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ABSTRACT

Electrical studies have been made on Se-metal coniact diodes, where the metal was either
Te, Bi or Pt and the Se was a polycrystalline layer. The structures, primarily of the form A¢-
Bi-Se-metal were fabricated by depositing thin films of the elements involved with
evaporation techniques. All the diodes crepared showed rectification, which was strongest
for the T2 samples and weakest for the Pt samples. Measurements made on the diodes
included current-volt: ge, as well as, capacitance and resistance as a function of bras and
frequency. In addition, preliminary photoelectric measurements were carried out for the first
time on *fe Se-metal devices to determine the Schottky barrter heights At low trequencies,
+n anomalous non-Faraday inductive effect was observed in many of the samples andin Se-
Te devices in particular. In these samples, the effect appeared o be correlated to the
presence of the semiconducting compound SeTe, which was detected by -ray ditfraction in
the samples after several days of storage. With Pt ccunterelectrode samples, verse
rectification was observed, due possibly to the formation of an ohmic counterelectrode
contact but a rectifying back contact. From current versus voltage and capacitance versus
voltage measurements, it was found that, despite the presence of interfuce states, the
Schottky barrier heights determined for freshly made samples decreased with increase of

metal work function.
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RESUME
. Y 4 ~ ’ .
Des Ctudes on €té faites sur des diodes d contact Se-metal, afin d’en déterminzr les
s r 7 . 4 O .
proprictes electriques. Le metal utilise etait alternauvement du Te, Bi ou Pt alors que le
- ’ y . . .
Se est constitue d'une couche polyerystalline. Les structures - principalement de forme A¢-
. ’ . . X 7/ 7’ /II e
131-Se-metal - furent fabriquees par depot de couches minces de ces ¢'ements, utilisant des
7 . . . ’ ’ W
techmques d’evaporation, Toutes les diodes ainsi preparees ont montre des proprietes de
- , S / - . .
rectification, qui furent les plus tortes pour les echantillons de T, et les plus faibles pour
-~ , . v I3 .
ceux de Pt. Les mesures effectuees sur ces diodes incluent les relations courant-tension, ainsi
4 / . ’
que Ta capacite et la resistance en fonction du la tension et de la freque-ce De plus, des
/ s 7/ / ~
ctudes photoelectriques preliminanes furent entreprises pour la premier fow dans le but de
., . / .
mesurer la hauteur des barneres Schottky A basses frequences, un etfet 1n wctif anormal
. 4 I d /
non-Faraday fut observe dans de nombreux echantillons, et dans les echantili ns Se-T2 en
. . N A s N s’
particulier Cet effet semble etre he a la presence du composant de semiconducteur SeTe
. ’ N ’ / . / . ~
Cette presence fut determinee par diffractions aux rayons-x sur les echantillons, apres
. ) . ’ ’ .
quelque jours de remisage Une rectification inverse tut observee sur des echantillons de
- AN R ,
contre-electrode Pt Cecr est probablement du a la formation d’un contact de contre-
S - N
clectrode ohmigque mais un contact-arriere qui rectitie. D’apres des mesures Je courant en
/ - /s
tonction de la tension et de la capacite en function de la tension, on trouva que malgre la
N . N /
presence d'etats nterfaces, la hauteur des barrieres Schottky pour des echantillons

/ 4 . . /
tranchement prepares decrort avec accroissement de la fonction de travail du metal.
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1. INTRODUCTION

Despite berrg in existence for well over 100 vears, the metal-seniconductor diode
continues to be a very challenging subject to study. Crvstalline selemum s an excellent
serniconductor to use in such research because 1t has the tighest reported work tunction ol
all the elements [1] and 1t 1s always p-type, so that any metal i contact wuth it should. in
principle, give a Schottky bairier. Most Schottky junctions are dominated by Fernn level
pinming at the ntertace because of surtace states This s particularhy true tor the
semiconductors St and GaAs, where the barner heights ot such Schotthy diodes do notvary
systematically with metal work function In Se metal contacts, however, the barrier heights
do decrease with metal work function, indicating thit Fermu level pinnimg m these cases is
not verv important, despite the fact that a high concentration of intertace states musi be
present. Thus, while selenium has many undetermined electronic conduction paramaters, it
1s still an excellent material to study the different etfects ot metals used for the Schotthy
contacts.

