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ABSTRACT 

The purpose of this research was to examine the applicability of organic 

thin films as electrical insulators in metal-insulator-semiconductor (MIS) and 

metal-insulator-metal (MIM) devices and as anti-reflective (A-R) coatings for 

solar cells. Films of anthracene, stearic acid and diacetylene alcohol were 

examined for their electrical and optical properties. 

Two techniques were used to deposit the films for these studies. Thermal 

evaporation in vacuum was used to deposit aluminum as electrodes and 

contacts in MIS and MIM devices. The organic films were deposited by either 

thermal evaporation or the Langmuir-Blodgett (L-B) dipping technique. 

Several vacuum systems and an L-B trough were fabricated for these studies 

and their design and construction are outlined. 

Several types of measurements were used to examine the properties of 

the organic films. Optical reflectance measurements of the diacetylene 

alcohol and stearic acid, both deposited by the L-B technique, on 

commercial silicon solar cells were used to study the potential use of these 

types of films as A-R and protective coatings. Electrical breakdown studies of 

the MIM devices were conducted to determine the maximum electric fields 

the insulators could withstand without destruction. Capacitance versus 

voltage (C-V) measurements of the organic films in MIS devices were used to 

determine surface defect densities at the semiconductor/insulator interface. 

For each type of measurements made on the devices, theories are 

outlined to analyze the data obtained. The optical reflectance data are 

analyzed using standard electromagnetic theory. The electrical breakdown 

data are examined using the theories of Forlani and Minnaja (F-M) and Klein. 



The C-V data are examined using several different theories to determine 

charge and defect densities and to analyze the effects of thermal stressing 

and annealing. Finally, conclusions are drawn as to the applicability of these 

types of organic materials as insulators and coatings for semiconductor 

devices. 

VI 
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CHAPTER I 
INTRODUCTION 

The electrical and optical characterization of thin films has historically 

had significance for many reasons. Optical properties, such as the thin film 

interference phenomena known as "Newton's rings," had been observed as 

early as the late 1600's by Robert Hooke and studied by Sir Isaac Newton 

[1]. Currently, thin film interference has applications in areas such as 

interferrometry, anti-reflective coatings and optical polarization. Electrical 

characterization, while dating back less than a century, has found increasing 

significance due to its applications in microelectronics and solid state 

devices. Thus, the study of new and/or novel materials in thin films may 

prove useful in applications to current technologies. 

In studying thin films, several parameters have paramount importance 

in the resulting properties of the films. First and foremost of these parameters 

is, of course, the type of material from which the film is made. Whether the 

material is electrically insulant or conductive, optically transparent or opaque, 

high or low melting point and other mechanical properties will have consid

erable effect on the resulting film properties. Secondly, the thickness of the 

film will affect its characteristics. Thickness can determine the color of the 

film, mechanisms of electrical conductivity and breakdown, ability to function 

as a tunneling barrier and a host of other properties. Lastly, the method by 

which the film is produced is of importance. The crystallinity or lack thereof is 

highly dependent on the production method. Films produced by chemical 

vapor deposition (CVD) and thermal evaporation may range from amor

phous to polycrystaline while those grown by thermal oxidation usually yield 

crystal structures similar to the host substrate. Films produced by the method 

known as the Langmuir-Blodgett (L-B) technique produce structures with a 

unique two- dimensional character parallel to the substrate plane and mono-

molecular layering perpendicular to the substrate plane. Thus, careful control 

of these three parameters is needed in any study of thin film properties. 
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In this current study the observed properties of organic films will be 

compared to those whose properties are abundantly referred to in the liter
ature. Chief among these comparative films will be silicon dioxide (Si02) and 

aluminum oxide (AI2O3). Si02 is chosen first because it has been extensively 

studied both experimentally and theoretically. AI2O3 and other metal oxides 

have also been subjected to considerable research. Si02 and AI2O3 both 

provide useful standards which will be used to gauge the usefulness of the 

organic films. Other organic compounds have been studied in the form of L-B 

films and will be useful in comparisons to both L-B films and evaporated 

films studied in this work. 

By far the largest body of previously published work has dealt with 
Si02 on silicon substrates. This is understandable since the growth, by 

thermal oxidation and diffusion, of Si02 on a silicon substrate is one of the 

simplest means of producing a thin film. Unfortunately, except for the other 

elements of column IV, no other semiconducting materials are able to form 

insulating native oxides. The lll-V and ll-VI semiconductors are finding in

creasing applications in electronics and electro-optics and the need for insu

lators for these materials is becoming more important. High T^ supercon

ductors are also beginning to be used in devices and, as they are principally 

ceramics, they, too, are in need of non-native oxide insulators. 

In many applications, not only is a non-native oxide insulator needed 

but the method by which the insulating film is produced must be non-intru

sive. Many deposition methods require high temperatures or electromagnetic 

fields which can induce defects in the substrate material and only a few meth

ods which do not require either or both of these are available. Thermal evap

oration is the simplest non-intrusive deposition technique and is well suited 

for many materials. Unfortunately, many materials do not evaporate well or 

are unable to withstand the vacuum conditions required for evaporation. The 

L-B technique provides a means of depositing organic films at room temper

ature and requires no electromagnetic fields. Another benefit of the L-B 

method is the unique crystal structures of the films deposited by this means. 

Several properties of organic films are studied in this work. The most 

extensive studies are of the ac capacitance versus dc bias voltage (C-V) 

characteristics. In these studies, the organic films are deposited onto a 
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semiconducting substrate and then circular aluminum electrodes are therm
ally evaporated on top of the organic film to form a metal-insulator- semicon
ductor (MIS) device. Films of stearic acid with thicknesses from 100 nm to 
150 nm and anthracene films are studied and compared to Si02 films in this 

project. When a dc bias is applied to an MIS device while the capacitance is 

being measured using an ac driving signal, the capacitance shifts due prin

cipally to the actions of charge carriers at the semiconductor/insulator inter

face. The C-V studies are done with the driving signal at 1 MHz using a com

mercial C-V plotting system and by a variable frequency technique using 

driving signal frequencies from 100 Hz to 60 kHz. The studies of the C-V 

characteristics yield information on the nature and type of defects in both the 

organic insulators and the semiconductor. 

A second series of studies examines the electrical breakdown strength 

of organic films. Here, an aluminum electrode is evaporated onto a glass 

substrate then the organic film is deposited and finally a second aluminum 

electrode, at right angles to the first, is evaporated over the organic insulator 

to form a metal-insulator-metal (MIM) sandwich device. Films of anthracene 
and stearic acid are examined and compared to AI2O3/Y2O3 insulators in 

these studies. When a ramp voltage is applied between the two aluminum 

electrodes, a point will be reached when the dielectric strength of the organic 

insulator is insufficient to withstand the electric field being applied to it and 

the insulator breaks down. The onset of breakdown and the physical effects 

of the breakdown event convey information about the dielectric character of 

the organic insulator and the conduction mechanisms in the insulator during 

breakdown. The variation of the electric field at breakdown as a function of 

insulator thickness also conveys information on conduction mechanisms in 

the films. Other information gained from the breakdown studies include 

details of the structure of the organic films and their mechanical as well as 

electrical strength. 

A third set of studies examines the optical properties of organic films. 

The driving force behind these studies was to develop films which can serve 

as both anti-reflective and protective coatings in solar cell applications. In 

this case, the organic films were deposited by the L-B technique onto solar 

cells which were donated to the lab specifically for these studies. Coatings of 
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stearic acid from 55 nm to 80 nm and a diacetylene alcohol were studied in 

this project. The optical reflectance was measured for the solar cell surface 

before the organic films were deposited and then after the deposition had 

been completed. Additionally, the reflectance was measured after the organic 

films were aged for various time periods. 

In addition to the three major studies undertaken specifically for this 

work, a series of several smaller projects were conducted at the behest of 

funding agencies and companies which donated materials. As the driving 

forces behind these smaller projects were specific requests by other re

searchers, the projects themselves may appear incomplete partly due to the 

proprietary nature of the investigations. Nevertheless, these diverse projects, 

while seemingly unrelated to the principal work, provided useful information 

with which to compare the results from the organic insulator studies. 

The theoretical treatment which will be used to explain the observa

tions of electrical breakdown (BD) and conduction, C-V behavior and optical 

reflectance will be developed in Chapter II. Chapter III will provide details of 

the experimental conditions under which the films were produced and how 

their properties were measured. Chapter IV will cover the data and analysis 

pertaining to the optical reflectance measurements. Chapter V will present 

the BD data and analysis, and Chapter VI will cover the data obtained and 

explanation of the C-V characteristics of the films. Finally, Chapter VII will 

provide a summary of the data from all three major projects and conclusions 

on the applications of the organic films. 



CHAPTER II 

THEORY AND BACKGROUND 

2.1 Introduction 

Each type of device examined in this study has its own theoretical 

development. The MIS devices used in the C-V studies have their theoretical 

treatment dating back to the late 1950's when Mall [2] and Pfann and Garrett 

[3] proposed that MIS devices could be used as voltage-variable capacitors. 

Theories on electrical breakdown which will be used to analyze the MIM 

devices date as far back as the 1920's with the work of GuntherschuIze [4] 

and the 1930's with von Hippie [5], both of whom studied electrical 

breakdown in ionic crystals. The most straightforward theories used are 

those dealing with optical reflectance which are developed directly from 

basic electromagnetic theory.This chapter will be divided into three sections; 

the first section deals with basic MIS device theory, the second covers 

electrical breakdown, and the last examines optical reflectance and 

background applications in photovoltaic technology. 

2.2 MIS Device Theory 

A description of the behavior of an MIS device begins with the device 

itself. As shown in Figure 2.1, the MIS device consists of a semiconductor 

substrate which is grounded through an ohmic contact, an insulator of 

thickness d, and a metal gate upon which a bias voltage V is applied. The 

theoretical development of the behavior of this device will follow the work by 

Sze [6] and is further divided into three subsections. The first subsection 

deals with the properties of an ideal MIS device, the second discusses the C-

V characteristics of the ideal MIS device, and the third outlines the effects of 

various types of defects on the behavior of the MIS device. 



Insulator Metal Gate 

Figure 2.1. MIS Device 

2.2.1 Ideal Device Behavior 

To fully understand the behavior of an MIS device it is useful to begin 

with the behavior of the ideal device. The ideal MIS device will be defined as 

follows: 
(1) At zero applied bias voltage (V) the energy difference between the 

metal work function (^M ) ^^^ ^^^ semiconductor work function is 

zero. 
(2) The only charges which can exist in the device under any basing 

condition are those in the semiconductor and those of equal and 

opposite charge at the metal surface opposite the semiconductor. 

(3) The insulator is a perfect insulator. Its resistivity is infinite and no 

carrier transport can occur across it under dc biasing conditions. 

The full examination of the ideal device and its resulting characteristics 

will be divided into two subsections dealing with energy band theory 

(subsection 2.2.1.1) and surface space-charge effects (subsection 2.2.1.2). 



2.2.1.1 Energy Band Theory 

We begin by examining the zero bias case. Here, we find that the 
energy difference between 4>M and the semiconductor work function is O^s 

and is given by 

^MS = ^M - fe + (^g/2q) + ^ B ) = 0 

^ms = ^M- fe + (^g/2q)-^B) = 0 

p-type 

n-type 

(1a) 

(1b) 

where qz is the energy associated with the semiconductor electron affinity, 
Eg is the semiconductor band gap energy and the product q^g '^ the energy 
difference between the Fermi level Ep and the intrinsic Fermi level Ej (Figure 

2.2). The Fermi levels of the metal and semiconductor are at the same 

energies and all bands are flat, thus, the case is referred to as the " flat band" 

condition. 

Vacuum Vacuum Level 

p-type Semiconductor n-type Semiconductor 

Figure 2.2. Zero Bias MIS Energy Band Diagram 
a) for p-Type Semiconductor b) for n-Type Semiconductor 

When a bias voltage V is applied to the metal gate, there are three 

areas of interest. An examination of the p-type semiconductor shows that for 

a negative bias voltage (V<0), the energy bands in the semiconductor bend 

upwards in response to the electric field (Figure 2.3). Since no current flows 
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across the insulator, the Fermi level remains fixed and the valence band 
bends upward and approaches Ep near the semiconductor/insulator 

interface. Because the majority carrier density depends on exp[-(Ep-Ev )/kT], 

holes will accumulate in the valence band near the interface and so this case 

is referred to as "accumulation." If the bias voltage is a small positive voltage, 
the semiconductor energy bands bend downward thus increasing (Ep-Ey) 

and driving holes away form the interface (Figure 2.4). Since charge carriers 

are now driven from near the interface, this case is referred to as "depletion." 

Finally, if a large positive bias is applied, the downward bending of the 

energy bands becomes so severe that the intrinsic Fermi level crosses over 

the Fermi level (Figure 2.5). This cross over not only causes a depletion of 

majority carriers in the valence band near the interface but allows minority 

carriers (electrons) to accumulate in the conduction band at the interface. 

Because of this minority carrier concentration at the interface this case is 

referred to as "inversion." The analysis for the n-type semiconductor is 

identical with only a change in sign of the voltage to reflect the different type 

of majority carrier. 

Accumulation 

-Ec 
Ei 
-Ev 

^+++ + + + + + -E V 

Figure 2.3. p-Type MIS Energy Band Diagram for V<0 



V> 0 
E 

Depletion 

—Ec 
E, 

- E P 

T — T T" l ^ E V 

Figure 2.4. p-Type MIS Energy Band Diagram for V>0 

Inversion 

y^^^ 
, . . - • " ' " " 

/ - - + + + + 

Ec 
Ei 
EF 

E V 

Figure 2.5. p-Type MIS Energy Band Diagram for V> >0 
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2.2.1.2 Surface Space-Charge Effects 

A detailed examination of the semiconductor band diagram (Figure 
2.6) and some general solid state theory will illustrate the effects of surface 
space-charges. The potential W is defined as zero in the semiconductor bulk 
far from the insulator interface and is equal to ^f^ at the interface. The 

charge carrier concentration can be written in terms of ^ by 

Hp = Hpo exp ifi^f) 

Pp = Ppo exp (-^^ 

(2a) 

(2b) 

where npo and ppo are the equilibrium electron and the hole densities, 

respectively, and p = q/kT. 

Semiconductor Surface 

^ 

E 

-E c 

E. 

-Ep 

Semiconductor 
-E V 

Figure 2.6. Detailed MIS Energy Band Diagram for p-Type Semiconductor 
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The correspondence of ^ s with the various biasing conditions discussed in 

the previous section are as follows: 

Ws < 0 Accumulation 

Ws = 0 Flat band 

^B > ^ s > 0 Depletion 

^ s > ^B Inversion. 

In addition to those four cases, it is also interesting to look at the case where 
^ s =^B which is called midgap and results in behavior similar to intrinsic 

semiconductor behavior. In order to determine the potential W as a function 

of distance (x), we will use the one dimensional Poisson equation 

a2^/ax2 = -p(x)/£s (3) 

where ^s is the semiconductor permitivity and the total charge density p(x) is 

given by 

p(x)=q(ND+-NA- + Pp-np) (4) 

with No"*" and N^- being the ionized donor and acceptor densities, 

respectively. The boundary conditions require that far from the interface 

W=Oandp(x)= 0, thus 

ND"^ - NA = Ppo - Hpo (5) 

substituting equations (2), (4) and (5) into equation (3) yields 

a2Wx2 = -(q/fs)[Ppo(e-^^-1) - n p o ( ^ ^ - 1)]. (6) 

Integration of (6) will yield the electric field E 

E = -aw/ax = ±(2/)^LD)F(/^W,npo/Ppo). (7) 
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In equation (7), LQ is the Debye length for holes and is given by 

LD = (2£s/qppo/3)i/2 (8) 

and F(/^V, npo/ppo) is an abbreviation for the function 

FO^^.npo/Ppo) = [ (e-^^ + y ^ ^ - 1) -f (npo/Ppo)(^-)^W-1)] l /2. (9) 

Thus, the electric field E may be determined at the interface by using ^ = ^ s 

and Gauss' Law yields the space charge needed to produce that field 

Qs = ^oEs = ±(2.s/y^LD )F(/5Ws. npo/Ppo). (10) 

If we apply the values of ^ s which determine the various regions of 

interest and make some simple approximations on the function F, we can 

determine the space charge present in each region. For the accumulation 
region, the function F is dominated by the first exponential term and Qs ~ 

exp(/51 ̂ S1/2) For the flat band condition, Ws = 0 and so Qs = 0. For the 

depletion case, F is dominated by the)^^ term and thus Qs ~ (^s)^^^ ^^^ 

finally inversion occurs for Ws > > ^ B - SO F is dominated by the second 

exponential term and Qs~exp(/^W2). 

