v 1300 A 

25 50 mA 0.06 M 250 v 1560 A 

28 50 mA 0.06 M 250 v 1300 A 

Table 2.10 Density of Surface State Charge of the 5th Batch of HIS 
Capacitors 

Wafer 
Number 

Anodic 
Current Qss/q m~2 

—2 
Average Q /q m 

ss 

27 

34 

25 mA 

25 mA 

1.80xl016 

1.69xl016 
1.75xl016 

25 

28 

50 mA 

50 mA 

2.04xl016 

2.OOxlO16 
2.02xl016 
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Data from Table 2.10 shows also that Q generation increases 
ss 

with anodic current. This amount of Q is higher as that of Table 2.6 
ss 

in which both batches have, on the average, the same SiC^ thickness. 

In an analogus way, as in batches from Tables 2.3 and 2.7, 

SiC>2 was grown on two wafers at 380 volts of forming voltage (thicker 

oxide). Growth conditions of these wafers are listed in Table 2.11. 

Results in Qss from the above two wafers are given in Table 

2.12. 

Table 2.11 Anodic Silicon Dioxide Growth Conditions for the 6th 
Batch of Silicon Wafers 

Wafer 
Ntimber 

Anodic 
Current 

Molar 
Concentration 

Forming 
Voltage 

Oxide 
Thickness 

30 25 mA 0.06 M 380 v 2400 A 

26 50 mA 0.06 M 380 v 2300 A 

Table 2.12 Density of Surface State Charge of 
Capacitors 

the 6th Batch of MIS 

Wafer 
Number 

Anodic 
Current 

Qss/q m'
2 Average Q 

ss 

, -2 
/q m 

30 25 mA 1.86xl016 1.  86x10 16 

26 50 mA 1.70xl016 1.  , 70x10 
16 
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Above results show that a charge in Q using 25 or 50 mA is 
s s 

not as sensitive as in the last batches. Also Qgg is not as high as 

that on Table 2.10; however, the 0.06 M batch generates, on the aver­

age, higher Q than those of the 0.04 M batches. For this reason the 
ss 

following batch was made hoping to increase Q by lowering further 
ss 

the resistance of the electrolyte. The growth conditions of this 

batch are given in Table 2.13. Results of the 7th batch of MIS capac­

itors are given in Table 2.14. 

Table 2.13 Anodic Silicon Dioxide Growth Conditions for the 7th 
Batch of Silicon Wafers 

Wafer 
Number 

Anodic 
Current 

Molar 
Concentration 

Forming 
Voltage 

Oxide 
Thickness 

14 25 mA 0.08 M 250 v 1450 A 

15 50 mA 0.08 M 250 v 1750 A 

35 25 mA 0.08 M 380 v 2550 A 

36 50 mA 0.08 M 380 v 1900 A 
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Table 2.14 Density of Surface State Charge of the 7th Batch of MIS 
Capacitors 

Wafer 
Number 

Anodic 
Current %s

/q  m"2  
_2 

Average Q /q m 
ss 

14 25 mA 1.75xl016 1.75xl016 

15 50 mA 1.78xl016 1.78xl016 

35 25 mA 1.59xl016 1.59xl016 

36 50 mA 1.58xl016 1.58xl016 

Data from Table 2.14 indicate very small Q increase in wafer 15 
ss 

from that of wafer 14. Both wafers have thinner oxides than wafers 

35 and 36. These last two wafers do not show high relative percentage 

change in Q generation as those from batches 0.02 M, 0.04 M, and 
ss 

0.06 M. Si02 grown layers, using 0.08 M electrolytes, show visible 

surface contamination of KNO^ salt crystals. C-V measurements in this 

batch were difficult to carry out due to high surface currents on the 

Si02 layers. 

Discussion of Results 

The anodic oxidation of Si is known not to be a very efficient 

process. Most of the current in the MES cell is 97-99% electronic. 

Various models proposed in the literature indicate that anodic oxida-

q 
tion of Si, with electric fields < 1.5x10 volts/m across the SiO^ 

occurs by a transport mainly of OH radicals, present in the electro­

lyte, through the Si02 layer and then to the Si surface where they 
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react with this surface to form new SiC^. Thus, the rate of oxide 

generation is proportional to the anodic current density through the 

O 
MES cell. For electric fields > 1.5x10 volts/m the oxidation process 

is mainly due to field enhancement diffusion of Si ions through the 

Sif^ layer and into the electrolyte-SiC>2 interface where they react 

with oxidizing species (Revez 1973). 

To maintain a constant current through the SiO^ layer as the 

oxide layer grows thicker, the forming voltage must increase. Usual­

ly, it is found experimentally that the variation of the forming vol­

tage with respect to time is linear as well as the variation of the 

oxide thickness with respect to time. Fig. 2.7 shows typical voltage 

versus time and oxide thickness versus time curves. Assuming that 

the electric field across the Si02 layer is constant, the variation of 

the forming voltage and oxide thickness with respect to time are re­

lated as 

ft -E if (2-6) 

where 

E = Electric field through Si02 

x = Si02 thickness 

V = Forming voltage 

From Eq. (2.6) it is possible to calculate the order of magni­

tude of the electric field in Si02 growth. Typical cases are 

E • = " 8.79xl08 v/m (wafer 17) 
mxn dx/dt 

E = = 2.14xl09 v/m (wafer 13) 
max dx/dt 
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Fig. 2.7 Typical Forming Voltage and Si02 Thickness versus Growing 
Time Curves 
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Using Eq. (2.6) and data from Appendix C, the average value 

of E field in anodic oxide growth is 

<E > = 1.65xl09 v/m 

To visualize and facilitate the discussion about results in 

Q for different growing conditions see Fig. 2.8, the Q generation 
ss ss 

versus molar concentration at different anodic currents. 

Refering to Fig 2.8, plots of these curves were made by taking 

the average value of Q of the MIS capacitors with SiO~ layers grown 
ss 

in similar conditions. It is easily seen from this figure, that Q 
ss 

generation depends on two factors: First, the amount of Q generated 
ss 

at the Si02~Si interface is influenced by the electrical resistance 

of the electrolyte (molar concentration of KNO^). Second, an increase 

in Q generation is produced by an increase in anodic current through 
s s 

the MES cell. An explanation of the first influencing factor can be 

made by calculating the average electric field across the SiC^ layers 

using Eq. (2.6) and data from Appendix C. These results are shown in 

Table 2.15. 