In the present work studies were carried out on Se-metal contacts that were made with
polverystalline Se and the three metals Te, Bi and Pt. These metals were chosen becanse
they cover a reasonable range of work tunction values, so that the dependence between the
barrier height and the work function can easily be seen The samples had a structure manly
of the form Ag-Bi-Se-metal and were fabricated by successively depositing the elements
involved by evaporation in vacua. Once fabricated, the samples had current versus voltage

and capacitance and resistance as a function of bias and frequency measurements made on




them Some prelimimary photoelectric meusurements were also carried out on some of the
samples with Bras the counterclectrode metal,

Altheugh the present work was essentially a continuation of previous studies by Pan [2]
and Chan [3], it nevertheless. bared some noteworthy differences. In previous studies by Pan
[2] and Chan [3] similar samples were tabricated and also had capacitance as a function of
hras and frequency measurements on them. However, the trequencies used in those
meuasurements only covered a range between 100 Hz and about 1 MHz. In the present study,
the frequencies ranged trom as low as 20 Hz to as high as 10 MHz. Some rather
extraordinary observations in the capacitance measurements at the lower frequencies were
observed m this work that were not previously seen in this laboratory. While, Pan [2] made
some materials analysis stud.es in his research by means of x-ray ditfraction studies of films
on glass shdes, he never performed such analyses on actual samples. The present work did
use actual samples in its materials analysis studies and in addition to x-ray diffraction,
scanning electron micrc.scopy was also employed. The results from these analyses gave some
very 1evealing information about the actual structures involved. Furthermore, while in
previous work (2], [3], T2 and Bi contacts to Se were extensively studied, as they were in the
present study, no work was done on Pt contacts to Se. The present work, on the other hand,
did examine such Pt contacts and, in fact, 1t was the first tme a comprehensive stucy has
been made on Pt contacts to Se. Finally, Pan [2] and Chan [3] determined barrier heights
i their samples from current versus voltage and capacitance versus voltage measurements.
In the present study, while barrier heights were also determined using these meacurements,

they were also tound trom photoelectric measurements for Se-Bi samples. Although the
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results from these photoelectric measurements were  somewhatr  prelimman,  they,
nevertheless, marked the frst time barrier heights have been deternuned using this
techmque 1n the' present laboratory.

It should be mentioned here that the present work s an mimptrical study, primanih
concerned with obtaining consistent experimental results. Theretore, the conclusions denved
from this study were essentially qualitative rather than quantitative Quantitative analvses,
in the form of an examinaton of a circuit model like the one postulated by Pan 2], were
not carried out here because it 1s the author’s beliet that the results were not sutficiently
complete, especially considering some of “he rz*her extraordinary observaitons that were
made.

The structure of this thesis is as follows. Following this introductory chapier, chapter 2
presents an argument that explains, at least qualitatively, the existence of non-Faraday
inductance in semiconductor diodes. Furthermore, the chapter also gives a brief desciption
of how barrier hcight values were determined from current-voltage, capuacitunce-voltage and
photoelectric measurements. The third chapter describes the manner in which the samples
were fabricated and then compares this preparation procedure with that ov a previous
worker, Pan [2]. In chapter 4, the me 'surement techniques used n this work are described
Special attention 1s given to the photoelectric measurements, since these represent the tirst
time such a technique has been empioyed in this laboratory to determine barrier heghts
Chapter 5 is the first chapter that presents actual results and is mainly concerned with the
capacitance characteristics of samples with T2 counterelectrodes. [t also presents the results