2.2.2 C-V Characteristics 
After the space charge Qs has been determined, the differential 

capacitance CQ of the semiconductor space-charge region may be found by 

differentiating Qs with respect to the potential Ws or 

CD = aQs/a^S (11) 

which yields 

CD = (^S/LD )[{1-e-^^s +( npo/Ppo )(e^^s-1)}/F03^s. Hpo/Ppo)]- (12) 
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The total capacitance of the MIS device will then be a series combination of 
the capacitance of the insulator Cj and the capacitance of the semiconductor 
space charge region CQ (Figure 2.7). When a voltage (V) is applied to the 
MIS device, part of it will appear across the insulator (Vj) and part across the 
semiconductor (Wj) thus V=Vj -i- ^f^ where 

Vi = Qsd/^i (13) 

thus we can define the insulator capacitance per unit area as 

Cj = 8j6 (14) 

and the total capacitance of the device is 

C = CiCD/(Ci-hCD). (15) 

4 Insulator 

Metal Gate 

Figure 2.7. MIS Device Showing The Series Combination of C^ and Cj 
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Cj will be constant for a given insulator thickness and will correspond to the 

maximum capacitance of the device. Combining equation (12) and (14) into 

equation (15) yields a complete description of the device capacitance as a 

function of the applied voltage V. A C-V plot for an ideal MIS device is shown 

in Figure 2.8 where curve (a) shows the low-frequency response and curve 

(b) the high-frequency response. 

a) Low Frequency 

bjHigh Frequency 

c: 
MIN 

V (Volts 
>+V 

Figure 2.8. Ideal MIS C-V Curve for p-Type Semiconductor 

At low frequencies, typically less than 100 Hz, a description of the 

curve begins with the accumulation region (V < 0). The accumulation of 
holes at the semiconductor/insulator interface make Qs large and thus CQ is 

high. This makes the total capacitance of the device approach that of the 
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insulator Cj. As depletion begins and charge is driven from the 

semiconductor/insulator interface CQ decreases until a minimum value (C^jn) 

is reached at a voltage V^jr,. Once inversion occurs, Qs again rises and Cp 

returns to a large value. One other point of interest is the flat band 

capacitance at V=0. By expansion of the exponential terms in equation (12) 

and, with the use of equation (15), we find 

CpB (V=0) = 8j[6 + {MV2){8je^)Lo]. (16) 

Thus, the extrinsic Debye length for holes (Lp) can be extracted directly from 

the low-frequency C-V curve. 

For high frequencies, the minority carrier recombination-generation 

rates cannot keep up with the ac signal and so the capacitance does not 

return to its maximum value. When the semiconductor is in depletion the 
number of ionized acceptors inside the depletion region is given by -qNAW 

where W is the width of the depletion region. This yields a potential 

distribution in the depletion region of 

W = Ws(1-x/W)2 (17) 

^S = qNAW2/2^3. (18) 

As the applied voltage increases both Ws and W increase. As inversion 

occurs, the accumulation of minority carriers in the conduction band inside 

this depletion region begins to shield the semiconductor from further 
penetration of the electric field. At ^ s = ^^B ^^^ semiconductor is effectively 
shielded and the depletion region reaches its maximum width Wj^ given by 

WM = ([4^skT In (NA/nj)]/q2 NA)1/2. (19) 

The capacitance at this turn-on voltage (Vj), where Ws = 2 ^ B , is given by 

C'mln = ^i/[d + ( î/̂ s)WM]- (20) 

This provides a means of determining the dopant concentration in the 
depletion region from the C'^in of the high frequency C-V curve. 
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2.2.3 Influence of Defects 

Any analysis of real MIS device behavior must naturally include the 

very real effects of impurities and defects in the semiconductor and insulator 

and at the interface between the two. This section will be divided into three 

subsections which will examine these effects. The first subsection examines 

the effects of fixed surface states, the second looks at the effects of fixed 

charges in the insulator and semiconductor and at the interface, and the last 

deals with the effects of mobile charges and defects. 

2.2.3.1 Fixed Surface States 

Surface states are classified as states located in the energy band gap 

of the semiconductor and are due to disturbances in the periodic lattice 

structure of the semiconductor crystal. Among the many sources for these 

states are dangling bonds, impurities at the interface, voids and dislocations 

at the interface. For this subsection, only those sources which are fixed in 

place will be considered. Measurements on freshly cleaved surfaces in 

vacuum have shown that the density of these surface states is of the order of 

the density of the surface atoms [7]. With such a large number of states, 

their effects on the behavior of an MIS device can become the dominant 

factor in the device characteristics. 

Like other energy bands, these surface state energy levels bend when 

a voltage is applied to the MIS device. When the energy level of a surface 

state crosses the Fermi level, the states are filled and the charge in these 

states then contributes to the overall capacitance of the device. This effect 

may be thought of as placing a series RC network in parallel with the 
semiconductor space-charge capacitance Cp. Figure 2.9 illustrates the 

equivalent circuit for an MIS device which incorporates the effects of surface 

states where Cs and Rs are the capacitance and resistance associated with 

the states. The product RsCs gives the surface states' lifetime and 

determines its response to the ac signal frequency. 
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V. 
in 

c 

c 
R, r^C^Rg 

Figure 2.9. Equivalent Circuit for MIS Device 
Incorporating Surface State Effects 

The two major effects of surface states on the C-V characteristics of an 

MIS device are a change in the device capacitance from that of the ideal 

device and a shifting of the frequency response from the ideal. Because the 

surface states add a voltage variable capacitance in parallel to the 

semiconductor space-charge capacitance, the simple equation for the total 

capacitance of the device [equation (15)] becomes much more complicated 

and is given by 

C = 
Cj -hCo +Cs 

Cn + 
Cs (Cj-hCo+Cs) +(orCo(ci-{-Co) 

(Cj -hCo +Cs ) +(o^t^ (Cj -hCo 
(21) 

where r=RsCs and co is the frequency of the ac measurement signal. Since 

this capacitance is frequency dependent, the low frequency C-V response of 

the MIS device that was illustrated by curve (a) of Figure 2.8 may apply to 

much higher frequencies (several hundred to a few thousand Hz). 
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Several methods are available to determine the surface state density 

from C-V measurements. Terman [8] proposed comparing the voltage shift 

between the high- and low-frequency C-V curves to get the total charge 

(Qss) of the surface states and then graphically differentiating Qss with 

respect to ^ s to get the surface state density per unit energy (Nss)-

Berglund [9] used a two-step method to determine Nss '̂ y '̂''st determining 

the surface potential (^s) ^s a function of applied voltage (V) from the low 

frequency C-V by an integration technique using 

^s(Vi) - ^s(V2) = 

V2/ 

Vi 
[1 - C(V)/Cj]dV. (22) 

The second step involved deriving a second relationship from the charge 

neutrality which incorporates the surface state charges yielding 

a^s/^Vj = Cj / (dQs/dWs + qNss(^s)). (23) 

A comparison of the curves obtained from equations (22) and (23) to each 
other allows extraction of Nss(^s)- Kuhn [10] further refined Termans 

method and eliminated the need for graphical differentiation by using 

Nss(V) = 1/q[CLf(V) / (1 - CLf(V)/ C,) - CHf(V) / (1 - CHf(V) / Cj)] (24) 

where C|_f(V) and CHf(V) are the low frequency and high frequency 

capacitance, respectively. 
Gray and Brown [11] found Nss ^^ observing the capacitance under 

flat band condition as a function of temperature. This technique involves 

continually adjusting the bias voltage to maintain flat band conditions as the 

temperature of the MIS device is changed and recording this flat band volt

age as a function of the temperature. This voltage versus temperature data 

are then converted to surface charge (Qss) versus surface potential (Ws). 
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Nss 's then given by 

Nss = (1/q)^Qss/^^s- (25) 

Since the device is kept under flat band conditions there is no band bending 

and the change in voltage gives the change in surface state charge directly. 

This method also insures that the effects of space charges are eliminated 

since the effect on surface charges is constant for all temperatures. 

2.2.3.2 Fixed Surface and Space Charges 

The fixed surface and space charges consist mainly of ionized traps in 

the insulator and impurities in the semiconductor (not including ionized 
dopant atoms) with the surface charges classified as those within ~ 10 nm of 

the interface. These charges have the property that they cannot be changed 
over a wide range of Ws "̂̂ 1̂ their density (Q^) is largely independent of the 

insulator thickness. The principal source of these charges, other than 
impurities, is ionized silicon in the semiconductor and Si02 insulator. 

The effect of fixed charges on the C-V characteristics of MIS devices is 
evidenced by a shifting of the C-V curve along the voltage axis after a voltage 
and/or temperature stress. This voltage shift (AV) can be used to determine 
the density of fixed charges (N^) by the use of 

Nfc = CjAV/q. (26) 

To understand the reasons for this voltage shift, we must examine the 

electric fields in the MIS device. When a fixed charge is present in the 

insulator, the electric field in the insulator Ej is higher than in the 

semiconductor. This higher field (Ej) causes a larger charge in the metal to 

be needed to establish a given surface field Es which in turn requires a larger 

voltage V to establish the surface potential ^ s [12]-

A second effect due to the presence of fixed charges is to provide a 

path for lateral current along the semiconductor/insulator interface. This is 

because the charges create an inversion layer on the surface of, and in, the 

semiconductor [13]. The current spreads out over an area larger than the 
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metal gate thus effectively increasing the device capacitance in inversion and 

causing the transition from low-frequency to high-frequency behavior to 

occur at much higher frequencies. The equivalent circuit which includes this 
effect (Figure 2.10) shows that C^ is now placed in parallel with a series 

combination at a variable resistance Rp due to the inversion layer in the 

semiconductor and a resistance (Re) and capacitance (Cc) due to the 

channel outside the metal gate. This new channel enhances the response of 

minority carriers thus shifting the low- to high-frequency response to higher 

frequencies. 

c 

V, 
in c 

D 

Figure 2.10. Equivalent Circuit for MIS Device 
Incorparating Surface Space-Charge Effects 
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2.2.3.3 Mobile Charges and Defects 

As the name implies, mobile charges and defects are those that are 

free to move about the insulator and semiconductor. The principal source of 

mobile charges are small ions such as hydrogen and sodium. Normally, 

defects such as voids, dislocations and pin holes are not mobile but since 

our studies involve fatty acids with low melting points (-70° C), these defects 

may be able to move about the insulator when the MIS device is stressed at 

temperatures near the fatty acid melting point. Thus, while both mobile 

defects and charges may have detrimental effects, the density of mobile 

defects may be reduced by thermal annealing while the effects of mobile 

charges cannot be reduced once they are incorporated in the device. 

The largest effect of mobile charges is to cause instability in the MIS 

device. As an example, initially sodium ions are located at the insulator/metal 

interface. When a positive bias is applied with the device under thermal 

stress, the ions migrate across the insulator to the semiconductor/insulator 

interface causing a large voltage shift. Subsequently, when the reverse bias is 

applied the ions migrate back to the metal/insulator interface, however, not all 

the ions migrate in both directions. Some ions may be temporarily trapped at 

either interface or in the insulator itself. This temporary trapping causes 

inconsistent voltage shifts leading to device instability [14]. The only way to 

alleviate the instability is to insure the ions don't get into the device in the first 

place by following strict cleanliness proceedures during the fabrication of the 

device. 

Unlike the effects of mobile ions, mobile defects in low melting point 

insulators can be eliminated by thermal annealing. Prior to annealing, the 

defects act as a capacitance (CMD) in parallel with the insulator capacitance 

(Cj) (Figure 2.11). The annealing process may remove these defects but the 

new insulator will be the result of two competing effects. First, the removal of 
the defects eliminates the parallel capacitance CMD thus increasing the total 
capacitance to that of the insulator Cj. Second, the annealing process may 

lead to a recrystallization of the insulator thus changing the insulator 
capacitance Cj itself. These competing effects may lead to a net increase or 

decrease in the insulator capacitance depending on the degree of recrystal

lization and the number of defects removed. 
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Figure 2.11. Equivalent Circuit for MIS Device 
Incorporating Mobile Defect Effects 

2.3 Electrical Breakdown 

An important property of any insulator is its breakdown field strength 
(Fg) which is defined as the maximum electric field the insulator can 

withstand without damage or destruction. This parameter is important in 

determining maximum operating voltages in any device applications. 

Electrical breakdown can occur by electrical or mechanical mechanisms or a 

combination of both and is affected by factors such as the nature of the 

insulator, voids, pinholes and other structural defects, thickness, and 

temperature. A complete theoretical understanding of electrical breakdown 

has been sought for most of this century but has yet to be fully achieved. 

Some of the earliest theories were developed for ionic crystals such as alkali 

halides in the 1920s and 30's by GuntherschuIze [4], Von Hippel [5] and 

Frohllch [15]. These authors dealt mainly with the initiation of breakdown 

and postulated that it was by injecton of electrons into the insulator which 

lead to electron avalanche. 
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By the 1940's, breakdown theories were beginning to deal with the 
overall breakdown process from beginning to the end and the dependence 
of Fg on factors such as thickness and temperature. The consensus was 

that Joule heating by the high currents involved in the breakdown process 

lead to melting and vaporization of the insulator and electrodes causing a 

short circuit between the electrodes. Frohlich, in later work [16], theorized 

that breakdown occurred by impact ionization due to electron tunneling from 

the metal electrode into the insulator and experimentally found an inverse 
relationship between Fg and thickness (d). Other authors [17,18] also found 

inverse dependence of Fg on thickness and theories on the exact nature of 

this dependence began to emerge [19-22]. By the early 1970's, two theories 

had emerged as the most widely used and these will be discussed in more 

detail. 

Forlani and Minnaja [23], henceforth, referred to as F-M theory, 
theorized that the relationship between Fg and thickness obeyed a power law 

where Fg « d~". The value of « would depend on the mechanism by which 

electrons were injected into the insulator from the cathode. If electron 

injection was by a tunneling mechanism oc would be exactly 1/2, whereas if 

injection is due to Schottky emision « would be precisely 1. The F-M theory 

utilized the assumptions of Seitz [18] to arrive at the power relationship. 

Seitz assumed that 40 generations in an electron avalanche were required to 

produce enough energy to cause breakdown. He also assumed that 

electron energy just equal to the ionization energy was sufficient to initiate the 

electron avalanche. The last assumption by Seitz was that the mean time 

between electron interactions (r) was independent of the electron energy. 

The F-M theory also attempted to explain the temperature dependence of FQ. 

They postulated that, since the tunneling process was independent of 
temperature, if injection was by tunneling FB should be independent of 

temperature. Similarly, as Schottky emission was temperature dependent 
injection by this method should lead to a temperature dependent Fg. 

The F-M theory also incorporated the effects of electron scattering on 
FB for higher insulator thicknesses.. If the scattering was by electron-phonon 

interactions the dielectric strength would increase with increasing 
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temperature leading to a direct dependence of Fg on temperature. If 

scattering was dominated by electron-electron interaction then Fg would be 

inversely dependent on temperature. By properly accounting for the two 
scattering interactions, the F-M theory was able to explain the temperature 
dependence of Fg found by earlier workers [24-26]. 

In an extensive review paper, Klein [27] described breakdown as 

occurring in three distinct steps. In addition, he categorized electrical 

breakdown into three areas according to the characteristics of the 

breakdown event and, in a later publication [28], developed a statistical 
model to explain the thicknesss dependence of Fg. Though his reasoning 

was different from the F-M theory, Klein also found Fg « d-« where « = 1 for 

low thicknesses. 

According to Klein, breakdown is first initiated by injection of electrons 

into the conduction band of the insulator from the cathode causing electron 

avalanche to occur. The avalanche current produces Joule heating causing 

an increase in the temperature which in turn causes local instabilities leading 

to conducting channels. The second step in electrical breakdown involves 

an increase in the size of the conducting channel as the temperature 

increases leading to higher conductivity in the insulator. The current increase 

leads to more heating and higher conductivity and current runaway begins. 

The final step in breakdown occurs when current runaway has reached a 

high enough level that filamentary currents flow between the electrodes along 

the conducting channels. These filamentary currents lead to melting and 

vaporization of the insulator and the electrodes, if the electrodes are 

sufficiently thin. This process is referred to as single hole breakdown. 