From data in Table 2.15, one can argue that: For wafers with 

2 2 
anodic current densities of 1.25x10 A/m and the same electrolyte 

concentration, the average electric field across the SiC^ layers has 

a 
values < 1.5x10 v/m. This indicates that the anodization process un­

der these circumstances is due mainly to field enhanced diffusion of 

OH" ions through the Si02 layers toward the Si02~Si interface. This 

oxidation process, resembles that explained for thermal oxides (Raider 

and Berman 1978). For wafers with an anodic current density of 
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Table 2.15 Comparison between the Average Electric Field and the 
Average Surface Charge Generation with Different Oxide 
Growth Conditions 

Molar 
Concentration 

Anodic 
Current Electttriield Average qss/q 

0.02 M 25 mA 2.00xl09 v/m 5.10xl015 
-2 
m 

0.02 M 50 mA 1.39xl09 v/m 6.40xl015 
-2 
m 

0.04 M 25 mA 1.61xl09 v/m 1.28xl016 
-2 
m 

0.04 M 50 mA l.OOxlO9 v/m 1.43xl016 
-2 
m 

0.06 M 25 mA 1.81xl09 v/m 1.81xl016 
-2 
m 

0.06 M 50 mA 1.43xl09 v/m 1.86xl016 
-2 
m 

0.08 M 25 mA 1.73xl09 v/m 1.67xl016 
-2 
m 

0.08 M 50 mA 1.43xl09 v/m 1.94xl016 
-2 
m 

2 
62.5 A/m and the same electrolyte concentration, the average electric 

q 
field across the Si02 layers has values > 1.5x10 v/m. This indicates 

that the anodization process under these circumstances is due predom­

inantly to field enhanced diffusion of Si+ ion through the Si02 layers 

toward the Si02~electrolyte interface. This oxidation process, al­

though not well understood, generates lower Q charges at the SiO_-Si 
ss z 

interface. 

A figure of merit in this experiment is the percentage change 

in Q charges using two different anodic current densities. A plot 
ss 

of this figure of merit versus concentration of KNO^ in the electrolyte 

is shown in Fig. 2.9. This figure shows that Si02 growth using 0.02 M 
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electrolyte is very sensitive to Q charge generation under two 
s s 

different forming voltage values (different oxide thicknesses). As 

molar concentration in the electrolyte increases, this variation in 

Qgs difference decreases considerably to a such value that anodic oxide 

growth made with 0.08 M electrolyte produces about the same density of 

Q charges at different forming voltages. It is seen also from Fig. 
ss 

2.9, that the sensitivity of Qgg generation is small when Si02 is 

grown with high forming voltages. 

Summary 

Surface charge generation at the interface of an anodic Si02~Si 

system was investigated. The anodic growth was made with several dif­

ferent concentrations of KNO^ salts in a non-aqueous electrolyte, eth­

ylene glycol. Measurements of the surface charge, Q , were made using 
s s 

C-V curves of MIS capacitors. It was found that Q charge generation 
s s 

depends on two factors: The electric resistance of the electrolyte 

(molar concentration) and the anodic current through a Metal-

Electrolyte-Semiconductor cell. 

The dependence of Q charge on molar concentration is such 
s s 

that it increases as the concentration of KNO^ is increased. There is 

a limit to this charge generation, however, its value saturates to a 

16 -2 
density value of Qgg/q = 2x10 m when the electrolyte concentration 

reaches the value of 0.08 M. 

The dependence of Q charge on the anodic current is such 
s s 

that it increases as the anodic current through the MES cell is 



increased. There is a limit value for the Q charge generation. Its 
s s 

value is limited by the amount of anodic current that can produce 

non-porous SiOj layers. It was found experimentally that the value of 

2 2 
this anodic current density is of the order of 1.5x10 A/m . 



CHAPTER 3 

THEORETICAL QUANTUM EFFICIENCY 

Quantum efficiency of the non-amplifying anodic Sit^-Si light 

detector, as discussed in Chapter 1, depends on the ratio of total cur­

rent density flowing across the device to the amount of mono-energetic 

photons falling onto the active area of the detector. It is the pur­

pose of this chapter to calculate such efficiency. These calculations 

are based upon the solution of Eq. (1.9) with Eqs. (1.10) and (1.11) 

as boundary conditions. Some of the experimental data found in Chapter 

2 will be used in these calculations. 

A Simplified Model 

Interface behavior of the electrostatic potential at the sur­

face of a semiconductor, due to the presence of positive charges on the 

surface of the semiconductor, can be easily analyzed using the appro­

priate model employed in studying one-sided step p-n junctions. This 

model is sometimes called the "depletion approximation" (Grove 1967). 

Using the "depletion approximation" model, the spatial dependence of 

the electric field and electrostatic potential are given as 

E(x) = E (1 - — ) (3.1) 
max w ' 

m 

<|>(x) - 4>s(l - )2 (3.2) 
m 

44 
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where 

E(x) = electric field in the semiconductor 

t()(x) = electrostatic potential inside the semiconductor 

E = electric field value at the surface of the semiconductor 
max 

qN w 
Am 

K e 
s o 

<f>s = electrostatic potential value at the surface of the semi­

conductor 

x = distance from the surface into the bulk of the semiconductor 

w^ = maximum width of depletion region = — 

A 

= impurity acceptor concentration in the semiconductor 

The spatial dependence of the electric field and the electro­

static potential given by Eqs. (3.1) and (3.2) respectively, will be 

used in Eqs. (1.9) to find approximate solutions to them. The values 

of E and <j> depend on the amount of charged states at the surface 
q13x s 

of the semiconductor. In the present case, the presence of surface 

state charges at the anodic Sit^-Si interface will be considered. 

Their density value will be taken from the experimental data found in 

Chapter 2. 