of detailed studies on how the capacitance results changed with sample storage time along
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with how the structure itself changed from a materials analysis point of view. In chapter 6,
the electrical characteristics of samples made with Bi and Pt contacts to the Se are
presented with the focus primarily on the ohmic character of some of these contacts.
Chapter 7 presents the results of the barrier height determinations by the three
measurement techniques for the three different metal contacts. While a brief discussion is
given at the end of each of chapters 5, 6 and 7, chapter 8 gives a more comprehensive
discussion of all the results of this work. Finally, chapter 9 presents some conclusions and
also suggests further studies to answer the many questions still unanswered, as well as, those

which were raised by this work.




2. THEORETICAL CONSI!DERATIONS

2.1 Introduction

In later chapters of this thesis it will be seen that many of the samples displayed a very
interesting low. frequency inductive effect. This effect showed up primarily as negative
capacitance values in the capacitance versus voltage characteristics. Such an effect in
semiconductor diodes was investigated by other researchers [4], (5], [6], [7], (8] and this
chapter presents a brief theoretical basis of such inductances.

When working with metal-semiconductor Schottky contacts, it is usual to characterize
them with a parameter known as the barrier height. This parameter was measured by
various methods in this work and this chapter also presents some of the theoretical

background behind these barrier height determinations.

2.2 Inductive Effect in Semiconductor Junctions

At high frequencies, junction diodes can show normal Faraday inductance, usually arising
from the leads of the device. It has also been observed, however, that a low frequency
inductive effect can also occui' in junction diodes. Such an effect wes observed 1n pn
junctions by Kanai [4] and was attributed to conductivity modulation. Misawa (5] presented
a detailed theoretical discussion of the effect as did Melchior and Strutt [6] The latter

observed low frequency inductances as well in germanium pn junctions. Green and




Shewchun [7] discussed further the theoretical aspects of the effect and suggested that it
aught to be more prevalent in a Schottky junction than in a regular pn junction because of
the lower minority storage and hence, also lower diffusion capacitance. Recently, low
frequency inductance observations were reported for NiSi,-Si Schottky junctions by Werner,
Levi, Tung, Anziowar and Pinto [8] and they explained the inductive behaviour as teing the
result of high level injection.

An explanation of how the inductive effect comes about in diodes is as follows. Consider
a p*n junction, short on the n side. Since it is one sided, the electron contribution to the
total current can be neglected 0 a first approximation. Now, if a large forward bias voltage

step is applied to the device, as shown here,

t=0 time t

ﬂ
2|
v

O

dt

high level injection of holes from the p* region into the n-side will take place. These
injected holes are so numerous that they reduce the total resistance of the device. However,
this does not happen instantaneously, since it takes some time for the holes to travel the
length of the n-side, W. The flow of these injected carriers is mainly due to drift in an

electric field E, whereas, under low level injection, the injected carriers would flow by




diffusion alone. Thus, the time taken for a hole to cross the n-region is about W /( upE).
where T is the hole mobility. Therefore, in this time the current nses (i.e. di/dt > 0), even
though the voltage across the device is constant. When the current in a device rises, while
the voltage across it remains constant, the device is behaving as if 1t had an inductance value
of V/(di/dt). Hence, for large forward bias values, where injection is strong, the small signal
impedance of a diode has an inductive component. Thus, while minority carrier injection at
a low level gives rise to the well-known diffusion capacitance component, high-level injection
leads to an inductive component.