Klein's first catagory of electrical breakdown is breakdown by 

electronic events. These events occur at low fields, typically less than 10^ 

V/m, by electron avalanche and more typical of semi-insulating films rather 

than insulators. Since these events occur at relatively low fields, temperature 

increases in the dielectric as a whole are negligible. Not all electronic events 

produce irreversible damage to the dielectric, in fact some may lead to a 

process which Klein termed as "switching." In "switching," single-hole 

breakdown occurs around weak spots in the insulator and leads to an 
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elimination of the weak spot. This elimination of weak spots leads to a "self-

healing" of the dielectric which improves its strength. Irreverrsible damage 

may occur when the localized Joule heating causes breakdown to occur at 

adjacent weak spots. This produces more Joule heating leading to more 

single-hole type breakdowns in succession. Klein called this process 

"propagating" breakdown which eventually leads to the complete destruction 

of the device. 

The second catagory of breakdown is by thermal events. Again, 

conduction is by electron avalanche which causes Joule heating in the 

insulator. The Joule heating causes an increase in the conductivity which 

leads to an increase in the current and exponential rise in the overall 

temperature of the insulator. The ability of the insulator to conduct heat away 

by thermal transport eventually establishes a balance with the Joule heating if 

the electric field is relatively low. For fields typically greater than 10^ V/m, 

heat transport in the insulator can no longer keep up with the Joule heating 

and current runaway occurs. During current runaway the temperature may 

rise by several hundred degrees leading to melting and vaporization of the 

insulator and the thin metal electrodes. As was the case for electronic 

events, not all thermal events lead to complete device destruction. Single-

hole and localized propagating breakdown can occur for low fields which can 

lead to an improvement of the dielectric strength. 

The last category of breakdown is by electronically modified thermal 

events. These events occur for fields between 10^ and 10^ V/m and show 

characteristics similar to both electronic and thermal events. Electronically 

modified thermal events tend to occur by single-hole breakdown but the 

thermal conductivity of the insulator determines how rapidly and how wide 

spread propagation of the breakdown becomes. Due to the high fields 

involved, the overall insulator temperature increases. This temperature 

increase leads to a greater tendency for propagation of breakdown to occur 

due to an increase in the number of local instabilities in the insulator. The 

thermal instabilities and the field distortions around them lead to the stored 

energy being discharged in single hole type breakdowns. The breakdown 

vaporizes the insulator and electrode material causing irreversible changes in 

the insulator. 



26 

Since conduction in all three types of events is by electron avalanche, 
Klein postulated that the mean avalanche length (LA) could be used to 

statistically determine the probability of breakdown as a function of thickness. 
If the film thickness is less than LA, then full-scale electron avalanche cannot 

occur and the probability of breakdown is low. If the film thickness is equal 
to LA, the probabiltity of breakdown occuring is higher. As film thickness 
increases beyond LA, SO does the breakdown probability. Since the 

probability of breakdown increases with thickness, the breakdown field 
strength decreases with increasing thickness leading to Fg « d-t 

The applications of the theories by Klein and the F-M theory depend 

on the insulating material and the thickness of the film. Previous work on 

barium salts of stearic acid films deposited by the L-B technique [29-31] have 

shown good agreement with the F-M theory in thickness from 25-250 nm and 

with either Klein or F-M for thickness below 25 nm. Huang and Agarwal 

[32,33] have done work on thermally evaporated stearic acid films and have 

found the thickness dependence to agree with either theory for low thickness 

and the F-M theory for high thickness with the transition from « = 1/2 to « = 1 

at around 60nm. Studies on other types of insulators [34-38] have also found 
power laws relating Fg and thickness though values for « have ranged from 

as low as 0.21 for Si02 below 80 nm [36] to Fg being independent of 

thickness for vinyl chloride acetate films from 120 - 5000 nm [38]. The wide 

variations in « indicate that while the theories of F-M and Klein are useful 

they do not completely explain all the breakdown mechanisms and 

phenomena which have been observed and therefore must be applied with 

caution. 

2.4 Optical Reflectance 

The use of stearic acid films as anti-reflective (AR) coatings dates back 

to some of the original work by Langmuir and Blodgett [39]. The need for an 

AR coating in solar cell applications is obvious when one conciders that the 

refractive indices of most photovoltaic materials such as silicon and gallium 

arsenide are relatively high (>3) leading to high reflectance and reduced 

efficiency. The common approach to reducing the reflectance is to apply an 
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AR coating to the surface of the solar cell at the end of the fabrication 

process. The choice of material to be used as an AR coating depends on its 

refractive index, mechanical strength, and whether or not the solar cell will be 

covered with a protective coating. Except for very special applications, 

almost all solar cells end up with some type of protective coating to guard 

against damage by dust and other atmospheric hazards and corrosion of the 
metal contacts. 

A derivation of the basic parameters of thickness and index of 

refraction which influence the choice of material for AR coatings begins with 

an examination of the reflection and refraction at the interface between two 

dielectric media which can be found in any basic E&M textbook [e.g., 40,41]. 

Figure 2.12 shows reflection and refraction occurring at the boundary 
between two media whose refractive indices are n-j and n2 for the incident 

and refracting media, respectively. 

Figure 2.12. Reflection and Refraction at the Boundary of Two Media 
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In terms of the Fresnel coefficients we have, 

''12s = (niCos^-|-n2Cos^2)/(niCos^-i+n2Cos^2) (27) 

ti2s = (2n-|Cos^i)/(niCos^-|-i-n2Cos^2) (28) 

for s-polarized waves, and for p-polarized waves we have 

n 2p = (n2C0s^i -n-i cos^2)/(n200s^i+ni cos^2) (29) 

ti2p = (2niCos^i)/(n2COS^l+niCOS^2)- (30) 

The reflectance (R) and transmittance (T) are found by using 

Rs = (ri2s)2 T3 = [(n2Cos^2)/(niCos6>i)](ti2s)2 (31) 

Rp = (''i2p)2 Tp = [(n2COS^2)/(niCOS^i)](ti2p)2. (32) 

In order to use a film as an AR coating, reflection and refraction at two 

interfaces must be concidered and the problem now must include 

interference effects due to the presence of the film. Figure 2.13 illustrates the 
two interface case where n-j, n2 and n^ are the respective indices of refraction 

for the medium of incident light, thin film and substrate. 

In order to simplify the problem somewhat, we will examine the case 

where the extinction coefficient of the thin film is zero so that no absorption 

occurs in the film. The total reflectance is given by 

R=[(ri2)^+(''23)^+2ri2 r23 cos ^]/[H-(ri2)2(r23)2+2ri2r23COs d] (35) 

where ri2 and r23 are given by proper use of equation (27) or (29) and 6 is 

the phase difference betweenn the paths OX and OZX from Figure 2.13 and 

Is given by 

d = 4jrdn2/A. (36) 
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Figure 2.13. Reflection and Refraction by a Thin Film 

For AR applications, R should be minimized which occurs when d is 

exactly jt radians and complete destructive interference of the reflected rays 

occurs. Thus the ideal anti-reflective coating will have 

n2d = A/4. (37) 

For the case of silicon (n=3.6) with normal incidence, we find that the 

optimum AR coating should have n=1.9. Typical materials used in 
unprotected AR coatings are SiO (n=1.9) and Si2N3 (n=1.8). In practice 

several problems arise which complicate the simplifications used in this 

discussion. First, real materials do not have zero extinction coefficients and 

thus some absorption by the AR coating occurs. Second, the index of 

refraction and extinction coefficents of materials are wavelength dependent, 
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so the equations developed would require modification to include a 

wavelength dependent complex index n. Third, while AR coatings which 

meet the conditions of equation (37) have greatly reduced reflectance for one 

particular wavelength, attenuation for nearby wavelengths.while considerable, 

is not as great. Fourth, the surface finish of the solar cell (smooth, lapped, or 

textured) can greatly affect the amount of reflectance occurring and further 

complicate the choice of AR material. And finally, the use of a protective 

coating in addition to an AR coating adds one more interface at which 

reflection and refraction can occur. The addition of the third interface further 

complicates equation (35) with the net effect being that, for Si solar cells, the 

ideal index of refraction for an AR coating should be 2.3. Two materials often 
used as AR coatings on protected cells are Ta205 (n=2.2) and TiOx (n=2.3). 

Even concidering these complications, significant reduction in reflection can 

be obtained through the right choice of AR materials. 

The use of a protective coating in solar cell applications is almost 

universal, and several investigators have examined a number of materials for 

their usefulness as protective coatings. Carmichael et al. [42] evaluated 

polymeric coatings, polymeric film lamination, and glass cover systems on 
commercial solar cells which had SiOx AR coatings and silk-screen silver 

mellization. They investigated the light transmission, moisture barrier 

protection, bond strength and overall performance of several commercial 

materials in each of the three categories. They concluded that thin conformal 

coatings of acrylic and silicone materials did not provide adequate 

protection; acrylic and teflon FEP films showed good weatherability and 

acceptable optical transmittance; and borosilicate, low iron and soda-lime-

float glasses were suitable candidates for protective coatings in most 

environments. 

Marsic and Keeling [43] investigated three commercial glass resins 

with thicknesses from 10 to 40jum on solar cells with SiO AR coatings. Their 

studies included thermal shock cycles, temperature/humidity variations and 

UV irradiations in vacuum. They found that all three resins withstood at least 

15 thermal shocks from 100° C to -196° C, none were damaged during 

temperature/humidity tests but each showed darkening and substantial 

reduction in short circuit current when exposed to UV. Dennis [44] used five 
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different silicone materials from Dow Corning as protective coatings and 

examined their outdoor weatherability, thermal cycling at high humidity and 

cost effectiveness. He concluded that only one silicone material out of the 

five performed exceptionally well in all tests and provided a substantial 

material cost savings. 

As stated in Chapter I, the main reason for our investigation of the AR 

properties of organic films is to determine their viability not only as AR 

coatings but also as protective coating. The addition of a protective coating 

on top of an AR coating reduces the total light energy reaching the solar cell 

because of absorption by both coatings. The combination of the two films 

into a single coating should provide an increase in the efficiency of the solar 

cells. The requirements for such a film would include proper index of 

refraction (n«1.9 for silicon solar cells) for AR use and properties such as 

good weatherability, moisture barrier protection, ability to withstand thermal 

shock, et cetera. In addition to providing increased solar cell efficiency, the 

AR/protective coating combination would greatly reduce the cost of 

production through the elimination of all the process steps required to apply 

an additional protective layer. 



CHAPTER III 

EXPERIMENTAL SET-UP 

3.1 Introduction 
This chapter deals with the details of the experimental preparation of 

the various devices being studied and the measurement techniques that are 
used In those studies. The first section describes the numerous types of 
substrates used in the experiments and their sources. The second section 
details the deposition techniques for thin films and is divided into two 
subsections: the first dealing with the technique of thermal evaporation in 
vacuum and the second covering the L-B film transfer process. The third and 
final section of this chapter outlines the measurement techniques and is 
divided into three subsections. The first subsection covers the C-V 
measurements, the second explains the electrical breakdown measurements 
and the last examines the optical reflectance measurements. The data 
obtained from these measurements are presented in subsequent chapters. 

3.2 Substrates 
Several different types of substrates were used in these studies. For 

the C-V work, both p-type silicon and gallium arsenide (GaAs) were used. 
The breakdown studies used two types of glass slides as well as a few 
mercury-cadmium-telluride (HgCdTe) samples. Finally, the optical 
reflectance was done on commercial silicon solar cells. The details of these 
substrates and their source are discussed below. 

There were three principle sources for silicon substrates. The first 
type of silicon substrates used were purchased commercially from Electronic 
Space Products International of Agoura Hills, California. These substrates 
were 2.5 cm diameter p-type silicon wafers, phosphorous doped, with 
resistivities ranging from 0.12 to 0.006 Q-cm. The second source of silicon 
substrates was another research group in the Physics Department at Texas 
Tech University. These 10 cm diameter p-type silicon wafers had been 
involved in ellipsometric measurements of SiOg on silicon and those oxide 

thicknesses were conveyed to us along with the wafers, though dopant 

32 
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concentration and resistivity information were not. The final source was the 

LMOS II facility of Texas Instruments at Lubbock, Texas. These substrates 

were all 10 cm diameter p-type silicon wafers which had been used as pilots 

to monitor the various processing steps in the manufacture of the 64K DRAM. 

The 10 cm diameter wafers from both sources were broken into smaller 

pieces which could be more easily handled. 

The glass slides used in these studies were of two types from two 

different sources. The larger of the two types were standard 2.5 x 7.5 cm 

Gold Seal Microslides purchased from the Clay Adams Company of 

Parsippany, New Jersey. The smaller type were 0.18 cm2 Corning Cover 

Glass from the Corning Glass Works of Corning, New York. 

Two other substrates were also used in these studies. GaAs 

substrates were purchased from Laser Diode Labs, Inc., of New Brunswick, 

New Jersey. These substrates were silicon doped with resistivities ranging 

from 0.0015 to 0.006 Q-cm and were of irregular shape of ~ 32 cm2 area. 

HgCdTe samples deposited on sapphire substrates (Figure 3.1a) were made 

available to us by the Dallas research group of Texas Instruments. The 

details of their deposition and resistivities were not disclosed for proprietary 

reasons. 

Finally, two manufactured samples were used: one as a standard and 

the other for optical reflectance measurements. The standard was a series of 

10 cm diameter C-V Metal Dot wafers supplied to us by the LMOS II 

facility,referred to as the Tl Metal Dot samples. These samples were 

manufactured in a Class 100 clean room environment consisted of 50 nm of 

thermally grown Si02 on p-type silicon with 1 .B^m of sputtered aluminum in 

a series of ring and dot patterns forming MIS devices (Figure 3.1b). The 

samples for optical reflectance measurements were 24 commercial silicon 

solar cells made available to us by Silicon Sensors Inc., of Dodgeville, 

Wisconsin. All 24 were P on N silicon solar cells with diffused nickle plated 

contacts, twelve of these also had solder coatings on the contacts. Half of 

the samples were 7.5 cm diametric power cells (Figure 3.1c), and the other 

half were multicell arrays on 7.5 cm diameter wafers (Figure 3.1d). 
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3.3 Deposition Techniques 

Two deposition techniques, thermal evaporation in vacuum and the 

L-B film transfer process, were used to deposit all films studied in this work. 

All metal films were deposited by thermal evaporation while all organic films 

used in the optical reflectance measurements were deposited by the L-B 

technique. Other films used in the C-V and BD studies were deposited by 

either the L-B technique or thermal evaporation. A complete description of 

the two deposition techniques and the equipment follow. 

3.3.1 Thermal Evaporation in Vacuum 

During the course of this work, three different vacuum systems were 

constructed. While each system had its own individual components, all three 

had the same basic design and therefore, only one system will be described 

in detail. The basic principles of thermal evaporation in vacuum and the 

deposition parameters apply to any vacuum system. 

The two major components of thermal evaporation are a source of 

evaporant and a substrate for the evaporant to condense on. The most 

common example of this phenomena is the condensation of water on 

surfaces near a pot of boiling water. Water vapor is produced from the 

boiling pot and this vapor then condenses on any surface whose temperature 

is less than that of the vapor. For thermal evaporation in vacuum, the 

reduced pressure lowers the boiling point of the material thus allowing 

evaporation to occur at considerably lower temperatures. The low pressure 

also means that oxygen is not present to oxidize the material or cause a 

decomposition. Once a sufficiently low pressure is reached, the material is 

heated in a source. On reaching the boiling temperature, vapors are given 

off and those vapors condense on any surface in the vapor stream whose 

temperature is less than the vapor temperature. The desired substrate may 

be further cooled to improve the structure of the deposited film. Different 

deposition patterns may be produced by blocking the vapor stream with a 

mask. 
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The vacuum systems used in these studies consists of a pumping 
stack, a system of valves, the vacuum chamber, and an assortment of feed
throughs (Figure 3.2). The pumping stack is composed of a Varian model 
M-4 diffusion pump and an Alcatel model 2012A mechanical pump. The 
valve system allows for the continuous operation of the diffusion pump thus 
greatly reducing the total pumpdown time. With the gate valve and backing 
valve closed the diffusion pump is isolated, protecting it from atmospheric 
pressures. The roughing valve is open to allow the vacuum chamber to be 
pumped out by the mechanical pump to a pressure of ~ 5 x 10-2 Torr. After 
this pressure is achieved, the roughing valve is closed, the backing valve is 
opened, and then the gate valve is opened to bring the diffusion pump into 
the system. Within a few hours, the pressure inside the chamber is reduced 
to —10-6 jorr and deposition can begin. 