Calculation of Parameters 

The wave length dependence of the reflection coefficient, R, 

which appears in Eq. (1.9), takes into account the interference effects 
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created by the light falling onto the three layer system, air-SiC^-Si. 

Its value is calculated from the equation (Hovel 1975). 

r2 + r2 + 2r r„cos0 

R = — Yl (3*3) 

1 + *^2 + 2r^r2cos0 

where r^, r^ are the Fresnel coefficients given by 

n - n. 

ri * OAs) 

°1 ~ n2 

r? = n 4- n (3*4b) 
2 °1 + n2 

2 nidl 
0 (3.4c) 

and 

n = index of refraction of air 
o 

n^ = index of refraction of SiC^ 

nj = index of refraction of Si 

d^ = thickness of SiC^ layer 

X = wavelength of incident light 

Eq. (3.3) assumes a normal incidence of radiation on the SiC^-Si de­

tector. To show the wavelength dependence of R, Table 3.1 contains 

the wavelength variation of K » n^, and n£ for several Hg lines. Fig. 

3.1 shows the wavelength dependence of (1-R) for the interface air-

SiC^-Si for a given SiC^ thickness. The composite data in Table 3.1 is 

taken from Schmidt (1969), and Zaghloul, Azzam and Bashara (1978). 



Table 3.1 Wavelength Variation of the Indexes of Refraction of SiC>2 and Si 

Wavelength (A) 2537 3131 3341 3650 4046 4358 5461 5657 6683 7371 8097 8723 

n1(Si02) 1.5 1.487 1.48 1.475 1.47 1.43 1.45 1.449 1.447 1.445 1.442 1.440 

n2(Si) 1.67 4.9 5.06 6.63 5.63 4.83 4.07 3.99 3.78 3.69 3.60 3.58 

K(Si) 3.59 3.63 3.04 2.74 0.29 0.116 0.033 2.43 

xlO-2 

1.44 

xlO"2 

9.88 

xlO"3 

5.18 

xlO"3 

3.33 

xlO--* 
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Fig. 3.1 (1-R) Coefficient versus Wavelength of anSi02~Si System 
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Table 3.2 shows the diffusion and life time of electrons and holes In 

the Si02~Si light detector. This is taken from Salter and Thomas 

(1975). 

Table 3.2 Typical Parameters of a .10 ohm x m p-type Si Material 

Parameter Holes Electrons 

D 
2 

6.0 cm /sec 
2 

AO cm /sec 

t 10 sec 8x10 ^ sec 

The induced field p-n junction can be calculated from Eq. (1.5) 

in Chapter 1. The value of x^ depends on the equilibrium electrostatic 

potential 4*^ and the electrostatic potential <j>g at the surface of the 

Si material. The former depends on the electrical resistivity of the 

material. The latter will depend on the density of surface state 

charge on the SiC^-Si interface. In the present calculations, the 

same type of Si wafer material will be used as those found in Chapter 2 

with typical values of <p^ = 0.31 volts. The standard value of <J>g 

= 0.83 volts is taken from the experimental data in Chapter 2 (wafer 

1-1). These values of <j>p and <j>g are used to calculate x^, using Eq. 

(1.5), as 

0.83 

f i n 

*1 ' 2KT F (B<t>' ̂  > d+ s °*274 V*. 

0.31 P° 
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However, if Eq. (3.2) is used 

xJ ®* w« (1 ~ J 4> /$ ) - 0.286 ym. 
j M p s 

The different methods of calculating x^, represent a change of 2.14%. 

For consistency in the calculations of the quantum efficiency of the 

Si02~Si device, the value of x^ from Eq. (3.2) will be used in these 

calculations. 

Current Density Calculations 

Solution of the Eq. (1.9a) with boundary conditions given by 

Eq. (1.11) resembles the boundary value problem encountered in dif? 

fused p-n junction detectors. The diffusion current solution for this 

case is given, for example, Hovel (1975) . 

q<p ctL (1-R) tCoS h  (  T~ * ~ exp  aH) J 
j ^2~2 exp(' 0txi) ~ h 

(a IT - 1) J Sin h ( f - ) 

(3.5a) 

where 

L = (D T )?s (3.5b) 
e e e' 

The wavelength dependence of the absorption coefficient, 

a = a(A), creates a wavelength dependence of = Je(^) as well. The 

numerical values of Jg for different intensity light lines are shown 

in Fig. 3.2. Data of the intensity lines was taken from an Hg quartz 

lamp and is given in Appendix D. 

The numerical solution of Eq. (1.9b) with boundary value con­

ditions given by Eq. (1.10) is obtained by using a combination of 
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Si02 Thickness = 2330 A 

Calculated Electron Current Density Spectral Response for 
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Fourth Order Runge-Kutta-Nystrom and "Shooting" Numerical Methods. 

Runge-Kutta-Nystrom methods are well adapted for numerical solutions 

of initial value problems (Kreyszig 1972). "Shooting" methods are 

adapted for solving boundary value problems by using initial value 

problems in differential equations (Gerald 1978). The Runge-Kutta-

Nystrom numerical solution of the initial value problem 

y" = f(x,y,y') (3.6a) 

y(a) = ya ; y'(a) = y^ (3.6b) 

consists of calculating the values 

B„ • 15 h£(xn + yn + Bn' yn + V (3.7a) 

c n - H  h f ( * n  +  W i ,  y „  +  6 n ,  y ;  +  B n )  

where 

B = ^(y1 + ) 
*n * Jn n 

(3.7b) 

«n " hK + V ' 

then the new value 

(3.8a) 

where 

(3.8b) 

and 

(3.9a) 
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wi th 

M = (A + 2B + 2C + D )1/3 (3.9b) 
n n n n n 

and h = step size of the x increment = ^ ; n = integer. 

The shooting method consists of the following: create an ini­

tial value problem, solve it numerically, and compare it with the given 

conditions at the other boundaries; repeat the solution of this initial 

value problem with varying values of the assumed conditions until 

agreement is obtained at the other boundary. For the case of a second 

order differential equation, the shooting method makes use of the ex­

trapolation formula for slopes 

Extrapolated estimate 

for initial slope = ^1 + R— R (D - R^) (3.11a) 

where 

G^ = first guess at initial slope 

G2 = second guess at initial slope 

= first result at end point (using G^) 

(3.11b) 

= second result at end point (using G^). 