An explanation of this inductive effect from a more theoretical point of view was first
given by Kanai [4] and a summary of his treatment is now presented. He considered a pn
junction, short ¢.: the n-side, biased in the forward direction at a dc voltage V. When this
voltage was sufficiently large, the number of injected holes in the narrow n-region was also
large, so that it was assumed that the current flowed not only by diffusion but by drift as
well, for both the holes and electrons [9]. Thus, according to Kanai, the ac current due to

an additional small signal ac voltage v-exp(jwt) is given by

.. AP
l-—il-q(pP.‘-p")E ’ (1)

where q is the absolute value of the electronic charge, u, and u, are the hole and electron
mobilities respectively in the n-region, W is the distance an injected hole can travel before
recombining (the smaller of either a diffusion length or the width of the n-region), E is the
electric field strength in the n-region (assumed to be a constant independent of position)

and AP is the total number (not concentration) of injected holes in the n-region, which 1s




also a sinusoidal funcuon with frequency w. This last quantity, according to Kanai [4], can

can be given by the expression

br
(1+4jw<)

qp ,

e [1-exp(-T/t -jwt)] , (2

AP = C(

) exp(%’) vexp (jot)

where in his notation C is the diode cross sectional area, p, is the hole density in the n-
region, k is Boltzmann’s constant, T is the absolute temperature, b is the injected hole drift
velocity (equal to p E), 7 is the injected hole lifetime and I is the time required for an
injected hole to cross the n-region. Kanai discussed two cases when dete:mining the
impedance of the n-region under high level njection. The first or was when the n-region
was so wide that I' >> r and W was taken as being equal to br. In this case the

impedance, Z, was given by an equation of the form

Jot
z= X _ - A(l+jor) , 3
where
Az ﬂl . “
c (Fny Jir q(k,+p,)E

kT

The second case was when the n-region was short so that  >> T and W was taken as being

equal to br'. Furthermore, the frequency of the applied voltage signal was so low that T

< < 1 Under these conditions the impedance was determined to be of the form

Z = A(l+jel'/2) . (5)
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Notice that in both cases, (3) and (5), the impedance had a positive imaginary term,
indicating that it was inductive. Thus, it is seen, at least qualitatively, that a forward biased
junction diode can, in theory, display inductive behaviour. It should be stressed, however,
that under low level injection the minority carriers flow predominantly by diffusion resulting
in an impedance which is capacitative. Furthermore, the treatment by Kanar was only
approximate and mors detailed quantitative treatments have been given by other workers

in references [5] to [7].

2.3 Barrier Heignts in Schottky Junctions

The energy band diagram of a Schottky contact between a metal and a p-type

semiconductor is shown below. !

L —r— E¢ electron
energy
Eg
Er ~=od---- Ep
2y, If —— Ey
P A
metal p-semiconductor

E. .

Here ¢y, is the barrier height, E, is the semiconductor gap energy, E is the energy of the
Fermi level, E, is the energy at the top of the valence band 1n the semiconductor, E_1s the

energy at the bottom of the conduction band in the semiconductor and qV, 1s the built-in




potential. Accordmg to Rhoderick [10] there are basically three different methods that are
used to measure the barrier height value: these are current versus voltage measurements at
room temperature and  with variation of temperature, capacitance versus voltage
measurements and finally, photoelectric measurements. Barrier heights for sanimles in this
thesiswere determined using all three methods. However, the current-voltage measureme nts
were made it room temperature only. The way in which the barrier heights were determined

with the thiree methods is now described.

i
]

I Current versus Voltage Method

According to the thermionic emission theory [9] [10], the current density, j, thiough a
£ Y Y, ) g

Schotthy diode under a bias, V, 15 given by the expression

|4
e AT ()

Here

L
J, = A'T?e *T | @

where A s Richardson’s constant, taken as 120 amp em? K in this work and T, the

absolute temperature, is tahen as 295 K. Thus, a log(j) versus V plot for positive voltages

would look similar to the curve shown below,
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log(j)
. /
logljo)— . . . |
0 0.5

Viorward (volt)

where it is seen that for voltages above about 3kT/q (about 0.08 volt) the characteristic is
a straight line. The extrapolated intercept of this straight line region on to the log(j) axs is
jﬁst log(j,)- Therefore, from this intercept and using equation (7) the barrier height of the
junction is determined as