The chamber is an 18" diameter pyrex glass bell jar sitting on a 
stainless steel base plate (Figure 3.3). Four high-current feedthroughs allow 
large currents to be passed through two independent sources for 
evaporating either a metal (High Temperature Source) or an organic 
compound (Low Temperature Source). The High Temperature source is a 
tungsten trough boat (Figure 3.4a) clamped between two copper electrodes 
and the Low Temperature Source is a tantalum box boat with a perforated 
tantalum cover (Figure 3.4b) also clamped between copper electrodes. Both 
types of boats were purchased commercially from the R.D. Mathis Company 
of Long Beach, California. The substrate temperature is maintained by an 
antifreeze/water mixture pumped through the cooling lines and chilled by a 
Fisher model 910 Refrigerator Circulator. The temperature of the substrate 
and the Low Temperature Source are monitored by type T thermocouples 
and an Omega model 400B Temperature Indicator. System pressures are 
measured with two thermocouple gauge tubes (TC1 and TC2) and an ion 
gauge tube controlled by an NRC 831 Ionization Gauge Controller. The 
shutter is used to start and stop the deposition on the substrate once 
evaporation from either source is begun. 

Total film thickness Is measured with a Sloan model DTM 200 Digital 
Thickness Monitor. The accuracy of this monitor was checked by two 
different methods. One set of HgCdTe samples had 120 nm of stearic acid 
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Box Boat Cover Trough 

Figure 3.4. Evaporation Sources 
a) Tantalum Box Boat and Cover b) Tungsten Trough Boat 

deposited on them as measured by the DTM 200. The samples were then 

sent to Texas Instruments where the film thickness was measured by a 

Rudolph Auto El ellipsometer. The ellipsometeric thickness determination 

was between 113.2 and 114.5 nm for an error on our DTM of between 4.6 

and 5.7%. A second check on the DTM was preformed by measuring mass 

deviations of a 0.18 cm2 glass slide before and after deposition of 200 nm of 

stearic acid as measured by the DTM. Using a stearic acid density of 0.845 

g/cm^, a thickness of 188 nm was calculated for an error of 6% on our DTM. 

Whether the substrate was silicon, GaAs or a glass slide the 

pretreatment was the same. The substrate is first subjected to a 10-minute 

ultrasonic cleaning in either acetone or ethanol followed by a 10-minute 

ultrasonic rinse in deionized (Dl) water. Finally, the substrate is blow dried 

and mounted onto the substrate holder. For BD samples, a lower electrode 

mask (Figure 3.5a) is positioned over the substrate for the first aluminum 

deposition and an upper electrode mask (Figure 3.5b) for the second 

aluminum deposition. For C-V samples, a metal dot mask (Figure 3.5c) is 

placed over the substrate after the stearic acid deposition. 

Wherever possible, the deposition parameters were either maintained 

or monitored during the deposition process. The source heating is begun 

when the chamber pressure has reached - 5 x 1 0 - 6 Torr and deposition is 
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begun at - 7x 10-5 Torr. During metal deposition, if the substrate 

temperature climbs to 50 ©C the deposition is temporarily halted and the 

substrate is allowed to cool to below 20 ©C before restarting. The deposition 

rate is controlled by manually adjusting the current flowing through the 

source (Figure 3.6). For the low temperature source, the source temperature 

is maintained between 70° and 71^0 for stearic acid evaporation. 

Variac 

out to 
Source 

3 KVA 
transformer 

Figure 3.6. Evaporation Source Electric Circuit 

For samples with anthracene dielectrics, the evaporation of anthracene 

presented special problems. The basic problem is that for pressures below 

10-3 Torr anthracene sublimates at temperatures well below room 

temperature [45]. A simple technique known as flash evaporation was 

eventually settled on as the easiest method of evaporating anthracene. In 

this method the substrate is cooled to a temperature < 20 ©C and a pressure 

of only - 5 X 10-2 torr is used. The anthracene is placed in a box boat similar 

to the one used for evaporation of stearic acid but no thermocouple is used 

on the boat to monitor the temperature. Evaporation is accomplished by 

rapidly ramping the current through the source up to a value which causes 

the boat to glow with heat in a matter of seconds. This rapid heating flashes 
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all the anthracene out of the boat without causing any radiant heating of the 

substrate. Since the substrate temperature remains well below 20 ©C, 

deposition occurs in seconds and the system pressure can be quickly 

brought up to atmospheric pressure before any significant sublimation 

occurs. Since any subsequent heating in vacuum would cause sublimination 

of the deposited anthracene, mercury is used as the upper metal contact for 

BD devices or metal plate for C-V devices. Diagrams for the finished 

samples for BD study are shown in Figure 3.7 and for C-V study in Figure 3.8. 

Top View Side View 

Figure 3.7. Breakdown Test Sample 
a) Top View b) Side View 

Side View 

Top View 

Figure 3.8. C-V Test Sample a) Top View b) Side View 
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3.2.2 The Lancmuir - Blodcett Technique 

Experimental observations of fatty acid and oil films on water go back 

as far as the 1770's, when Benjamin Franklin observed the calming effects of 

spreading oil on the surface of a pond [46]. Lord Rayleigh later proposed 

that such oil films on water were only a few nanometers thick [47]. Finally, 

Irving Langmuir provided experimental evidence of the monomolecular 

nature of these films on water and presented details of the properties of such 

film [48]. In the 1930's, Katharine Blodgett, a co-worker of Langmuir, worked 

out an elegant way of transferring certain types of these monolayer films onto 

substrates [49]. Therefore, these types of films are now referred to as 

Langmuir-Blodgett (L-B) films. While almost any oil or organic compound will 

spread on a water surface, Langmuir and Blodgett found that if the 

compound possessed an hydrophobic end, such as a methyl group, and an 

hydrophilic tail, such as an acid or alcohol group, the compound could be 

transferred to a wide variety of substrates by slowly dipping the substrate 

through the water surface. 

The L-B technique has been much improved since the 1930's work of 

Langmuir and Blodgett. Today's machines are capable of precisely 

controlling surface pressure, water temperature, and dipping speed as well 

as providing for automated computer controlling [50]. Commercially 

available L-B troughs can allow for continuous transfer of film by continually 

replenishing the water surface with fresh film as it is transferred to the 

substrate [51]. Other machines are capable of transferring two different 

types of films in alternating layers through the use of separate film 

confinement areas and unden/vater substrate transfer mechanisms [52]. Due 

to the high cost of most of these commercially available machines, more than 

$20,000 for a "cheap" machine, the L-B trough used in these studies was 

fabricated in-house with design ideas garnered from commercially available 

machines and the literature, especially the constant perimeter barrier method 

of confining the film [53]. 

The L-B film transfer system used in these studies consists at a trough, 

a sweeping barrier mechanism, a constant perimeter barrier for confining the 

film and a dipping mechanism. The trough was milled in two parts from a 

single block of polyethylene (Figure 3.9). The sweeping barrier 
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Side 

Top 

Figure 3.9. L-B Trough a) Top View b) Side View 

to clean the water surface was constructed out of acrylic plastic and moved 

by an electric motor and a simple pulley mechanism (Figure 3.10). The 

constant perimeter barrier was built from a teflon belt held in place with glass 

rods and moved by a threaded shaft mechanism (Figure 3.11). The dipping 

mechanism utilized an in-house built gear box driving a simple pulley (Figure 

3.12). Surface pressure was monitored with a Wilhelmy balance [54] 

composed of a 1.0 cm wide Teflon strip inserted into the water and 

suspended from a Cahn RG Electrobalance (Figure 3.13). The entire set-up, 

excluding motors, gear box and the electronics of the electrobalance, was 

housed inside a glove box to reduce airborne contaminants and wind 

disturbance of the water surface. Finally, the glove box was placed on a 500 

lb. marble table with rubber shock absorbers between the glove box and the 

table and the motors and gear box were mounted on a separate wooden 

bench to reduce vibrations of the trough. 

Figure 3.10. L-B Trough Sweeping Barrier System 



45 

> 

Dipping / 
Well r ^' ^ + ) Lonlmement —> 

"^^ Barrier^ 

• 

• . 

Figure 3.11. L-B Trough Constant Perimeter Confinement Barrier 

Figure 3.12. L-B Trough Dipping Mechanism 



46 

Weight , 
Dial + 

+ 
Servo 
Amp 

Out 
^fRecorder 
"̂ ^̂ ^ Range 

Pliototube 
Lamp 

Loop C 

Loop A 

Willielmy 
Plate 

Jfcter 
Surface 

Figure 3.13. Surface Tension Measurement System 

Preparation for film deposition began with a thorough cleaning of the 

trough itself. The trough was first cleaned with distilled ethanol then rinsed 

twice with deionized water and finally blow dried. Once placed inside the 

glove box, the water to be used was prepared . First, 2 MQ deionized water 

was produced using a mixed bed deionizer from Continental Water Systems. 

The deionized water was then "doped" with cadmium chloride (CdCl2) to a 

concentration of 3 x 10-5 molar. The trough was then filled with the doped 

water to overflowing. Finally, the water surface was swept clean by 

repeatedly passing the sweeping barrier over the entire length of the trough. 
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Once the water surface was prepared the film spreading process 

began. The constant perimeter barrier was lowered and a saturated solution 

of stearic acid in benzene (3 mg/ml) was made. A single drop of the stearic 

acid in benzene solution was placed inside the perimeter barrier at the end 

opposite the dipping well. After allowing several minutes for the benzene to 

evaporate and the stearic acid to spread, a second drop of the solution was 

placed inside the perimeter barrier. This process was repeated until the 

water surface was saturated with stearic acid as indicated by a small crust of 

residual stearic acid being left on the water surface after the benzene had 

evaporated. The constant perimeter barrier was then compressed until a 

surface pressure of - 3 0 dynes/cm was reached. 

Film transfer to the substrate was accomplished by dipping the 

substrate through the water surface, each excursion across the water surface 

transferring a single monolayer (Figure 3.14). For the first few excursions, the 

dipping speed was controlled at 0.15 mm/s but subsequent excursions were 

done at speeds up to 0.5 mm/s. Surface pressure was maintained between 

29.5 and 30.5 dynes/cm by manually applying power to the constant 

perimeter barrier motor as needed. The final film thickness was calculated 

by multiplying the number of excursions across the water surface, by the 

thickness of a single monolayer. Several previous studies have determined 

the thickness of a single monolayer of stearic acid to be 2.5 nm [55,56]. For 

thicknesses of over a few tens of nanometers on the large silicon wafers and 

solar cells, the trough had to be emptied, cleaned, refilled and fresh film 

made as many as four times to achieve the total desired thickness. 

Finally, one successful attempt was made at synthesizing a 

diacetylene to be deposited by the L-B technique and this diacetylene is 

referred to as 16-2 DA alcohol. The reason for using a diacetylene rather 

than a saturated fatty acid such as stearic acid is that the diacetylene can be 

photo-polymerized using a standard mercury arc lamp. The resulting 

polymer has many of the same optical properties as stearic acid but is much 

more mechanically stable with a higher melting point and more rigid 

structure. This better stability would allow anti-reflective and protective 

coating to be combined into a single coating formed from the polymerized 

diacetylene. 
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Figure 3.14. L-B Film Transfer Process 

3.4 Measurement Techniques 

Three general types of measurements were done on the samples 

made for this study. C-V measurements were done on MIS devices, 

breakdown measurements were done on MIM devices and optical 

reflectance was measured on silicon solar cells. The particulars of the 

measurements and the equipment used are detailed in the following 

subsections. 
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3.4.1 C - V Measurements 

Two different types of C-V measurements were done on the MIS 

devices. One MHz C-V was done using a commercial C-V plotter and an x-y 

recorder. Variable frequency C-V was done using a lock-in amplifier and 

current sensitive pre-amp for frequencies from 100 Hz to 50 kHz. Both types 

of C-V measurements were done with the substrate temperature being 

controlled through the use of a commercial temperature controller. This 

subsection details the techniques used in the C-V measurements and the 

substrate temperature control system and is divided into three parts dealing 

with the temperature control system (3.4.1.1), the 1 MHz C-V measurements 

(3.4.1.2) and the variable frequency C-V technique (3.4.1.3). 

3.4.1.1 Temperature Control and Thermal Stress 

The temperature control system used in all the C-V studies was a 

Temptronics TP314A-1 Thermo Chuck system which is comprised of a 10.3 

cm diameter chuck (Figure 3.15) for mounting the sample on and an Alpha 

series controller for controlling the sample temperature. The chuck 

temperature is monitored with a platinum RTD sensor located just under the 

control surface. Heat is provided by an ac resistive heating element while 

cooling is accomplished through the use of coolant lines passing through the 

base of the chuck which acts as a heat sink to the gold plated aluminum 

working surface. The sample is held firmly to the working surface for good 

thermal and electrical contact by a series of four concentric vacuum rings. 

The working surface is also electrically isolated from the base by 10^ ohms at 

500 Vdc with a working surface-to-base capacitance of 400 pF. The Alpha 

series controller samples the working surface temperature at the chuck with 

an RTD sensor and compares that to the preset temperature in its memory. 

The unit is able to maintain a working surface temperature of ±0.1^0 from 

15° to 200 OC. The microprocessor based controller has the capability of 

storing 5 preset temperatures and the ability to preform temperature cycling 

between any or all of the 5 preset temperatures. The ramp and dwell times 

for each temperature are also programmable providing complete control of 

the temperature cycling process. 
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Figure 3.15. Schematic Diagram of Thermal Chuck 

3.4.1.2 1 MHz C-V 

C-V measurements were made using a Micromanipulator model MM-

410 C-V Plotter and recorded with a Houston Instruments model 164 X-Y-t 

recorder (Figure 3.16). The C-V plotter applies a 15 mV rms sine wave mod

ulation drive to the semiconductor via the conducting surface of the chuck. 

The modulation signal is also applied to the phase sensitive detector (PSD) 

of the C-V plotter for later demodulation of the signal from the device under 

test (DUT). The modulation drive signal in the semiconductor induces a 

current in the gate of the MIS device which is picked up by the model 44-M 

probe mounted on an X-Y-Z translator and sent to the input of the C-V plotter. 

Once received by the C-V plotter, the gate signal is amplified and demodu

lated by the PSD producing a dc voltage proportional to the conductance (in 

phase current) or the capacitance (lagging current). After additional 
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amplification, this dc voltage is sent to the front panel meter of the MM410 
and the y-channel of the x-y recorder. The MM 410 is capable of detecting 
capacitances from 0.5 to 200 pF with an accuracy of ±2% in 12 full- scale 
ranges with an output of ±10 V at 450 Q output resistance. 
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Figure 3.16. 1 MHz C-V Plotter With Temperature Controller 

While the capacitance is being measured, the MM410 also develops a 

dc-ramp voltage. This ramp is applied to the x-channel of the recorder and, 

through a multiplier circuit, to the DUT (Figure 3.17). The ramp circuitry has 

independent start, stop, and rate controls allowing a ramp to be produced 

anywhere between -100 V and -i-100 V at rates of up to 0.5 V/s. The start 

and stop controls both range from -1 V to -i-l V, while the rate control goes 

from 0 to 500 mV/s. The ramp multiplier scales the start, stop, and ramp rate 

from 1 to 100 times in settings of 1, 2, 5, 10, 20, 50, and 100. The MM410 is 
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also capable of applying a dc-stress voltage to the gate of the DUT. The 
stress can range anywhere from 0 to ±100 V and is applied to the DUT at all 
times except while a C-V plot is in progress. The stress voltage can be 
removed by simply pressing the Stress Off button. For most samples 
studied, a ramp voltage from -20 to +20 V or as low as -5 to -i-5 V was used 
at a ramp rate of between 20 and 100 mV/s. The stress voltage, if used at all, 
was less than ±15 V, although a few samples did receive larger stresses. 
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Figure 3.17. Block Diagram of C-V Plotter 

3.4.1.3 Variable Frequency C-V 
The Micromanipuater MM410 C-V plotter has the capability of 

receiving external signals for the ac-drive signal and the dc-ramp which 

allows the unit to become part of a variable frequency C-V system. Such a 

system was designed for these studies using the MM410 in conjunction with 

a PAR model 128 Lock-In amplifier, an HP model 3311A function generator to 

provide the variable frequency signal and a Valhalla model 4440 multimeter 
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to measure the frequency (Figure 3.18). With this system, C-V could be done 
for frequencies of 100 Hz to 50 KHz with capacitance sensitivity as good as 
the MM410 alone. 

Pre Amp 
Power 

Figure 3.18. Variable Frequency C-V Plotting System 

The reference signal from the HP function generator is sent to the 

reference input on the lock-in amp and the modulation input on the C-V 

plotter. The modulating input takes the reference signal and, after a 50:1 

attenuation, mixes it with the ramp signal and sends it out the Ramp Out. 

From the Ramp Out, the signal is applied to the substrate at the DUT via the 

chuck. The current induced in the gate by this signal is picked up by the 
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probe and sent to the current sensitive preamp where it is converted into a 

voltage and sent to the input of the lock-in amp. The lock-in amp 

demodulates the signal and, with the phase set at 270°, produces a dc signal 

proportional to the capacitance. Conductance can also be measured by 

switching the phase to (P. The x-axis of the x-y recorder is still driven by the 

C-V plotter, but now the y-axis is driven by the output of the lock-in amplifier. 