Fig. 3.3 shows a flow diagram of the numerical method employed. 

A plot of the results of a numerical solution to Eq. (1.9b) is 

shown in Fig. 3.4. This plot shows the spectral response of the cur­

rent density of the holes across the field induced junction. The spec­

tral response of the total current density, + Jp, across the 
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Fig. 3.3 Flow diagram for a Fourth Ordered Runge-Kutta-Nystrom 

Numerical Analysis 
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O Field induced junction 

A n+-diffused junction 

.3 .5 .7 .8 .9 

wavelength X(urn) 

Fig. 3.4 Calculated Hole Current Density Spectral Response of an 

n+-Diffused Junction Detector and a Field Induced Detector 



SiC^-Si light detector is shown in Fig. 3.5. Under these conditions 

it is possible to obtain the quantum efficiency of the device by means 

of Eq. (1.1). The spectral dependence of this efficiency is shown in 

Fig. 3.6. 

Discussion 

The spectral response of the current density of electrons in 

the p-region of the device (base), as seen from Fig. 3.2, shows that 

Je decreases considerably in regions close and below 0.4 pm. This de­

crease is produced mainly by the large increases in the values of a in 

this region of the spectrum. The exp(- aXj) factor in Eq. (3.5a) makes 

depend on a in an exponential manner for these large values. On 

the other hand, for regions of wavelength around 0.4 ym its spectral 

response is mainly dominated by the factor 

q<fro(l-Jl)aLe 

2 2 ' 
(ctV - 1) 

which appears in Eq. (3.5a) and whose value increase as a approaches 

the value L * . 
e 

The calculated spectral response of the current density of 

holes in the field induced n-region, as seen from Fig. 3.4, shows a 

sensitive increase in the region between 0.4 vim and 0.25 |im. These 

numerical calculations assume that the value of the surface recombina-

tion velocity = 2.5x10 m/sec. The high value of does not have 

a considerable detrimental effect on the spectral response of the cell 

in the range between 0.4-0.25 ym as it does in the impurity diffused 
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Fig. 3.5 Total Current Density Spectral Response Comparison between 

an n/p Diffused and a Field Induced Si02~Si Light Detector 
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light detectors. This enhanced ultraviolet-visible response is due 

mainly to the high value of the electric field across the induced 

junction; its value is maximum at the surface of the light detector 

where most of the light generated electron-hole pairs are produced by 

the most energetic photons falling onto the active area of the device. 

This situation is just the opposite to that in the impurity diffused 

detectors where the "built in" electric field attains its maximum value 

just below the surface of the device at the metallurgical junction. 

As a comparison in the spectral response between the field induced 

and impurity diffused light detector, Fig. 3.4 shows the current den­

sity spectral response of both detectors. In Fig. 3.5 is shown the 

spectral response of the total current density in the SiC^-Si light 

detector. This figure shows an enhancement in the ultraviolet light 

response of the detector; in the visible region, the response of the 

induced junction detector is similar to that of an impurity diffusion 

detector. For comparison Fig. 3.5 also shows the total spectral re­

sponse of an impurity diffused light detector. The spectral response 

of the current density in an impurity diffused light detector is found 

a way similar to that of the field induced detector, with the sole ex­

ception in this case, that the spatial dependence of the electric 

field in Eq. (1.9b) is neglected. 

Summary 

A numerical analysis method for the solution of the one dimen­

sional boundary value problem, given by Eqs. (1.9b) and (1.11), was 
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employed to find the quantum efficiency of the anodic Si02~Si light 

detector. A numerical solution was found using the "depletion approx­

imation" for the electric field. This approximation assumes a linear 

spatial dependence of the electric field; the value of this electric 

field is maximum at the Si02~Si interface and its value depends on the 

density of surface charge on the Si surface. Typical experimental data 

of surface charge generation given in Chapter 2 was used in these nu­

merical calculations. The current density spectral response as well 

as the quantum efficiency of the device, based on the Runge-Kutta-

Nystrom numerical analysis, show an enhancement in the response of the 

detector in the range between 0.4 ym and 0.25 ym relative to an impur­

ity diffused light detector; this contribution is mainly generated by 

the field induced p-n junction at the interface of an anodic Si02~Si 

light detector. 



CHAPTER 4 

FABRICATION OF THE ANODIC Si02-Si 

LIGHT DETECTOR 

This chapter presents the methods and technologies employed 

for the fabrication of an anodic Si02~Si light detector. It also dis­

cusses the experimental methods used for testing the current density 

spectral response and the quantum efficiency of the device. 

Geometrical Arrangement of the Device 

The Si02~Si light detector was fabricated in The University of 

Arizona Solid State Laboratory. Its active area consists of an inter­

face surface region between an anodically grown Si02 layer and a single 

crystal silicon material. Provisions for collecting the light gener­

ated charge carriers in the field induced n-region are made by opening 

elongated ohmic contact windows in the anodic Si02 layer; also, charge 

carrier collection in the p-region of the detector is made by a direct 

ohmic contact to the back of the silicon material. Fig. 4.1 shows the 

geometrical arrangement of the Si02~Si light detector. The average 

distance between finger contacts is about 366 ]Jm, the length of the 

-2 
finger contacts is about 1.37x10 m and its width is 102 ym. The 

total area of the silicon wafer in which the anodic Si02~Si light de-

/ 2 
tector was fabricated is 4xl0~ m ; the area of the detector is 2.28 

-4 2 -4 2 
xlO m , and the active area of the device is 2.03x10 m . 
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ohmic contact 

0.23 ym 

2.50 ym 

2 
* SIDE VIEW 

Si 

ohmic contact 

TOP VIEW 

Dimensions: A = 
B = 
C = 
D = 
E = 

Am = 

478 ym 
366 ym 
102 ym 
1.37xlOA ym 
1.52xl04 ym 

2.03xl0-4 m2 

Fig. 4.1 Geometrical Arrangement of the Anodic Si02~Si Light Detector 

Note: Dimensions are not to scale 
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Materials Used 

In the fabrication of the SiC^-Si light detector, .02 by .02 m 

p-type single crystal wafers, with crystal orientation <111>, and 

with value resistivities between.10 to 0.15 ohms x m were used. Alum­

inum evaporated pellets 99.9% pure were used for the front and back 

ohmic contacts of the Si02~Si diodes. The ion implantation gaseous 

source used for the n+ ohmic contact regions was phosphorus tri-

fluoride (PF^). 