L )
¢, = kT(ED) | (8)

o

v Vol

The method of determining the barrier height of the junction by capacitance
measurements is very well documented in the literature [9] [10]. This method uses
capacitance versus voltage data for reverse voltages (i.e. V < 0) plotted 1n the form of a
Mott-Schottky plot ((A/C‘p)2 versus V, where A in this case 1s the diode area and C_ s the

parallel incremental capacitance of the diode) as illustrated below.
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From the slope, S, of such a curve the impurity doping concentration N,, in the p-

semiconductor is determined with the equation

2
ge e S

r-e

N, =

®

Here ¢, is the relative dielectric constant of the semiconductor (taken as 7.8 for selenium
in this work) and ¢, is the permittivity of free space. Assuming that the free carrier
concentration, p, in the p-semiconductor is equal to the doping concentration, N,, the
energy difference between the Fermi level and the top of the valence band in the bulk of
the semiconductor is determined with the equation

N
E.-E, = mn(F") , (10)
A

where N, is the valence band edge density of states, taken in this study to be 2.5x10cm>.
The voltage intercept of the curve corresponds, simply, to the built-in potential V. Thus, the

barrier height is determined as

&, = qV,+ (Ex-E,) . an
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2.3.3 Photoelectric Method

Barrier height values are also determined from photoelectric measurements or more
specifically, from relative photorespouse versus photon energy measurements. In this case,
photons of energy E,, = hv, where v is the frequency of the light, excite holes (electrons
for a metal on n-semiconductor junction) from the metal over the barrier and into the p-
semiconductor. The resultant photovoltaic e.m.f. causes a photocurrent, L, to flow in an
external circuit. According to Fowler [11], the ratio, R, of the photocurrent to the number

of photons absorbed is given by the relation

2 2 2 -2x -3x
Row (m— )5 & Zo (-5 ) (12)
E,-E, 2 6 4 9

for x 2 0, where x = (E,, - ¢,)/(KT) and E; is the sum of the barrier height and the Ferm
energy measured from the bottom of the conduction band of the metal. For values of E; > >

E,» and x > 3, this equation reduces to

R = (E, -4,,)° , (13)

so that a plot of (R)* against photon energy E,, in this energy range gives a straight line

with an intercept on the energy axis at the barrier height value ¢y, as shown below.

A

/R




i

Note that, the vertical scale here is actually in arbitrary units in accordance with the fact
that in practice R is a relative quantity. Nevertheless, the units of this scale do not, of

course, have any effect on the intercept value.
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3. SAMPLE PREPARATION

3.1 Introduction

In this work the samples prepared for study consisted mostly of the form Ae¢-Bi-Se-
counterelectrode-In as indicated in Fig.3.1. Table I shows the fabnication details for these
samples numbered consecutively from WC24 to WC66. Among other things, the fabrication
deposition times. temperatures, as well as, film thicknesses are listed for diodes with
counterelectrodes of thallium, bismuth, platinum and 1n one case aluminum. A structure was
prepared by first evaporating a Bi back-contact film on to an A¢ stud. In several samples,
however, a Pt film was deposited instead of Bi. Next, a layer of crystalline Se was put down
on top of the back contact film bv evaporation. This step was followed by the evaporation
of the counterelectrode metal on to selected areas of the Se layer using a mask similar to
the one illustrated in Fig.3.2. Electrical contact films of In or Wood’s alloy (50% bismuth,
25% lead, 12.5% tin and 12.5% cadmium) were then deposited on to the counterelectrodes
by using another mask. Finally, the sample was mounted in a Teflon holder and thin copper
wires were soldered to the In (or Wood’s alloy) areas to make electrical connection to the
device. More details on this preparation procedure are given in the remainder of this

chapter.
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3.2 Al Stud Preparation