Before each device is measured and after any frequency change, a 

calibrating capacitor is used to calibrate the scale of the lock-in amp. The 

frequency counter is used simply to measure the frequency of the reference 

signal and is not necessary for the proper operation of the system. In the 

variable frequency C-V set-up, the MM410 is still capable of applying the 

stress voltage, if desired. 

3.4.2 Breakdown Measurements 

Two types of breakdown measurements were conducted on MIM 

samples for this study: voltage versus time (V versus t) and current versus 

voltage (I versus V). In both types of measurements a dc voltage is applied 

to the MIM device and its response is observed. The V versus t 

measurements were done using two different circuits. 

For the first set of V versus t measurements, advantage was taken of 

the method by which the Kiethly Model 610BR Electrometer measures 

resistance. When in a resistance mode, the electrometer applies a dc 

voltage across the input terminals but, because of an internal feedback loop, 

the voltage will slowly rise over time (Figure 3.19). The result is a slow dc-

ramp voltage being applied to the DUT and this can be used in a simple 

breakdown study. The second type of V versus t was done with an in-house 

built ramp generator and the y versus t capability of the Houston Instruments 

model 164 x-y-t recorder (Figure 3.20). The ramp generator applies a slowly 

increasing dc voltage to the circuit and the voltage across the sample is 

measured with the x-y recorder in the y versus t mode. The resistor in the 

curcuit acts as a current limiter. 
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Figure 3.19. BD Circuit Using Keithley Electrometer 
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Figure 3.20. V Versus t Breakdown Circuit 

The I versus V measurements were done with the ramp generator, 

current limiting resistor and Linsies LY 18100 x-y recorder (Figure 3.21). The 

ramp generator applies the slowly rising dc voltage to the circuit, while the y-

channel of the x-y recorder measures the voltage across the current limiting 

resistor and the x-channel measures the voltage across the sample. By 

knowing the resistance of the current limiting resistor, the y-axis can be 
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calibrated to read current and thus I versus V is recorded. The size of the 
resistor is selected to be anywhere from a few kQ to several hundred kQ 
depending on the sample being tested. 

- ^ — ^ ^ W W V 

Sample 

Figure 3.21. I versus V Breakdown Test Circuit 

3.4.3 Optical Reflectance Measurements 
Optical reflectance measurements were done on two types of silicon 

solar cells. The technique was to measure the spectra of the Oriel 1000 W 
Hg(Xe) arc lamp fitted with filters for airmass 1 conditions using an EG&G 
model 550 spectrophotoradiometer. Next, an uncoated solar cell was placed 
in the arc lamp beam at an angle of 45° and a distance of 0.8 m and the 
spectrum of the light reflected from the solar cell surface at 45° was 
measured at a distance of 0.3 m from the center of the cell (Figure 3.22). The 
total radiant power at the distance of 0.8 m from the lamp housing was 
measured and found to be 1300 W/m2, which is roughly equivalent to typical 
solar Intensities. The total distance from arc lamp to photodector was kept at 
1.1 m for both measurements in order to eliminate any loss due to 
attenuation with distance. The reflectance was then calculated by 
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normalizing the reflected spectrum with the direct spectrum. The solar cell 

was then coated with either stearic acid or the 16-2 D-A alcohol using the L-B 

technique and the entire reflectance measurement process was repeated for 

the coated solar cell. The reflectance measurements for the coated solar 

cells were taken within a few minutes of being placed in the lamp beam. 

Several samples had a second reflectance measurement done on them to 

observe the effects of the first exposure and a few of these had a third 

reflectance measurement done after 30 days exposure to air at room 

temperature. In all cases, care was taken to insure that the photodetector 

and wafer were placed in the same locations and the same orientations with 

respect to the arc lamp. 
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Figure 3.22. Reflectance Measurement Set-up 



CHAPTER IV 

OPTICAL REFLECTANCE DATA AND ANALYSIS 

Optical reflectance was measured on two types of solar cells for 

wavelengths from 280 nm to 1100 nm using the technique described in 

Chapter III. Measurements were taken to determine the variation from wafer 

to wafer and between types of wafers. Except for one illustrative example, all 

wafers used had no solder coatings. Additionally, tests were done to examine 

the effects of the predeposition cleaning treatment used on all wafers prior to 

deposition by the L-B technique. Finally, the actual data consisted of 

measurements taken before and after deposition of stearic acid films on 

power cells for film thicknesses from 55 nm to 80 nm. Additional data was 

taken on multicell array wafers before and after deposition of the 16-2 DA 

alcohol. 

Figure 4.1 shows the reflectance from four different bare multicell array 

wafers with no solder coatings. As expected there was some minor variation 

from wafer to wafer probably due to slight differences in the alignment of the 

wafer during the measurements and some real variations in the surface of the 

individual wafers from the manufacturing process. Figure 4.2 illustrates the 

reflectance from three different bare power cell wafers. Here the large 

variations are more attributable to differences in alignment than actual 

surface differences. The power cells have a high concentration of metal 

electrodes located at the center of the wafer and any minor difference in the 

exact position and alignment during the measurement process can have a 

large effect on the reflectance. The difference between the power cells and 

the multicell arrays is, in all likelyhood, also due to this concentration of metal 

at the center of the power cell versus the uniform distribution of metal in the 

multicell array as can be seen in Figure 3.1c and d. The powercells were 

used in this work due to the ease of making short circuit current and open 

circuit voltage measurements. 
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Figure 4.1. Reflectance Spectra for Four Bare Multicell Array Wafers 
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Figure 4.2. Reflectance Spectra for Three Bare Powercell Wafers 
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Figure 4.3 also illustrates the variation between the types of wafers in 
addition to showing the effect of the predeposition cleaning treatment. The 
variation between the uncleaned and cleaned multicell wafers is due to the 
removal of surface dust and contamination from the plastic wrap the cells 
were shipped in. The predeposition cleaning was a 10-minute ultrasonic in 
ethanol followed by a 10-minute ultrasonic rinse in deionized water and then 
blow drying. 
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Figure 4.3. Reflectance Spectra For Bare Power Cell And Multicell Array 
Power Cell (@); Multicell Array Uncleaned (*); Multicell Array Cleaned (+) 

The first wafer was coated with 22 monolayers of stearic acid (-55 
nm). Deposition was done with a dipping speed of 0.061 mm/s for the first 
excursion and 0.15 mm/s for all subsequent excursions. Surface pressure 
during film transfer was maintained at 30±0.5 dynes/cm. All other wafers with 
stealc acid were deposited under the same conditions. Figure 4.4 shows the 
reflectance on the bare substrate (curve a), immediately after deposition 
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(curve b) and after 90 minutes exposure to the lamp beam(curve c). The 

quarter wavelength minima for this thickness is 330 nm and indeed the 

reflectance is at Its minimum from 340 to 390 nm for cun/e (b). The overall 

reduction in the reflectance ranged from a high of 90% at the minima to a low 

of 60% for the highest wavelengths measured. No significant difference is 

observed between the spectra measured immediately after placing the wafer 

in the lamp beam and that measured after a 90-minute exposure to the 

beam. 
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Figure 4.4. Reflectance Spectra For 22 Monolayers of Stearic Acid 
Bare Wafer (Curve a:*); Immediately After Deposition (Curve b:@); 

After 90 Minutes Exposure to Lamp Beam (Curve c:-i-) 

The second wafer tested had 24 monolayers deposited onto it (~60 

nm). Figure 4.5 shows the reflectance from the bare wafer (curve a), the 

reflectance measured immediately after placing the coated wafer in the lamp 

beam (curve b) and after 90 minutes of exposure to the lamp beam (curve c). 

For this thickness the minima should occur at 360 nm and curve (b) shows a 
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minima from 340 to 360 nm though the rest of the spectra shows mixed 

results. For wavelengths below 500 nm, the reduction decreases from a high 

of 60% at the minima to zero at 500 nm. The reflectance is seen to increase 

for wavelengths above 500 nm to a maximum of 40% over the bare wafer at 

910 nm. Curve (c) showed an increase above the bare wafer reflectance for 

all wavelengths measured. This increase in reflectance may in part be due to 

the alignment problem discussed earlier. However, since the wafer was not 

moved at all between the two measurements on the coated substrate, most 

of observed the increase is indeed real. This increase in reflectance can be 

ascribed to changes in the film structure due to melting and evaporation loss 

because ot the heating of the wafer surface by the high-intensity light from 

the lamp. 
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Figure 4.5. Reflectance Spectra for 24 Monolayers of Stearic Acid 
Bare Wafer (Curve a:*); Immediately After Deposition (Cun/e b:@); 

After 90 Minute Exposure to Lamp Beam (Curve c:-h) 
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Figure 4.6 shows the measurements for the wafer coated with 28 

monolayers. The minima for this thickness is clearly visible from 380 nm to 

420 nm and corresponds quite well with the theoretical minima of 420 nm. 

Reduction in the reflectance over that of the bare wafer is significant for both 

coated spectra and ranges from a high of 80% at the minima to a low of 

- 2 7 % for wavelengths above 1000 nm for cun/e (b). Curve (c) shows similar 

reductions though the minima is seen to shift to a lower wavelength which 

may be attributed to film loss by evaporation due to the lamp heating effects. 
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Figure 4.6. Reflectance Spectra For 28 Monolayers of Stearic Acid 
Bare Wafer (Curve a:*); Immediately After Deposition (Curve b:@); 

After 90 minute Exposure to Lamp Beam (Curve c:-i-) 

The next wafer was the powercell wafer with solder coated contacts 

which had 32 monolayers of stearic acid (-80 nm) deposited on it. Figure 4.7 

shows the reflectance from the bare wafer (cun/e a), immediately after 

placing the wafer in the lamp beam (cun/e b) and after 90 minutes of 

exposure (cun/e c) for this wafer. At this thickness the 480 nm minima is 
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visible from 460 to 500 nm in cun/e (b) but shifted down to 330-340 nm in 

cun/e (c). This shift is again attributed to film loss by evaporation due to 

heating from exposure to the lamp. The overall reduction in the reflectance is 

most significant at the minima for each of the two spectra on the coated 

substrate (-80% reduction over the bare wafer). This high level of reduction 

gradually decreases to between 20 and 30% for wavelengths above 100 nm. 
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Figure 4.7. Reflectance Spectra For 32 Monolayers of Stearic Acid 
Bare Wafer (Curve a:*); Immediately After Deposition (Curve b:@); 

After 90 Minute Exposure to Lamp Beam (Curve c:-i-) 

Two multicell array wafers received coatings of the 16-2 DA alcohol. 

The synthesis of this diacetylene follows the general proceedure described 

by Viehe [57] with a detailed description of the actual reaction being given in 

the Appendix. Attempts to transfer films of this alcohol succeeded in 

depositing only three monolayers (-7.5 nm) onto each of two different 

substrates. This result was not suprising since Tieke, Lieser, and Wegner 

[58], in a study on the transferrability of a variety of diacetylene acids and 
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alcohols, had previously shown that diacetylene alcohols either did not 

transfer at all or transferred with great difficulty. The three monolayers were 

successfully transferred at a surface pressure of - 17 dynes/cm and a 

dipping speed of 0.061 mm/s. Figure 4.8 shows the measurements for the 

first of the two wafers to receive the DA coating. The theoretical minima for 

this thickness is in the far UV so the lack of an obsen/ed minima was not 

surprising. There was a significant reduction in the reflectance for 

wavelengths below 700 nm with the maximum reduction being -50% at 300-

350 nm. The reduction gradually fell off to zero for higher wavelengths. 
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Figure 4.8. Reflectance Spectra For 3 Monolayers of 16-2 DA Alcohol 
Bare Wafer (Curve a:*); Immediately After Deposition (Curve b:@); 

After 90 Minute Exposure to Lamp Beam (Cun/e c:-i-) 

The second wafer to receive the alcohol coating was measured 

immediately after exposure to the lamp and then allowed to sit for 21 days 

under general room conditions with only a dust cover for protection before 

the second post deposition spectra was measured (Figure 4.9). The same 

trends that were obsen/ed in the first wafer were also seen in this wafer with 
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the exception of a drastic reduction in the high reflectance from the bare 
wafer (cun/e a) between 280 and 320 nm. What is clearly visible is that 
prolonged exposure of the coating to room conditions did not change the 
obsen/ed reflectance of the wafer. As the DA film thickness is only a few nm, 
the overall reduction in the reflectance for both wafers may be more likely 
due to a reduction in the diffuse scattering from the wafer surface than any 
truly AR behavior. 
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Figure 4.9. Long Term Exposure Test Reflectance Spectra 
Bare Wafer (Curve a:*); After Deposition of 3 Monolayers (Cun/e b:@): 

After 21 Days Exposure to Room Conditions (Curve c:-i-) 



CHAPTER V 
ELECTRICAL BREAKDOWN DATA AND ANALYSIS 

5.1 Introduction 
Breakdown (BD) tests were conducted on MIM sandwich devices 

using one of the three circuits described in Chapter III. Tests on AI2O3/Y2O3 

insulators of 200 nm thickness were done to serve as a standard to compare 

the organic insulator samples. For tests conducted with the electrometer 
circuit, the resistance of the sample can be read directly from the graphs. The 
other two BD circuits required independent resistance measurements which 
were done before and after the BD test. The samples with steacic acid and 
anthracene insulators were made on large glass substrates with two to four 

being produced simultaneously for each thickness. Each glass slide had 16 
devices for measurement though quite often several of the devices exhibited 
short circuit probably due to contamination or evaporation of the insulating 

film from the substrate during the deposition of the upper metal electrode. 
This chapter is divided into three sections dealing with the AI2O3/Y2O3 

samples (section 5.2), the stearic acid insulator samples (section 5.3), and 
the anthracene insulator samples (section 5.4). Due to the large number of 
BD curves for the various samples, only illustrative examples are shown here 
with a data summary being presented for the rest of the curves. 

5.2 Aluminun Oxide/Yttrium Oxide Samples 
The first attempts at finding a standard to compare the organic 

insulator samples involved producing samples with native AI2O3 insulators. 

These samples were made by first depositing the lower aluminum electrode, 
then exposing it to air for 24 hours, and finally depositing the upper 
aluminum electrode directly on top. Due to the extreme thinness of the native 
AI2O3 films ( -3 nm), all samples made by this method showed short circuit. 
As no method was available to produce AI2O3 films of any other thickness in-
house, a set of reference samples with 200 nm of AI2O3/Y2O3 insulators were 
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aquired from the Sigmatron Nova Corp. of Thousand Oaks , California. 

These samples were subjected to voltage stress tests as well as I versus V 

characterization. 

The voltage stress tests involved applying a fixed dc voltage to the 

device using the breakdown tester in the V versus t circuit described in 

Chapter III. The resistance of the device was read using the electrometer 

before and after the stress. Each sample was subjected to repeated stresses 

with the magnitude of the stress voltage, the duration of its application and 

the amount of time the sample was allowed to recover between stresses 

varying from device to device. A typical example of this type of test involved a 

sample whose resistance was - 4 0 kQ prior to the application of a 90- minute 

10 V stress. After the stress the sample resistance rose to - 18 MQ but fell 

back to —3 MQ when allowed to recover overnight. After a second 90-minute 

stress, this time at 15 V, the sample resistance climbed to over 900 MQ. 

During the 15 V stress, the leakage current was found to range between 1.2 

and 2yMA but no breakdown event of any kind was observed. 