Fabrication Procedures 

The procedures for the fabrication of anodic Si02~Si light 

detector consist mainly of three important steps: the Anodic Oxide 

Growth, the Ion Implantation of Phosphorus for the n+ ohmic contacts, 

and the Metal Evaporation for the ohmic contacts. The details of 

preparation of the Si wafers for each one of these steps are given in 

Appendices F through H. 

Anodic Oxide Growth Assumptions 

For purposes of fabrication of anodic Si02~Si light detectors, 

a molar concentration of KNO^ salts of 0.04 M was selected in the pro­

cess. This molarity will ensure that the Q generation, after the 
ss 

anodization of Si wafers, will be enough to invert the Si surface at 

the Si02~Si interface. The electrolyte used for each wafer was freshly 

made; four Si wafers were selected for anodic oxidation with growth 

conditions given in Table 4.1. 
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4.1. Anodic Oxidation Growth Conditions for Batch I 

Wafer Number Anodic Current Forming Voltage 

400 v 

400 v 

400 v 

400 v 

1-1 

1-2 

1-3 

1-4 

25 mA 

50 mA 

25 mA 

50 mA 

The above forming voltage will produce Si02 layers of approximately 

2200-2300 A. 

Ion Implantation of Phosphorus 

The n+ contact regions of the Si02~Si detectors assume a con-

26 -3 
centration of donor atoms of about 10 m at the surface of the Si 

material. This amount of impurity atoms in the ohmic contact regions 

can be obtained with a high dose ion implantation of phosphorus atoms 

21 3 
> 10 atoms per m . With this high dose of phosphorus atoms, it is 

possible to activate them electrically by adding an annealing step to 

the implanted Si wafers at a temperature of about 620°C under an inert 

atmosphere (Vasil'ev et al. 1968). Calculations of the phosphorus im­

plantation parameters are made in Appendix I. A summary of these cal­

culated parameters is given in Table 4.2. 

Under the assumptions of Table 4.2, an n+-p junction depth x^ 

= 0.197 ym is obtained and a surface concentration of impurity phos-

26 -3 
phorus atoms of N - 10 m 

s 
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Table 4.2. Calculated Parameters for Phosphorus Ion Implantation 
in the SiC^-Si Device. 

Parameter Dose Energy Time 

Value 1.25xl019 at/m2 100 Kev 22.7 min 

Metallization Procedure 

The collection of photo generated carriers in the SK^-Si light 

detector at the n+ region is made by using aluminum ohmic contacts. 

The aluminum evaporation occurs at pressures of 10 ̂  torr and a temper­

ature of about 700°C; the aluminum finger pattern is made by standard 

photolithographic techniques. 

Measurement Procedures 

The spectral response of a photodiode is defined as the short 

circuit current as a function of the wavelength of the incident light. 

The short circuit current of the anodic Si02~Si light detector is ob­

tained by connecting the front and back ohmic ocntacts of the device 

and measure this short circuit current. 

Lock-in detection techniques were used for measurement of the 

spectral response of the anodic SiC^-Si light detector. This tech­

nique allows detection of low electric signals. The lock-in analyzer 

employed for the electric signal measurements was an ITHACO DYNATRAC 3 

Lock-in analyzer model 393-01. The monochromatic light was obtained 

by means of a III 200 watt Mercury short arc lamp and a Jarrell Ash 
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scanning monochromator model 82-020 at the Quantum Electronics 

Laboratory of The University of Arizona. The chopping of the mono­

chromatic light at the exit slit of the monochromator was controlled 

by means of a direct current (d.c.) motor employing a chopping wheel 

with two slots. Monitoring of the amount of radiation of light at the 

exit slit of the monochromator was made by using two photomultipliers 

with cathode responses S-l and S-13. Fig. 4.2 shows the experimental 

arrangement of this method. 

Measurements on the dark I-V characteristics of the anodic 

Si02~Si device were made. The results on such measurements are used 

to calculate the series resistance of the device, R. This series re­

sistance is operationally defined as 

where is measured at sufficiently large current 1^ to cause to 

deviate from the ideal forward voltage V by at least 100%. V is ob-
o o 

tained by logarithmically extrapolating the diode forward voltage drop 

at the low diode currents to the current 1^. Fig. 4.3 shows graphic­

ally this method (Hamstra and Wendland 1972). 

To account for the series resistance, Rg2> originated mainly 

by the n-inversion region of the Si02~Si detector, (active region), a 

set of measurements were made on the device under light conditions 

using the method of Handy (R. J. Handy 1967). For such measurements 

a tungsten light source was employed; provisions were made as to main­

tain a room temperature in the device during this set of measurements. 



Scanning Monochromator Current to Voltage Converter 

Light 
source 

SiO„-Si Detector 

Signal 

Beam Reference Signal E, 
Chopper 

Basic Lock-in 
Detector 

Fig. 4.2 Experimental Arrangement to Measure the Spectral Response of the Sif^-Si 
Light Detector 

on 
-̂ 1 



Fig. 4.3 Ideal Diode I-V Curve with Offset Voltage and a Series 
Resistance 
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Results 

Results in the spectral response of the anodic SiC^-Si light 

detector are shown in Fig. 4.4. This set of values were taken using 

an effective bandwidth of value Be^ = 0.1 hz and a light chopping 

frequency of 22 hz. Calculations of the quantum efficiency of the de­

vice, using the spectral response shown in Fig. 4.4, are shown in Fig. 

4.5. For comparison, Fig. 4.5 also includes the theoretical quantum 

efficiency calculated in Chapter 3. 

The calculated values of R and R^ of the dark and light condi­

tions, respectively, are shown in Table 4.3. The I-V characteristics 

of the anodic SiC^-Si light detector under the fluorescent light are 

shown in Fig. 4.6. 