Figure 5.1 shows several 10 minute stresses on a single device which 

had been subjected to a series of stresses starting at 5 V and increasing in 2 

V increments up to 39 V. For the sake of clarity, each stress is offset 

horizontally from the previous stress by 50 seconds. The device was allowed 

to recover for only 5 minutes between stresses. At the very beginning of the 

test the sample resistance was -17.8 kQ and after the initial 5 V stress it 

rose to —8.3 MQ. For subsequent stresses at higher voltages, occasional 

isolated breakdown events would occur which resulted in the sample 

resistance falling to 4-5 MQ and remaining within that range until the 37 V 

stress. After the 37 V stress, the resistance plunged to -270 kQ and the next 

stress at 39 V caused an almost total device destruction with the post-stress 

resistance being only - 8 0 Q. During the 39 V stress sparks could be seen 

occurring in the device, while after the stress the sample showed numerous 

pits and holes through the upper electrode and insulator with over 50% of the 

device being destroyed in this manner. 
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Figure 5.1. Stress Tests on AI2O3/Y2O3 MIM Device 
33 V(Cun/e a), 35 V(Cun/e b), 37 V(Cun/e c) and 39 V(Curve d) 

Current versus voltage tests done on the AI2O3/ Y2O3 samples 

showed two distinctive types of breakdown.The first type showed a gradual 
increase in the current before breakdown, while the second showed a 
sudden catastrophic breakdown with no prior current rise. Figure 5.2a 
illustrates a typical example of the first type. Isolated single-hole breakdowns 
begin occurring at around 16 V and gradually propagate through the sample 
until total breakdown occurs at 18.5 V with the current going off scale. Figure 
5.2b shows an example of the second type of breakdown. In this case, there 
is no current until the applied voltage reaches 25 V at which point the current 
jumps vertically off scale. The samples showed the same physical 
appearence after breakdown regardless of the type of I versus V behavior; 
pitting and scaring of the device surface with large areas of the sample 
having the upper electrode completely removed. From the voltage stress 
tests and the I versus V curves of all samples tested the breakdown field 
strength of AI2O3/Y2O3 wasfound to be 1.47±0.46x10^ v/m. 
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5.3 Stearic Acid Insulators 

Samples with stearic acid insulators were made by first depositing the 

lower aluminum electrode with the apporpriate mask in place and then 

removing the mask through the use of a rotator feedthrough so that the 

vacuum was not broken. The stearic acid was then evaporated at a rate of 

0.1 -0.15 nm/s after which the vacuum was broken in order to place the upper 

electrode mask over the substrate. Devices with insulator thicknesses from 

40.6 to 132 nm were made with four glass substrates being deposited on 

simultaneously for each thickness. Breakdown tests were done on the 

samples using the electrometer circuit. 

Different test samples exhibited quite different breakdown 

characteristics which are classified into three categories. The first category, 

type I breakdown is characterized by tight clusters of single-hole breakdowns 
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probably due to clustering of weak spots in the insulator. These breakdowns 

were of very low-energy discharge but occurred with relatively high 

frequency. The first breakdown events usually occurred at a relatively high-

field strength with subsequent breakdowns releasing smaller amounts of 

energy and occurring immediately after the first event. While the energy 

discharged during any one single hole breakdown event was relatively small, 

the frequency of the events was high enough that the voltage across the 

sample was never able to rise at a rapid rate. Figure 5.3 illustrates a typical 

example of this type of breakdown for a sample with a 40.6 nm stearic acid 

insulator. The low rate of voltage rise and the "jaggedness" of the curve are 

the defining characteristics of a type I breakdown. This jaggedness is actually 

a series of closely spaced single-hole events. While the frequency of these 

events remains relatively constant as the voltage across the sample 

increases, the amount of energy released in the individual events increases 

leading to an apparent broadening of the curve at the higher voltages. For 

this sample the first breakdown event occurs at -26 V, roughly 900 seconds 

after the beginning of the test for a breakdown field strength of 7.6x 10^ V/m. 

8 12 16 20 24 28 32 36 40 44 48 
Time (seconds x 100) 

Figure 5.3. Type I Breakdown for 40.6 nm Stearic Acid Insulator 
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Type II breakdowns are characterized by a uniform distribution of the 

single hole events over the entire sample with no significant clustering of 

breakdowns. This type of breakdown begins with a very low frequency of 

single-hole events which have a relatively low-energy release. Since the 

energy being released is relatively small, the voltage across the sample 

steadily increases. Eventually the frequency of the single-hole events begins 

to increase but by that time the total energy stored in the device is so large 

that even a high-energy release breakdown is insufficient to relieve the stored 

charge. Due to this large energy build-up, both the frequency and energy 

release of the single-hole events increase until relatively high energy release 

breakdowns are occurring almost continuously. Figure 5.4 shows a typical 

Type II breakdown curve for an insulator thickness of 40.6 nm. The high 

slope and the vertical voltage spikes of increasing frequency are the defining 

characteristics of this type of breakdown. The low-energy release events 

begin almost immediately upon application of the charging current but are 

very few and far in between. At -1050 seconds the frequency and intensity of 

the breakdowns begin to increase. By 2000 seconds, the events have 

reached magnitudes of up to 12 V discharges and are occurring almost 

continuously. The change in slope of the curve at 2000 seconds is a result of 

a change in the time scale of the Y-t recorder and not an actual change in the 

rate of voltage increase. The very first breakdown occurs at a field strength of 

—6.4X 10^ V/m, but the more frequent breakdowns begin to occur at 

~8.6x 10^ V/m. The physical appearance of the sample after this test 

showed a uniform pitting of the insulator and upper electrode across the 

entire sample with no significant clustering of the damage in any one area. 

The uniform distribution of the pitting is probably an indication of the good 

quality of the stearic acid film since the breakdowns are probably occuring at 

the locations of defects and weakspots in the insulator. The lack of clustering 

would indicate that no grouping of contamination, defects, or voids occurred 

during the film formation. 
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Figure 5.4. Type II Breakdown for 40.6 nm Stearic Acid Insulator 

The third type of breakdown, type III, appears to be a combination of 

both type I and II behavior. This type of breakdown is characterized by tight 

clusters of single-hole breakdowns uniformly distributed throughout the 

sample. The defining characteristic of the breakdown cun/es for this type of 

behavior is extremely large energy discharges. These large energy 

discharges are single-hole events which occur in the center of a breakdown 

cluster and are due to the weakening of the insulator by all the previous 

events which had occurred in the vicinity. Some type III breakdown cun/es 

show the jagged nature of the type I breakdowns but with the occasional 

large voltage spikes, while others look more like type II breakdown. Following 

the largest of the voltage spikes, the frequency of the breakdown events 

temporarily decreases but as the voltage across the sample continues to 

build the breakdowns resume their frequency eventually building up to 

another large discharge. Figure 5.5 is a typical type III breakdown cun/e for 



74 

40.6 nm of stearic acid. The largest discharge occurs at 710 seconds in 

which the voltage drops from 54 to 26 V. After this event, no other major 

breakdowns occur for over 50 seconds but after that the events resume and 

build towards an 18 V discharge at 1060 seconds. The physical appearance 

of this sample after the breakdown test showed several large areas of the 

insulator and upper electrode literally blasted out by the large voltage 

discharges. Other smaller clusters of pitting damage were spread uniformly 

around the sample. This particular sample exhibited a relatively large 

breakdown field strength of -1.18x10^ V/m. However, type III breakdowns 

cannot be characterized by a well defined field strength. 
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Figure 5.5. Type III Breakdown for 40.6 nm Stearic Acid Insulator 
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All three types of breakdown can occur for any thickness and are not 
limited to either thin or thick films. Figures 5.6, 5.7, and 5.8 show type I 
breakdowns for 52.7, 80, and 120 nm, respectively. Each figure shows the 
characteristic jagged curve shape and very little change in slope which 
typifies all type I breakdowns. The breakdown field strengths for these three 
samples are 6.17x108 V/m, 1.87x108 V/m , and 2.07x108 V/m , 
respectively. Figures 5.9 and 5.10 show type II breakdowns for 52.7 and 120 
nm, respectively, in which the characteristic vertical voltage spikes, whose 
frequency increases with time, and the high slopes, which are common to all 
type II breakdowns, are clearly visible. Breakdown field strengths for these 
two samples are 6.07x 10® V/m and 2.07x 10^ V/m for respective 
thicknesses. Figures 5.11 and 5.12 show the variations of type III behavior for 
52.7 and 56.8 nm. Figure 5.11 exhibits many similarities to the type II curves 
while Figure 5.12 shows the jagged cun/e shape of the type I behavior.The 
breakdown field strength for the 52.7 nm sample is 9.01 x 10^ V/m, while it is 
5.81 X108 V/m for the 56.8 nm sample. 
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Figure 5.6. Type I Breakdown for 52.7 nm Stearic Acid Insulator 
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Figure 5.11. Type III Breakdown for 52.7 nm Stearic Acid Insulator 
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Breakdown in all samples appears to be initiated by electron injection 
Into the insulator causing a current avalanche. For events with low-energy 
discharge, the avalanche current may barely reach the 40 generations 
assumed by Seitz [18] to be the minimal required for breakdown to occur. 
Because of the relatively low currents involved in these events, the Joule 
heating is insufficient to cause widespread propagation but may lead to 
localized propagation in clusters of weakspots and defects which would 
explain the difference in behavior of the type I and II breakdowns. As the 
amount of energy discharged during the breakdown increases, the number 
of generations in the electron avalanches exceeds the minimum (40 
generations) and the Joule heating from the higher avalanche currents 
becomes sufficient to propagate the breakdowns over a larger distance. With 
the weakening of the insulator due to the Joule heating over a larger area, the 
frequency of the breakdown events increases and/or the amount of energy 
released in each breakdown event increases. If the energy released during 
an event is large enough, a significant volume of the insulator and upper 
electrode may be literally blasted out. Since this removes the insulator and 
electrode material, the energy build-up process must start over and thus a lull 
occurs after a large voltage spike in the type III breakdowns. All three types 
of breakdown correspond quite well to the "electronically modified thermal 
breakdown" catagory described by Klein [28,29]. 

The data for all the stearic acid samples measured are summarized in 
Table 5.1 and a log-log plot of this data is shown in Figure 5.13. This plot 
shows that no single power relationship holds for the data but that the use of 
two different powers for different thickness ranges does make a reasonably 
good fit. The samples with thickness (d) less than 75.4 nm show a very good 
fit to the FB«d-« power law with a«1.85. For d>56.8 nm ««0.43 but the 
scatter from this fit is higher than the low thickness relationship. The 
changeover from low thickness to high thickness relationship occurs at 
around 60 nm. The value of a for high thicknesses and the changeover 
thickness agree quite well with the previous work of Huang and Agan /̂al [34], 
but the a for low thickness shown here is much higher than the value of 1.3 
they reported. This may in part be due to differences in the method of 
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choosing the breakdown voltage and the type of breakdown test. Huang and 
Agan/val referred to two different Fg values for the onset of breakdown and 

the maximum breakdown field strength. This distinction was drawn from the I 
versus V characteristics which showed the "onset of breakdown" Fg 

corresponding to the transition from ohmic to non-ohmic behavior and the 

"maximum breakdown voltage" referring to the voltage at which total device 

destruction and voltage collapse occur. The V versus t tests done here are 

much more sensitive to the onset of breakdown due to the ability of seeing 

individual single-hole breakdown events but less sensitive to finding the 

maximum breakdown voltage. 

Table 5.1. Breakdown Field Strength Summary For Stearic Acid Films 

Thickness 

d (nm) 

4a 6 

52.7 

56.8 

75.4 

8a 0 

90.0 

113.2 

120 

132 

Breakdown Field Strength 
FB (XI08 V/m) 

3.31±a310 

1.88±a764 

1.62±a787 

1.05±a675 

1.41 ± a 174 

1.32±a005 

1.40±a099 

a977±a00316 

1.20±a058 
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Figure 5.13. Log(FB) versus Log(d) For Stearic Acid Insulators 

The high standard deviations for the lower thicknesses are probably 

the result of the larger percent variation in the film thickness over individual 

samples. The thermal evaporation technique is known for producing 

amorphous films with relatively poor uniformity of film thickness over a large 

area. Film thickness uniformity is not a function of the total film thickness thus 

the lower total film thicknesses will have a higher percent variation in the 

thickness than relatively thick films. Much of the variation in FB is also due to 

the statistical nature of electrical breakdown. Figure 5.14 shows an histogram 

of the breakdown field strength data for a single thickness which illustrates 

the statistical fluctuations in the breakdown. 
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Figure 5.14. Histogram of FB For 52.7 nm Stearic Acid Insulator 

5.4 Anthracene Insulators 

Stearic acid has a relatively low melting point (69° C) and this greatly 

limits its possible applications. Therefore, anthracene, an organic compound 

with a much higher melting point (>2000 C), was investigated for its electrical 

behavior. Because of the sublimation problems with anthracene which were 

referred to in Chapter III, its applications are also limited. The samples with 

anthracene insulators were produced in the same manner as the stearic acid 

samples with the exception of a mercury drop being used as the upper 

electrode rather than evaporated aluminum. 

With mercury being used as the upper electrode on the anthracene 

samples, the number of devices on a single glass slide was not limited to 16. 

Tests on as many as 20 "devices" per substrate were commonly done by 

simply moving the mercury drop to different locations over one of the lower 

electrodes. All anthracene samples had 787 nm thick insulating films and a 

total of 16 samples were produced. 
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Almost all devices tested showed short circuit when subjected to I 
versus V testing. This may in part be due to mercury diffusing through the 
insulator and forming a metal bridge to the aluminum electrode before any 
significant voltage can be applied to the device. A second possible reason 
may have been contamination in the anthracene film. Since the flash 
evaporation technique of depositing anthracene used a pressure of only 
5x10-2 Torr, the conditions during deposition were not as clean as those 
achieved at pressures in the 10-̂  Torr range. 

Of all the devices tested, only twelve showed some type of breakdown 
event. Figure 5.15 shows a typical I versus V curve for one of the 12 devices. 
The plot shows no current until a voltage of ~68 V is reached at which point 
the device shows a negative resistance. The current rapidly climbs to a peak 
of - 8 5 mA at 27 V which is quickly followed by a current collapse. Two other 
smaller breakdowns are observed after the flrst and they also show a 
negative resistance at the onset of breakdown.The device did not show any 
pitting of the insulator after the test, but a heavy mercury residue persisted 
over the location of the device indicating that the anthracene insulator had 
been saturated with mercury. The breakdown field strength for this device 
was ~8.64x 107 V/m with the average for the twelve devices being 
7.1 ±2.34x107 V/m. Breakdown in the samples appears to be due to physical 
diffusion of mercury through the insulator forming a metal bridge between the 
lower aluminum electrode and the mercury drop. Since this type of 
breakdown is more by physical transport of the mercury than by any thermal 
or purely electrical mechanism it does not fit well into any of the categories of 
breakdown discussed in Chapter II. 
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CHAPTER VI 

CAPACITANCE VERSUS VOLTAGE DATA 

AND ANALYSIS 

6.1 Introduction 

Capacitance versus voltage plots were done on a variety of samples 

with several different insulators at 1 MHz and using the variable frequency 

method described in Chapter III. The standard samples used to compare all 

other samples were the 10cm wafers from Texas Instruments, henceforth, 

referred to as the "Tl Metal Dot." The standard samples were subjected to 

temperature only, voltage only, and temperature and voltage stresses. A 

complete set of variable frequency C-V plots was also done on them from 

100 Hz to 70 kHz. In order to provide a comparison for samples which used 
mercury as the gate metal, a wafer with 46.1 nm Si02 on Si was studied 

using mercury as the gate material. 

The 2.54 cm diameter silicon substrates were done at 1 MHz with no 

deposited insulator to illustrate the effects of a rough surface finish on the C-

V behavior. These samples were subjected to various etches and stresses to 

illustrate the effects of the surface. The stearic acid samples were done for 

several different insulator thicknesses at 1 MHz and using variable frequency 

in addition to being subjected to voltage, temperature and voltage/ 

temperature stresses. One set of stearic acid samples was done at 1 MHz 

with mercury as the gate metal. The last samples reported are the anthracene 

insulator samples. These samples were all done at 1 MHz with positive and 

negative voltage stresses. 

6.2 Tl Metal Dot 

The Tl Metal Dot samples were subjected to three different stresses to 

illustrate how a "good" MIS device should behave. All stresses were done at 1 

MHz with the substrate temperature being held at 20 ©C during the 

measurement. The first stress was a voltage only stress where the sample 

was held at 20 oC while a fixed dc voltage was applied. Figure 6.1 shows the 

results of a -1-50 V stress being applied for 5 minutes. The lower cun/e is the 

85 
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sample before stressing, while the upper cun/e shows both a pre- and post-

stress plot. The voltage shift at the center of the bending in depletion is only 

0.1 V which translates to a fixed charge density of -4.2x10^0 per cm2 . The 

lowering of the capacitance after the stress in the inversion region is due to 

the presence of hydrogen in the silicon which creates hole-like states that 

reduce the total charge in inversion leading to a reduced total capacitance. 

The presence of hydrogen is not usually considered a problem since it is 

highly mobile. A subsequent plot on the same dot a few hours later showed 

complete recovery from the post-stress behavior. 

500 
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- 4 - 2 0 - 1 - 2 +4 
Bias Voltage (V) 

-H6 -1-8 -1-10 

Figure 6.1. Pre- and Post-Stress (50 V) C-V Plot on 
Tl Metal Dot (Upper Cun/es), C-V Plot Before Stress Test (Lower Curve) 

The second stress was a temperature only stress where the probe was 

removed from the sample while it was subjected to a temperature cycle. 

Figure 6.2 illustrates a 180 °C stress for 10 minutes on the sample. The figure 

shows both a pre- and post-stress plot with the pre-stress cun/e having the 

lower capacitance in accumulation.The increase in capacitance in this region 
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is also due to the presence of hydrogen which is diffused out during the 
temperature stress. No detectable voltage shift occurs in the depletion region 
leading to an estimate of N^ <4.2x109/cm2. 
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Figure 6.2. Pre- and Post-Stress (180 ©C) C-V Plot on Tl Metal Dot 

The last stress test involved the application of both temperature and 

voltage stresses simultaneously. A voltage stress of -i-25 V was applied to the 

device immediately after the completion of the pre-stress C-V plot and was 

not removed until the beginning of the post-stress plot. The temperature 

stress was an automatic temperature cycle using the thermal chuck system. 

The cycle consisted of a 3-minute ramp from 20 ©C to 120 ©C, hold at 120 ©C 

for five minutes and then a 3-minute ramp back down to 20 ^C. Figure 6.3 

shows the results of this stress test with both the pre- and post- plots being 

shown. The curve with the higher capacitance in accumulation is the post-
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stress cun/e. The increase in the capacitance in accumulation is again 
attributed to the presence of hydrogen. A voltage shift of 0.2 V is obsen/ed in 
the post-stress curve which corresponds to Nfc« 8.41 x 10̂ 0 /cm2. 

600 n 

•10 - 8 - 6 - 4 - 2 0 -1 -2 -1-4 +6 -1-8 -1-10 
Bias Voltage (V) 

Figure 6.3. Pre- and Post-Stress (120 oC/25 V) C-V Plot on Tl Metal Dot 

Figures 6.4 through 6.7 show the results of the variable frequency C-V 
plots on the Tl Metal Dot sample. The plots were all done in the light with no 
retrace plot. The low-frequency behavior is shown clearly at 100 Hz where 
both the inversion and accumulation capacitance are -537 pF. The 
changeover from low-frequency to high-frequency response begins at 200 Hz 
and is not completed untill 4 kHz. This indicates a relatively high density of 
surface states causing an inversion layer at the Si/Si02 interface. 

The minimum capacitance, C^jn. at 100 Hz is -350 pF at -1-0.75 V. 

The voltage at which C ĵn occurs does not change as the frequency is 

Increased but the value of Cmjn does. From 100 to 200 Hz, C^jn increases 

substantially but for frequencies above 200 Hz it decreases with increasing 
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frequency. Likewise, the capacitance in accumulation (V>0) increases from 

100 to 200 Hz but then decreases with increasing frequency up to 1 kHz. The 

changes in the accumulation capacitance for frequencies above 1 kHz are 

the result of minor variations in the sensitivity of the measurement set-up and 

the limited frequency response of the lock-in amplifier and are not a real 

behavior of the device. The frequency dispersion in accumulation may be 

attributed to surface states with a distribution of generation-recombination 

lifetimes whose density peaks between 0.005 and 0.01 seconds and then 

tapers off to near zero by 1 ms. 
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Figure 6.4. Variable Frequency C-V Plots on Tl Metal Dot 
Cun/e a: 200 Hz, Cun/e b: 100 Hz, Cun/e c: 1 MHz 
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Figure 6.5. Variable Frequency (300-1000 Hz)C-V Plots on Tl Metal Dot 
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Figure 6.6. Variable Frequency (2-9 kHz) C-V Plots on Tl Metal Dot 
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Figure 6.7. Variable Frequency (10-70 kHz) C-V Plots on Tl Metal Dot 

The oscillations in the plots at 200 and 600 Hz are due to the 

illumination of the sample during the measurement. When the C-V plots are 

done in the dark, a considerably different behavior is observed. Figures 6.8 

through 6.11 show comparisons between the C-V curves obtained in the light 

and those done in the dark for frequencies from 100 Hz to 1 MHz. The most 

striking feature of these plots is the complete loss of low-frequency behavior 

at 100 Hz. This indicates that the surface states that were creating the low-

frequency behavior are relatively shallow states which are filled by optical 

excitations. When the light source is removed these states are no longer filled 

and thus do not contribute to the device capacitance. The remaining states 

have deeper energy levels with longer lifetimes and are thus unable to 

respond to the ac signal even at 100 Hz. This behavior indicates that the 

density of surface states that would be of concern to device applications is 

very low. From the obsen/ed variable frequency response and the 
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temperature and voltage stress tests, it is clear that the Tl Metal Dot samples 
can serve as a "good" standard to compare other samples made during this 
study. 
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Figure 6.8. Light and Dark C-V Plots on Tl Metal Dot at 
100 Hz in Light, 100 Hz in Dark, 1 MHz in Light and 1 MHz in Dark 
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Figure 6.9. Light and Dark C-V Plots on Tl Metal Dot at 
200 Hz in Light, 500 Hz in Light, 200 Hz in Dark and 500 Hz In Dark 
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Figure 6.10. Light and Dark C-V Plots on Tl Metal Dot at 
1 kHz in Light, 2 kHz in Light, 1 kHz in Dark and 2 kHz in Dark 
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Bias Voltage (V) 

Figure 6.11. Light and Dark C-V Plots on Tl Metal Dot at 
5 kHz in Light, 10 kHz in Light, 5 kHz in Dark and 10 kHz in Dark 

6.3 Silicon Dioxide (46.1 nm) on Silicon 
The 46.1 nm Si02 on Silicon was one of the substrates aquired from 

another research group at Texas Tech which had the oxide thickness 

measures by ellipsometry. No other insulator was deposited on the substrate 

and the metal gate was formed by placing a drop of mercury on the 

substrate. Except for pre- and post-stress plots, no two measurements were 

taken at the same location on the wafer. Mercury was used as the gate metal 

in order to have a standard for comparison for the stearic acid and 

anthracene insulator devices which also used mercury gates. 

Figure 6.12 shows the very first C-V plot done on the sample and the 

results of a voltage stress of -i-50 V for 5 minutes. The pre-stress curve looks 

very much like an ideal MIS cun/e with no hysteresis in the retrace plot, while 

the post-stress curve exhibits an extreme distortion with a large hysteresis. 

The distortion is believed to be due to mercury diffusing through the insulator 
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and contaminating the semiconductor substrate. As the mercury diffuses 

throughout the volume of the substrate, it acts like mobile charges. The 

hysteresis is a result of this diffusion since the application of the voltage ramp 

in effect applies a short duration voltage stress to the sample. When the 

mercury dot was moved after the complefion of the measurements, a residue 

could be seen at the tested location and after a few hours the residue faded 

away indicating the material had diffused into the substrate. The 2.5 V shift at 

mid-depletion between the pre- and post-stress curves translates to a fixed 

charge density of -8.1 x 10ii /cm2 which is at least an order of magnitude 

greater than the Tl Metal Dot sample discussed in the previous section. 

Figure 6.13 is the C-V plot done on the same substrate In a different 
location 48 hours later. The plots done both before and after the application 
of a +25 V stress for 5 minutes show the severe distortion of the curve shape 
indicating that the mercury has diffused throughout the substrate and no 
longer acts like a fixed charge causing extremely large voltage shifts. The 
mid depletion voltage shift is now only 0.1 V which corresponds to Nfc« 

3.24x1010/cm2. 
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Figure 6.12. Pre- and Post-Stress (+50 V) C-V Plots 
of 46.1 nm Si02 on Si with Mercury Gate Metal 
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Figure 6.13. Pre- and Post-Stress (+25 V) C-V Plots 
for 46.1 nm Si02 on Si with Mercury Gate Metal 

6.4 Silicon Substrates(2.54 cm Diameter) 
The 2.54 cm diameter silicon substrates were unpolished wafers so it 

was expected that they would have a very high surface defect density 
resulting in high device capacitances even with only the native Si02 as an 

insulator. All samples used in these studies were p-type phosphorous doped, 
with some having a resistivity of 30 Q-cm and others having 0.12 Q-cm. The 
samples were subjected to etches of various durations using Br2 or 52% HF. 

Subsequently, 1 MHz C-V plots were done before and after a voltage stress. 
The only insulator was the native Si02 film and the devices were formed by 

simply evaporating aluminum dots onto the bare substrates. 
Figure 6.14 shows the C-V plot of an unetched 30 Q-cm sample before 

and after a +15 V stress for 5 minutes. The severe distortion of the curve 
shape from the ideal MIS cun/e is a clear indication of the high level of 
surface defects for these samples. The mid-depletion voltage shift of 1.2 V 
gives a fixed charge density of -8.4x 10̂ 2 /cm2 which is two orders of 
magnitude higher than the Tl Metal Dot standard. 
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Figure 6.14. Pre- and Post-Stress (+15 V) C-V Plot on 
Unetched 2.54 cm Silicon Substrate 

The first etch test used a 90% Br2 solution into which a 30 Q-cm 

sample was dipped for five minutes under ultrasonic. After the etch, the 
substrate was rinsed in deionized (Dl) water under ultrasonic for 10 minutes 
and then blow dried. After deposifion of the aluminum dots, the capacitance 
was measured before and after subjecting the sample to a 180 ^C 
temperature cycle. Figure 6.15 shows the results of this test with the lower 
curve being the pre-stress plot and the upper curve showing both the pre-
and post-stress plots. No change in the general shape of the curve is seen as 
a result of the etch but the mid depletion voltage shift has increased to 5.8 V 
(Nfc« 4.06X lO^^). The voltage shift is also in the opposite direction from the 

unetched sample. The overall capacitance has increased dramatically as for 
example from flatband capacitance being 74 pF on the unetched sample to 
135 pF after etching. From the high value of N^ and the overall increase in 

the device capacitance, it is clear that the etch is creating a large number of 
surface defects rather than removing them. 
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-8 -4 
Bias Voltage (V) 

Figure 6.15. C-V Plots on 2.54 cm Silicon Sample After 5 Minute Br2 Etch 

Lower Curve:Pre-Stress (180 ^C), Upper Curves:Pre- and Post-Stress 

The second etch test involved samples with 0.12 Q-cm resistivities and 

a solution of 52% HF for periods ranging from 10 minutes to 48 hours. The 

long duration etches were done by first submerging one quarter of the 

sample in the HF for 8 hours then, without removing the lower portion from 

the acid, submerging another quarter of the sample for an additional 8 hours. 

The third quarter of the sample was then lowered into the acid for another 8 

hours resulting in strips of one quarter of the wafers with differing etch times 

from zero to 24 hours in 8 hour increments as shown in Figure 6.16. Four 

metal dots were then evaporated onto each strip and C-V plots were done on 

each dot. Figure 6.17 shows the results of one of these tests in which the 

etches were for 16 hours (cun/es a and b) and 24 hours (cun/es c and d). 

The two cun/es for each etch time are for dots with areas of -1.8x ia2 cm2 

(curves a and c) and -7.8x la^ cm2 (cun/es b and d). The most interesting 

behavior which was obsen/ed on these HF etch tests was an apparent 
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change in the semiconductor from p-type to n-type as a result of the etch. 

Figure 6.18 shows the C-V plots done on the unetched portion of the wafer 

and the part with an 8-hour etch. While the capacitance shift from negative to 

positive bias is not large on the unetched sample (curves c and d), it is 

increasing fi'om negative to positive bias indicating a p-type semiconductor. 

After the etch (curves a and b), the capacitance shift is definitely decreasing 

from negative to positive bias indicating n-type semiconductor. For the first 

two etches of 8 and 16 hours, the capacitance in the negative bias region 

increases with the longer duration etch but the trend then reverses and the 

capacitance in this region decreases from the 16 and 24 hour etches. 

8 Hours 8+16 Hours 8+16+24 Hours 

OEtch 

16 Hours 

8 Hours 

24 Hours 
Finished Sample 

Figure 6.16. Long Duration Etch Process 
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Figure 6.17. C-V Plots on 2.54 cm Si Sample After HF Etch 
24 Hour HF Etch (Cun/e a and b) and 16 Hour HF Etch (Cun/e c and d) 
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Figure 6.18. C-V Plots on 2.54 cm Si Sample Before and After HF Etch 
After 8 Hour Etch (Cun/es a and b) and Before Etch (Cun/es c and d) 
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An explanation for this behavior may be that, like the Br2 etches, the 

first etches are creating surface states which lead to an increase in the 

capacitance. The change in behavior from p-type to n-type suggest that the 

surface states are near or in the conduction band and thus acting as donor 

states. Since the resistivity of the sample was low to begin with, these new 

donor states quickly outnumber the dopant atoms in the semiconductor and 

create an n-type layer at the silicon surface. As the duration of the etch 

increases, the silicon surface is being removed and the original surface 

states are removed along with it leaving only the states created by the etch 

itself. Since the total number of surface states has then decreased, the 

capacitance decreases with increasing etch time. Samples which had been 

subjected to etches of up to 48 hours showed an almost completely flat C-V 

response with flatband capacitance < 10 pf. 

6.5 Stearic Acid Insulators 
Stearic acid samples were done on n-type silicon substrates with 

native oxides ranging from 4.5 to 5.8 nm. The stearic acid insulators ranged 
in thickness from 100 to 150 nm with two to three substrates being deposited 
for each thickness. A large number of C-V plots were done, however, only a 
few illustrative examples are shown here. 

Figure 6.19 shows a typical 1 MHz C-V plot for a stearic acid film 
thickness of -100 nm. Mid depletion for this sample occurs at -9 V which 
was somewhat unusual for the stearic acid samples, most showed the mid-
depletion being less than -4 V. The hysteresis in the retrace plots can be 
thought of as a result of a short duration voltage stress from the dc ramp 
voltage during the C-V plot. The maximum positive bias during the plot was 
20 V and the mid depletion voltage shift is 1.4 V giving a value for N^ of 

~2.01x10iVcm2. 

Figure 6.20 show the results of a 60 ̂ C temperature stress on an 110 

nm strearic acid sample. For the sake of clarity, each plot is offset vertically 

by 100 pF from the previous plot. The lack of hysteresis in the retrace plots is 

due to the lower ramp voltage used on this sample. The lower "stress" 

voltage does not result in a shift in the curve due to its short duration. For 
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three of the four devices on this sample, the temperature stress resulted in a 
net increase in the capacitance of - 2 0 pF over the entire bias range. Mid-
depletion voltage shifts for these samples were somewhat difficult to 
determine exactly due to the overall increase in the capacitance. Eventually it 
was decided to determine the mid depletion voltage for the pre- and post-
stress curves separately and then subtract one from the other to get the 
magnitude of the shift. This resulted in voltage shifts from 0.3-0.8 V (N^ 

ranging from 3.92x10io to 1.04x10"ii /cm2). 

•10 -8 ^ - 2 0 + 2 +4 +6 +8 +10 
Bias Voltage (V) 

Figure 6.19. 1 MHz C-V Plots on 100 nm Stearic Acid Insulator 
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Figure 6.20. Pre- and Post-Stress (60 ©C) C-V Plots 
on Four Devices with 110 nm Stearic Acid Insulator 

The variable frequency C-V plots of stearic acid insulator samples pre

sented several problems. When plotting C-V at 1 MHz, the internal circuitry of 

the C-V Plotter applies the dc ramp voltage to the reference signal in the de

tector circuit. This allows any dc currents, such as leakage currents, to be 

eliminated from the measurement. The variable frequency C-V method used 

in these studies does not apply the dc ramp to the lock-in amplifier reference 

input and thus, leakage currents can present a problem. As the lock-in amp 

measures the current at a phase angle of 270°, the dc leakage currents in the 

sample do not show up in the measurement but, they can lead to overload

ing in the dc isolation circuits. These overloads cause erroneous readings in 

the ac signal and thus cause serious problems in the measurement of some 

samples. Leakage currents in the Tl Metal Dot sample were small enough 

that they did not present any problems but, some stearic acid insulator 

samples did have large enough leakage currents to present problems. 
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In order to provide consistency with other measurements, samples 

with high leakage currents,and the modifications to the technique required to 

"fix" the problem, are not shown in this work. Fortunately, many stearic acid 

insulator samples did not have high enough leakage currents to cause lock-

in amp overload. While no overload occurred, these samples did show some 

effect of dc leakage currents. Figures 6.21 through 6.24 show a series of var

iable frequency C-V plots done on such a sample. This particular sample had 

150 nm of stearic acid deposited on an n-type silicon substrate. The 1 MHz 

plot in Figure 6.21 was done on a different scale from the other plots and its 

scale is shown on the right side of the graph. The curvature of the 100 Hz 

plots in inversion (large negative bias) in Figure 6.21 are the result of dc 

leakage currents. In Figures 6.22 and 6.23, an output filter between the lock-

in amp and the x-y recorder was removed to eliminate the curvature. The 

jaggedness of the plots done in the light in the far inversion and accumu

lation regions are the same leakage current effects which caused the 

curvature in Figure 6.21. 