Discussion of Results 

The quantum efficiency of the SK^-Si detector, shown in Fig. 

4.5, shows two important results. First, the low temperature fabrica­

tion process of the device, (< 620°C), has a considerable effect on 

the improved response of the detector in the wavelength range 

0.7-0.9 iJun. Second, that the high value of the electric field at the 

surface of the Si material clearly improves its untraviolet response 

in the range 0.2-0.4 ym. The first result is originated by an in­

creased value in the lifetime of the electrons since no high tempera­

ture cycles, (> 620°C), are involved; the value of the electron life­

time employed in the calculations of the electron current Jg, Eq. 

(3.5a) was taken as a representative of the electron lifetime value 
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Fig. 4.4 Sensitivity Spectral Response of the Anodic SiC^-Si 
Light Detector 
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Table 4.3 Results in the Calculations of R, and Rg2 

Condition Dark With Light 

Value R - 2.30 ohms R _ = 7.24 ohms 
s2 
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Horizontal axis = 0.1 v/div 

Vertical axis = 0.2 mA/div 

Fig. 4.6 I-V Characteristics of the Si02~Si Light Detector under a 
Fluorescent Light Lamp 

The I-V curves shown here are trace drawings of an oscillo­
gram picture. The lower curve represents the I-V charac­
teristics of the Si02~Sl light detector under light conditions. 
The upper curve shows only a retracing effect of the electron 
beam in the oscilloscope screen. 
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for devices subject to high temperature fabrication. The second 

result is originated by the spatial dependence of the electric field 

which causes the free holes in the n inversion region to cross it in 

an average time given by 

x x 

t = - log (1 - -J- ) s 5.58xl0~12 sec (4.3) 

¥p 

This "traveling time" of holes in the inversion region, assumes that 

the electric field at the surface of the Si material is - 2.5x10^ 

-2 2 
volt/m and y - 2.5x10 m /volt sec. The numerical value of Eq. 

P 

(4.3) is approximately four orders of magnitude smaller than the life­

time of the holes used in solving Eq. (1.9b); this value will allow 

most free holes in the n-region to cross it before they recombine there. 

The difference in the measured values of R and R _ under dif-
s2 

ferent measurement conditions can be explained as follows. Under 

dark conditions, most of the injected carriers in the front and back 

ohmic contacts of the device travel across the n+-p region and the 

n-p region; injected carriers thus encounter resistive paths in both 

regions which give the value 

R » RS1«RS2 (4.4) 

where 

Rg^ = resistance due to n+-p region 

Rg2 = resistance due to n-p region 

Under light conditions, the measured value Rg2> is higher than that 

under dark condition measurements. It is believed that the light 
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generated carriers cross the n+-n-p region and this path is the cause 

for the value R The n+-p region under light conditions does not 
sZ 

contribute to light generated carriers because light cannot reach the 

n+ region due to the aluminum contact layer on top of this ion im­

planted region. 

Summary 

The spectral response of the anodic Sit^-Si light detector 

was measured. To measure this response, the short circuit current of 

the device was measured using lock-in detection techniques. The light 

source employed in these measurements was a high pressure mercury lamp. 

The results show an increase in the ultraviolet response, 0.2-0.4 ym, 

of the device due to the presence of a high electric field across the 

interface anodic Si02~Si. These measurements also show an improved 

response of the detector in the range 0.7-0.9 ym as compared with the 

predicted theoretical spectral response; this increased response of 

the device is originated because of the low temperature, (< 620°C), 

fabrication of the light detector. This method of fabrication enhances 

the lifetime of the electrons in the p-region. 

Two methods of measurement on the series resistance of the 

device were made. The first method gives the result of the series re­

sistance, R, due to the contribution of the two regions, n+-p and n-p. 

The second method gives the result of the resistance, R^, due to the 

contribution of the region n+-n-p. The two values of the series 



resistance obtained by these two methods are different, indicating 

that there are two different electric paths of the carriers under 

these two conditions of measurement. 



CHAPTER 5 

SUMMARY AND CONCLUSIONS 

The general objective of this dissertation was to fabricate 

and test a new ultraviolet-visible light detector: The anodic Si02~Si 

light detector. This device was expected to function with the help 

of surface state charges Q generated at the interface of a low tem-
ss 

perature grown anodic SiO^ and an Si single crystal material. 

Previous work on the fabrication of inversion light detectors 

requires high temperature fabrication cycles which could have detri­

mental effects on the lifetime of minority carriers in the material 

used. 

Summary 

A general discussion was presented of the problems encountered 

in the fabrication of a light detector sensitive to the ultraviolet 

range 0.2-0.4 ym. It was suggested that the low temperature fabrica­

tion of the Si02~Si light detector could alleviate some of the problems. 

Mention was also made of the objectives that this dissertation would 

pursue by the study and fabrication of anodic Si02~Si light detectors. 

A mathematical method for the continuity equation of the free charge 

carriers in the Si02~Si device was made. This model showed that the 

spatial dependence of the electric field in the n-inversion region, 

77 
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generated by surface state charges Q , would require the mathematical 
ss 

equation to be treated numerically. 

An experimental study was made to optimize the surface state 

charge generation at the anodic Sif^-Si interface. It was found that 

the surface charge increased as the molar concentration of KNO^ salts 

increased in the electrolyte used in the anodic oxidation of silicon. 

There was a limit in this surface charge generation however. Molar­

ities greater than 0.08 M produced contaminated Si02 layers. Another 

finding was that this surface charge generation is a function of the 

amount of current density in the anodization cell. There exist a limit 

on the charge generation. This limit is set by the production of porous 

Si02~Si layers. 

A simplified model of the electric field and electrostatic po­

tential through the n-inversion region was employed. This model, some­

times called the "depletion approximation" was used to find a numerical 

solution of the continuity equation for holes in this inversion layer 

region. The numerical values of this solution were taken to calculate 

the quantum efficiency of the Si02~Si detector. Some of the parameters 

used in this numerical solution, such as the electrostatic potential 

value at the surface of the silicon material, were borrowed from the 

experimental findings on surface state charge generation. The quantum 

efficiency of the device thus calculated, showed that Si02~Si light 

detector has an enhanced response in the range 0.25-0.4 ym of the spec­

trum. 