-8 -4 -2 0 +2 +4 +6 +8 
Bias Voltage (V) 

Figure 6.21. C-V Plots on 150 nm Stearic Acid Insulator at 100 Hz and 1 MHz 
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Figure 6.22. C-V Plots on 150 nm Stearic Acid Insulator at 100 and 200 Hz 
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Figure 6.23. Variable Frequency (300-600 Hz) C-V Plots 
on 150 nm Stearic Acid Insulator 
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Figure 6.24. Variable Frequency (700 Hz to 5 kHz) C-V Plots 
on 150 nm Stearic Acid Insulator 

The most striking feature of the plots shown in Figures 6.21 through 

6.24 is the large peak in the capacitance which occurs at mid depletion. 

While the heights of the peaks are considerably larger for the plots done in 

the light, the peaks are seen to occur in both light and dark plots. The 

magnitude of the peak capacitance decreases much more rapidly with 

increasing frequency for the plots done in the light than those done in the 

dark. By 300 Hz, the peak is barely detectable in the plot done in the light, 

while it is still noticeable at 800 Hz for the plot done in the dark. A possible 

explanation for these peaks is the presence of defect states located near the 

semiconductor/insulator interface whose density only slowly decreases with 

distance from the interface. Such defects contribute to the semiconductor 

capacitance by virtue of their location at the interface. In addition, they con

tribute to the insulator capacitance since their density only slowly decreases 

with distance from the interface. 



107 

When comparing the plots done in the light to those done in the dark, 
it Is clear that a large percentage of the interfacial defect states are filled by 
optical excitations. Purely interfacial states could only lead to the capacitance 
increasing to the magnitude of the accumulation capacitance thus, a majority 
of these optically filled states must be distributed through the insulator. An 
indication of the optical sensitivity of these defect states is the clear visibility 
of a beat frequency between the pulse rate of the fluorescent lights used for 
illumination and the ac driving signal at 600 Hz. The optically fliled states also 
seem to be contributing to the dc leakage currents as the leakage effects are 
almost nonexistent in the plots done in the dark. One final note on these 
variable frequency C-V plots is the complete lack of any typical low frequency 
behavior even on the plots done in the light. This lack of low frequency 
behavior indicates a relatively long lifetime for the defect states which 
normally causes low frequency behavior. 

Figure 6.25 shows the results of C-V plots done at 100 Hz before and 
after annealing on the same sample as the plots of Figures 6.21 through 6.24. 
The annealing was a temperature cycle consisting of a 3-minute ramp from 
20° C to 55° C, hold at 55° C for 15 minutes, then a 30-minute ramp back 
down to 20° C. The annealing was done on the sample after it had been 
aged for 48 hours in air. The same mid-depletion peak which was seen in 
Figures 6.21-6.24 is seen in the plots done in the light before and after 
annealing. This indicates that the defect states which are responsible for the 
peak are not completely removed by annealing. The position of the peak is 
seen to shift by -0 .6 V giving Nfc«5.75x lO^o, which is of the same order as 

the Tl Metal Dot sample. The height of the peak is also seen to be reduced 

by annealing, indicating that some reduction in the density of the optically 

filled states is accomplished by the anneal. The fact that the peak is still 

present in the post-anneal plot indicates that the reduction in the defect 

density is only minor. 
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Figure 6.25. Pre- and Post-Annealing C-V Plots on 150 nm Stearic Acid 

A second peak in depletion is seen in the pre-anneal plots done in 
both the light and the dark. This peak was not observed in the plots done on 
this sample prior to ageing leading to the obvious conclusion that it is due to 
ageing induced defects. These defects are probably pinholes and voids 
which migrate to the semiconductor/insulator interface by a diffusion 
process. Another likely source for these defects is the absorption of moisture 
from the air. Whatever their source, the annealing completely removes these 
defects as seen by the absence of the second peak from both plots done 

after the anneal. 
Although it is difficult to differentiate between the cun/es in the 

inversion region, the original cun/es were done using different color pens for 

each plot, the annealing completely removed the dc leakage current effects 

In the post-anneal plot done in the dark. However, the post-anneal plot done 

in the light still shows some leakage effects. These facts indicate that, while 

the annealing improved the dielectric strength of the stearic acid insulator, 

the problem of leakage currents is not completely removed by annealing. 
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Figure 6.26 shows the result of a series of variable frequency C-V plots 
done on the same sample after the anneal. The same trend of decreasing 
peak height with increasing frequency which was observed in this sample 
prior to ageing and annealing is seen in these plots. As was the case for the 
pre-ageing, 600 Hz plot done in the light, a clear beat frequency is seen in 
inversion for the 300 Hz post-anneal plot done in the light. One major 
difference between the plots of Figure 6.26 and those of Figures 6.21-6.24 is 
the complete lack of leakage current effects in the plots done in the dark. The 
leakage current effects for the plots done in the light are also seen to be 
significantly reduced. This reduction, or absence, of leakage current effects in 
the variable fi'equency C-V plots confirms the conclusions drawn fi'om Figure 
6.25 that annealing significantly improves the dielectric strength of the stearic 
acid insulator. 
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Figure 6.26. Post-Annealing Variable Frequency (300 Hz to 2.5 kHz) 
C-V Plots on 150 nm Stearic Acid Insulator 



110 

One set of samples with 100 nm of stearic acid were done using 
mercury as the gate metal. As was the case with the 46.1 nm Si02 samples, 

the mercury caused severe distortions in the shape of the C-V curves after 
the first plot. Figures 6.27 shows the results of 15 V stresses applied for 5 
minutes on two different spot sizes. Mid-depletion voltage shifts on these 
devices ranged from 0.2-0.5 V for N^ values from 2.88-7.19x1 Ô o /cm2. 

•10 -8 -6 - 4 - 2 0 + 2 +4 +6 +8 +10 
Bias Voltage (V) 

Figure 6.27. Pre- and Post-Stress (15 V) C-V Plots at 1 MHz 
on 100 nm Stearic Acid with Mercury Gate 

6.6 Anthracene Insulators 

All anthracene samples were prepared using the fiash evaporation 

technique described in Chapter III with a film thickness of 270 nm. The C-V 

plots were done with mercury as the gate metal and, except for pre- and 

post-stress plots, no two plots were done in the same location of the sample. 

Two distinctly different types of behavior were obsen/ed in the C-V plots on 

anthracene. The first type showed the typical distortions of the curve shape 

which have been seen on all other insulators which were done with mercury 

acting as the gate metal. The other type showed no distortions in the ideal C-

V curve shape but capacitance values were typically less than 100 pF. Both 

types of behavior were seen for a variety of voltage stresses. 
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Figure 6.28 shows two examples of the first type of behavior which 
was common for all insulators with mercury gate metal. The two plots are for 
two different dot sizes of -4.9x ia2 cm2 (cun/e a) and -0.126 cm2 (cun/e b) 
both before and after a 25 V stress for 5 minutes. The mid-depletion voltage 
shifts are 0.8 V for the smaller dot and 0.3 V for the larger with Nfc values of 
4.43x1010/cm2 and 1.66x10^0/cm2. respectively. Figure 6.29 shows the 
plots for two spot sizes before and after the application of a 5-minute 50 V 
stress. The voltage shifts here are 0.4 V for the small spot and 0.1 V for the 
large giving Nfc= 2.2x1 OiO/cm2 and 5.5x109/cm2, respectively. In this type 

of behavior, anthracene seems to behave as an insulator resulting in 
capacitances in the several hundred pf range. The low values of N^ and the 

high capacitance indicate a reasonably good quality film in these samples. 
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Figure 6.28. Pre- and Post-Stress (25 V) C-V Plots at 1 MHz 
on 270 nm Anthracene with Mercury Gate 
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Figure 6.29. Pre- and Post-Stress (50 V) C-V Plots at 1 MHz 
on 270 nm Anthracene with Mercury Gate 

The second type of behavior is illustrated in Figure 6.30. These two 

plots show the C-V cun/es before and after the application of a +15 V, 5-

minute stress (cun/e a) and a -25 V, 5-minute stress (cun/e b). No voltage 

shift is seen in the +15 V stress, although it does show a large hysteresis in 

the retrace plot. The -25 V stress gave a voltage shift that could not be 

calculated as the post stress plot was a flat line at 35 pF. In this type of 

behavior, anthracene seems to behave more like a semiconductor than an 

Insulator. The very low capacitance values and the lack of any post-stress 

voltage shift or flattening out of the post-stress capacitance indicate the lack 

of any insulating film in the devices. 
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Figure 6.30. 1 MHz C-V Plots on 270 nm Anthracene with Mercury Gate 
Top: Pre- and Post-Stress (+15 V), Bottom: Pre- and Post-Stress(-25 V) 



CHAPTER VII 

CONCLUSIONS 

Several important conclusions can be reached from the studies on the 

organic films, the first of which relates to the optical reflectance studies. 

While stearic acid did indeed show antireflective character when films of the 

appropriate thickness were deposited. However, the problem of film evapo

ration due to heating may severely limit their applicability as A-R coatings. 

The L-B technique used to deposit these films is also a limiting factor in 

possible industrial applications. The L-B technique requires such slow 

deposition rates that integration with mass production processes is difficult. 

Recent advances in automated L-B troughs for continuous use have made 

substantial progress in this area but more work is required before the high 

throughput required by industry is reached. Due to the unsuccessful 

attempts by this researcher to synthesize diacetylenes other than the 16-2 DA 

alcohol, no significant conclusions about the ability of diacetylene films to 

serve as both AR and protective coatings can be reached. Further research 

in the area of optical reflectance should concentrate on the reflectance and 

polymerizability of diacetylenes. The assistance of a professional chemist to 

do the synthesis of these diacetylenes would greatly speed the progress of 

any further studies in this area. 

Stearic acid as an electrical insulator does show promise. The 

breakdown studies indicated that stearic acid Alms have good dielectric 

strengths in the thickness ranges which would be applicable to device 

technologies. The relatively good agreement of the observed relationship 

between thickness and fleld strength with other researchers and theories 

indicates that stearic acid has insulating characteristics at least as good as 

those of other common insulators (e.g., AI2O3 and Si02). The thermal 

evaporation technique is already widely used in industry so integration of 

thermally evaporated stearic acid Alms could be accomplished with few 

improvements. The only major limiting factor in stearic acid Alms is their low 

melting point but this also presents some advantages. While the low melting 

point limits device applications to those which do not generate large amounts 
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of heat, the ability to anneal the Alms at temperatures of only 60 to 70 °C 

greatly reduces the potential for thermally induced defects in the semicon

ductor substrate during the annealing process. 

The C-V data reinforce the conclusions on possible applications of 

stearic acid films to semiconductor technology. The low defect densities 

found, from 2x iCO /cm2 to 2x 1011 /cm2, show that the film quality of the 

stearic acid is adequate for most device applications. The variable frequency 

C-V, while showing some problems with leakage currents, did show 

reasonably good characteristics with low defect densities. The problems 

seen with the plots done in the light would not hinder device applications due 

to the encapsulation of devices which would block any light. The ability to 

anneal the stearic acid also enhanced the overall capacitance of the insulator 

and improved the dielectric strength so this again shows the advantage of a 

low-melting point. Further studies on stearic acid films should explore the 

advantages and limitations of the low-melting point of these Alms. More work 

should be done on annealed samples with the temperature ramping being 

divided into several steps. 
The studies on anthracene presented a host of problems which would 

be extremely difficult to overcome for any potential application. The 
difficulties encountered in depositing anthracene and the poor quality of the 
films deposited by the fiash evaporation technique probably exclude this 
material from actual device applications. Because anthracene sublimates at 
room temperature under vacuum pressures of a few millitorr any attempt to 
deposit metal electrodes by almost any method results in film loss. Attempts 
to deposit metals other than aluminum which were not reported here showed 
anthracene film loss even when a low melting point metal such as indium was 

used. 
The fact that many of the C-V samples showed extremely low 

capacitance and often had flat C-V cun/es leads to the conclusion that 

anthracene was acting as a semiconductor. This conclusion is reinforced by 

the breakdown studies done with mercury. Since the vast majority of the 

devices tested for breakdown showed short circuit, it would be reasonable to 

conclude that the anthracene Alms in these cases were behaving like a 

semiconductor and thus providing a short circuit between the metal 
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electrodes. This conclusion is in keeping with previously published research 
on anthracene which also showed the semiconductor nature of this material 
[59]. The few samples which did show breakdowns were probably of fairly 
low quality thus reducing the semiconductor character of anthracene to more 
of an insulating character. All these problems lead to the conclusion that the 
uses of anthracene in semiconductor applications are almost nonexistent. 

Further studies on organic insulators other than stearic acid should 
avoid anthracene and instead concentrate of L-B Alms of diacetylenes. The 
polydiacetylene chains in polymerized diacetylenes may make these 
compound semiconducting like anthracene but this possibility has not yet 
been established. Due to the large number of possible diacetylene 
compounds, it is conceivable that a combination of two acetylenes with 
sufficiently long aliphatic chains could dilute any semiconducting character of 
the polydiacetylene chains and result in good insulating materials with high 
melting points, good crystal structure, and excellent mechanical strength. 

The Anal conclusions are on the use of mercury as a gate metal for C-
V MIS devices or electrode metal for breakdown MIM devices. The severe 
distortions of the C-V characteristics in the mercury gate studies clearly 
showed that the presence of mercury in silicon destroys the ideal behavior of 
the semiconductor by creating defect states which drastically change the 
energy band structure. The high diffusivity of mercury through most materials 
means that, regardless of the insulating material, mercury will diffuse into the 
substrate and alter its energy band structure. The conclusion that mercury 
should be avoided in device applications is fairly obvious and already widely 
known. The semiconductor industry usually groups mercury contamination in 
the same category as sodium contamination. Both are highly mobile and 
cause "killing" defect energy levels in semiconductors. 
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APPENDIX: SYNTHESIS OF 16-2 DIACETYLENE 

ALCOHOL (3,5-DOCOSADIYNE-1-OL) 

The synthesis of the diacetylene alcohol began with two terminal 

acetylenes: 3-butyne-1-ol and 1-octadecyne. The octadecyne was 

brominated by the Strauss method [60] and then coupled to the butynol 

using the Cadiot-Chadkiewicz coupling technique [61]. The overall reaction 

sequence is shown below followed by a detailed description of the actual 

reaction conditions which were used. 

CH3(CH2)i5C=CH+NaOBr^ CH3(CH2)i5C=CBr + NaOH 

CH3(CH2)i5C=CBr+HC=CCH2CH20H-* 
CH3(CH2)i5C=C-C=CCH2CH20H + HBr. 

Sodium hypobromite (NaOBr) was prepared as needed by adding 10 
ml of 10N hydrochloric acid (HCI) to a preprepared solution of 3.0 g sodium 
bromide (NaBr) and 10.25 g sodium bromate (NaBr03) dissolved in 50 ml of 

water which was chilled to -5° C. After the addition of HCI the solution was 

shaken and allowed to stand at -5° for 15 minutes. The mixture was then 

made basic by slowly adding 35 ml of 7.5N sodium hydroxide (NaOH) while 

maintaining the temperature at or below -5° [62]. Octadecyne (2.5 g, 0.01 

moles) was brominated by dissolving in the above solution with the aid of 60 

ml of tetrahydrofuran (THF) and vigorous stirring. The mixture was stirred at 

-5° to complete the bromination [60] while the butynol solution was 

prepared. 
3-Butyne-1-ol (0.7 g. 0.01 moles) was dissolved in 100 ml of THF 

along with 0.81 g of 70% ethylamine (C2H5NH2) in water. A catalytic quantity 

/~0 015 g) of cuprous chloride (CuCI) was added to the solution with an 

equal amount of hydroxylamine hydrochloride (NH2OHHCL) being added to 

reduce any cupric ions appearing. Under vigorous stirring the bromo 

octadecyne solution was slowly added with the temperature being allowed to 
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rise to +15°. Stirring was continued for 15 minutes after the addition was 

completed and then the cuprous complexes were destroyed by the addition 

of -0.1 g of sodium cyanide (NaCN) [62]. 

The diacetylene was seperated by extracting the reaction mixture with 

ether (75 mix3). The ether extract was washed with 100 ml of saturated 

sodium chloride and dried over sodium sulfate. After Altering the ether was 

evaporated and the product recrystallized with petroleum ether to yield 0.22 

g (7%) of white flakes (m.p. = 19°). TLC of the product showed only one 

compound present and NMR showed no trace of acetylenic protons. 