79 

Finally, using the anodic oxide growth techniques employed in 

the experiments on surface state charge generation, an anodic SiC^-Si 

light detector was fabricated. The spectral response of this device 

was measured employing lock-in detection techniques. The results of 

such measurements show that this device has an enhanced ultraviolet 

light response (0.25-0.4 ym), and an improved light response in the 

range 0.7-0.9 ym. The electric field at the interface of the Si02~Si 

system and the low temperature fabrication (< 620°C) of this device 

account for such findings. 

Recommendations for Future Work 

Anodic Si02~Si light detectors provide an interesting source 

for future work in the area of solar energy converters. This area of 

work requires that these devices be fabricated with the least expense 

of energy. The low temperature fabrication of the anodic Si02~Si light 

detector has this feature. The ion implantation technique employed in 

the fabrication of this type of device however, requires the availabil­

ity of expensive ion implantation facilities. MIS cells on the other 

hand, using anodic Si02 could be investigated as an alternative to the 

ion implantation n+ regions. Studies on the interface surface state 

charge generation between anodic Si02 and polycrystalline silicon mate­

rials could offer alternative ways to produce solar energy converters 

by means of low temperature fabrication. 



APPENDIX A 

PROCEDURE FOR Si WAFER CLEANING 

1. Clean wafers' surface with a Q tip and acetone and blow dry with 

Nr 

2. Immerse wafers in a 3:1 sulfuric acid: hydrogen peroxide mixture 

at T = 100°C and t = 6 minutes. 

3. Rinse wafers in DI water (> 2 megohms of resistivity) for t = 5 

minutes. 

4. Blow wafers dry with Nj and immerse them in a 10:1 1^0 (DI):HF 

(46%) solution for t = 1 min. 

5. Rinse wafers in DI water (R > 2 megohms) and blow them dry with Ng. 

6. Immerse wafers in Nitric acid at T = 90°C for t = 6 minutes. 

7. Rinse wafers in DI water for 5 minutes. 

8. Blow wafers dry with nitrogen and protect them from dust. 
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APPENDIX B 

PREPARATION OF MOLAR SOLUTIONS 

To prepare molar solutions of potassium nitrate (KNO^) in 

ethylene glycol (€2^02) follow the steps below: 

1. Select appropriate molarity. 

2. Mix amount of KNO^ salt and ethylene glycol in a glass container 

(sealed). 

3. Immerse glass container with solution in an ultrasonic bath for 

t= 2 hrs. or until salt is completed dissolved. 
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APPENDIX C 

Si02 GROWTH CHARACTERISTICS OF WAFERS 

dx/dt = oxide thickness/unit time 

dV/dt = forming voltage/unit time 

dx/dt dV/dt E field , , -2 
(m/sec) (volt/sec) (volt/m) ^ss ̂  

8 xlO-11 0.13 1.63xl09 1.41xl016 

2.07xl0~10 0.24 1.16xl09 5.51xl015 

5.40X10"11 0.24 4.44xl09 

6.62xl0-11 0.13 1.96xl09 7.93xl015 

1.88xl0""10 0,24 1.28xl09 3.13xl015 

5.42X10"11 0.13 2.40xl09 8.01xl015 

6.lOxlO-11 0.13 2.13xl09 9.91xl015 

1.58xl0"10 0.24 1.51xl09 4.11xl015 

1.88xl0"10 0.24 1.28xl09 6.70xl015 

1.92xl0"10 0.24 1.25xl09 7.85xl015 

6.35X10"11 0.13 2.05xl09 5.39xl015 

1.49xl0~10 0.24 1.61xl09 4.19xl015 

6.07X10"11 0.13 2.14xl09 3.91xl015 

6.60xl0~n 0.14 2.12xl09 1.75xl016 

2.07xl0"10 0.24 1.16xl09 1.78xl016 
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17 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

30 

34 

35 

36 
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dx/dt 
(m/sec) 

dV/dt 
(volt/sec) 

E field 
(volt/m) 

Qss
/q <m~2: 

2.7 3xl0~10 0.24 8.79xl08 1.68xl016 

2.6 xlO-10 0.24 9.23xl08 2.01xl016 

1.02xl0~10 0.13 1.27xl09 1.78xl016 

1.77x10"10 0.24 1.36xl09 1.73xl016 

7.3 xlO-11 0.13 1.78xl09 9.59xl015 

3.43xl0~10 0.24 7 xlO8 1.16xl016 

7.47xlO-11 0.13 1.74xl09 9.7 xlO15 

1.98xl0-10 0.24 1.21xl09 2.04xl016 

1.49xl0-10 0.24 1.61xl09 1.7 xlO16 

8.12X10"11 0.13 1.6 xlO9 1.8 xlO16 

1.62xl0-10 0.24 1.48xl09 2 xlO16 

7.5 xlO-11 0.13 1.73xl09 1.86xl016 

6.22xlO-11 0.13 2.09xl09 1.69xl016 

5.85xl0~10 0.13 1.33xl09 1.59xl016 

1.41xl0"10 0.24 1.70xl09 1.58xl016 



APPENDIX D 

RELATIVE INTENSITY LINES FOR AN Hg LAMP 

Hg Lamp type III-203 

Line (A) 2537 3050 3150 3650 4050 4350 

Rel. Int. 0.12 5.20 6.80 12.9 7.90 9.50 

Line (A) 5450 5750 6683 7301 8097 8703 

Rel. Int. 6.70 5.60 0.98 0.54 0.43 0.35 
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APPENDIX E 

LISTING OF A NUMERICAL SOLUTION PROGRAM 

The numerical solution program of a differential equation of 

the type y" = f(x,y,y") using a Runge-Kutta-Nystrom method is listed 

below. This program is adapted to a programmable hand calculator Texas 

Instrument Model T159. 

00 47 CMS 021 42 STu 
01 61 GT0 022 05 05 
02 02 02 0 2 3 b LBL 
0 3 

sr r» 
•J i 57 024 43 RCL 

04 7* & LBL 025 71 SBR 
05 11 H = X A 026 48 ekc  
06 42 STU 

U 
027 53 c 

07 01 01 023 93 
08 91 F: S 0 2 9 05 5 
09 7 6 LBL 030 65 
10 12 B = y n  031 43 RCL 
11 42 ST0 

o 
032 05 05 

12 03 |-j "i 
033 65 

13 91 R.~'S 034 71 SBR 
14 7 6 LBL 035 44 SUM 
15 13 C = y' 036 54 j 

16 42 ST0 
o 

037 42 STu 
17 04 04 038 06 06 
IS 91 R/S 0 3 9 c 

•J O 

19 7 6 L Bi­ 040 93 
20 14 ll = h 
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041 05 ::j 
042 65 ::-:: 

04 7 4:~; F:CL 
04::: 
049 

052 
053 43 ECL 
054 06 .-.. 

!_iF:r 

055 

05'3 
060 

Ot·2 

54 
) 
) 

· .. 

= ....--. ·-· 
• .. · .··. 

Ot.:::: 43 PCL 
064 05 05 
t:!t~5 54 ) 
06t. 44 :=.;uH 
067 

.-. ..., 
i_l ;" 07 

0 7 0 4 4 ::; u f:1 .-,-, ~ 
,_, f l 

07:~; 

074 
075 
07t· 

4 :.:! F.~ i:: L 
1:! E~ ~:~ E= 
4 4 ::; I_i t:1 

£::"·-· 
._1 • .:• ( 

,-1 .., .., ·~ ·:: 
=-= i i •• ·-· a 

I:i 7 ::: t:! 5 ::: 

0'32 
09:;; 

0'39 
100 
i i:! i 

104 
105 

107 

1 ... -, . .­...... 
of ..: .-, 
.i l -~1 

114 
i i c:; ... ·-· 
116 

05 
t:::! 

!-: =: ,_: ._: 

54 

c-.-, 
._! • .:: 

: : :­
: ! J ·-· ·-· 

05 C5 

71 ::; E: F:: 
::t 4 ::; u~-·1 

i 17 42 ::;TJ 
i 1 ;:~ t:i '3 ~=i :; 

125 53 
i 2E· 
127 
12e 

"' .-,.; 
l -~: J. 

144 
145 

147 

156 
157 

17 ., -· 
: .· 

::r t:: 
:_c._: 

.· 
.: .-. 

•;·:::. .... : ; :....: 

17 
:.:: ·:: ·-' ._: 

.- ,.... 
;._ -. 
: • • t ._: 

.- :-­.... -­
:_: ·-· 

05 05 

1 E= ~~i ( 1 . __ . :.-· _ .. 
·- ~ : : ; . . ·-·· ·-· : : 
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APPENDIX F 

ANODIC OXIDATION OF SILICON WAFERS 

Prepare a fresh KNO^-ethylene glycol electrolyte as explained in 

Appendix B. 

Clean the Si wafers as explained in Appendix A. 

Immediately after cleaning the Si wafers, grow an Si02 layer on 

the Si wafers using the apparatus shown in Fig. 2.4. 

After Si02 growth, clean the Si wafers with Dionized (DI) water 

and blow them dry with 
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APPENDIX G 

PHOSPHORUS ION IMPLANTATION PROCEDURE 

1. Grow anodic Si02 layers > 2000 A in ethylene glycol solution as 

described in Appendix F. 

2. Deposit a layer of Photo-Resist (Kodak 747) with spinner at 2500 

r.p.m. for t = 15 sec. 

3. Open windows for Phosphorus ion implantation on the Si wafers using 

standard photolithographic techniques. 

4. Etch away the exposed Si02 layer in a 10:1 solution of ^OtHF for 

t - 20 sec or until windows look purple (900 A). 

5. Rinse wafers in DI water and blow them dry with N2. Wafers are 

now ready for phosphorus ion implantation. 

6. Do phosphorus ion implantation according to the instructions of 

the ion implantation machine. 

7. After phosphorus ion implantation, strip off the Photo-Resist 

layer with Kodak J-100 at a temperature of 90°C for t = 10 min. 

8. To anneal Si wafers after phosphorus ion implantation load the Si 

wafers in a furnace quartz tube at T = 600°C for t = 10 min. under 

N2 atmosphere. 
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APPENDIX H 

ALUMINUM EVAPORATION PROCEDURE 

Rinse the Si wafers with DI water and blow them dry with N£. 

Load wafers in the vacuum station and pump pressure down to 

< 10~6 torr. 

Evaporate the aluminum pellets until a deposited aluminum layer 

is > 5000 A. 

If A1 sintering is needed on the wafers, load the Si wafers in a 

furnace quartz tube for t = 3 min. at a temperature T = 450°C 

under mixed atmosphere of 90% of ̂  and 10% of Hj. 
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APPENDIX I 

PARAMETER CALCULATIONS FOR PHOSPHORUS 

ION IMPLANT 

The impurity profile of Phosphorus ion implant has the form 

<x -
exp { 

ARP P 

where 

N(x) = Phosphorus ion concentration 

R = projected range of implanted ions 
P 

ARp = projected standard deviation of implanted ions. 

Q/A = total number of ion implanted atoms per unit area (dose). 

For an Si02 and Si system, the following parameters were 

selected 

Implant energy = 100 Kev 

R (SiO_) a 989 A 
P 2 P 

R (Si) a 354 A 
P 

21 -3 
N = 1.5x10 m (0.1 Ohms x m Si p-type material) 
BC 

Ng - N(0) - 1026 nf3 

Using the above data, the following parameters can be calcu­

lated: 
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Q/A = 2/¥n R « 1.25xl019 nf2 
s 

Ap 

*j * 2 ln(Ns/NBC} s 0,197 ym* 

and for a Gaussian profile 

a = 3.5x10^ (ohms x m) 1 

this gives 

p' = 145 ohms/sq. 
s 

For the ion implantation machine of the Solid State Laboratory 

of The University of Arizona 

3.25xl0~6 coul = 1016 atm/m2 

19 -2 
So for a dose of Q/A a 1.25x10 m , 4080 ycoul are needed. From 

this last value, the total ion implant time is t - 22.7 min. 
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