Alumunum studs with a cylindrical shape, about 2 ¢cm in diameter and 1 cm in length, were
used as the substrates for all the samples of this work. To prepare a stud for deposition, 1ts
working face was first mechanically polished with 600 grit alumina powder. The stud was
then rinsed with tap water, then with methyl alcohol and set aside to dry. Once dry, the stud
was immersed in boiling acetone for about 20 minutes. This ensured that the working face
was free of any organic films, which may have been resistant to the etchant in the next step.
Next, the stud was immersed into an ultrasomic bath for 15 minutes containing an A¢
etching solution. This consisted of either a saturated solutiop of NaOH or a solution of
Na,CO, (25 grams/litre) and Na,FO,;12H,O (62 grams/litre). A black residue usually
remained on the stud but was easily removed by immersion in HNO,. The etching step
roughened the workiny face, so that the adhesion wa: enhanced between the stud face and
the subseqently deposited back-contact film. The stud was then rinsed with deionized water,
then alcohol and set aside to dry. This step was followed by a final cleaning in boiling
acetone for 20 munutes. The stud at this point was ready to be mounted in the vacuum

chamber for back-contact deposition.

3.3 Back-contact Deposition

As noted earlier, both Bi and Pt were used as the back-contact metals, Their deposition

procedures are now described.
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The Bi back-contact deposition was carned out by evaporating several Bi pellets (99 999¢%
pure) from a molybdenum boat in a Cooke Vacuum Products model CV301FR vacoum
coater pumped to a base pressure of about 10° Torr. The apparatus s illustrated 1 the
diagram in Fig.3.3. In each run, deposition of the Bi was carried out on 4 studs at a ime
mouunted on a stainless steel holder. Between 1 and 5 pellets were used 1n the evaporaton,
depending on how thick a Bi film was desired. The deposition time was vypically about 2
minutes and was conwolled with a shutter batween the boat and substrate holder. The
distance between the boat and substrates was 6 cm 1n all cases. The resulting 31 film was
uniform, usually brownish-grey in color and about 3 um thick.

Where Bi was not used as the back-contact metal, Pt was employed. Since Pt has such a
nigh melting point (1769 °C) and because it tends to alloy with refractory meuals, thicker
films, like those used at the back contact, were found to be more efficiently deposited by
dc sputtering than evaporation. This sputtering was done in a 12 inch Edwards model E306A
coating system, as shown in the diagram in Fig.3.4. The target was a disk of Pt (99.99%
pure) abourt 1.2 cm in diameter and 1 mm thick. The substrate-to-target distance was 4 ¢m
The plasma discharge was in an Ar atmosphere at a pressure of 30 mullitorr The dc voltage
and current used were 3 kV and 4 mA respectively. The sputtering time was typically around
120 minutes and was controlled by opening and closing a shutter situated between tlie target
and the substrate. Under these conditions, the Pt films were quite uniform . ad esumated

to be about 1 um thick, as observed with an optical mucroscope
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3.4 Selenium Deposition

The selenium deposition was done by evaporation from a crucible in a 12 inch Edwards
model E12E3 vacuum system, pumped to a base pressure below 10 Torr. This apparatus
is shown in the diagram in Fig.3.5. The crucible was made of stainless steel and was heated
with a tungsten coil. An aluminum oxide cup, electrically insulated the crucible from the coil
heater. The crucible temperature (T,,) during deposition was typically about 230 °C (about
13 degrees higher than the melting point of selenium) and was monitored using a J-type
thermocouple fitted into a small hole in the rim of the stainless-steel crucible. The
substrates (4 of them at a time) were held on a graphite holder with the back-contact film
surface about 8 cm above the crucible. Prior to raising the substrates to the temperature for
the deposition stage, they were heated to 220 °C and held there for 45 minutes. By doing
this, the substrates were thermally etched and, at the same time, outgassed along with the
graphite holder. This was expected to reduce the amount of contaminants present during the
subsequent selenium growth stage. The temperature of the substrates was controlled by
means of a 33 watt heating element connected to an Omega temperature controller with a
J-type thermocouple in thermal contact with the graphite holder. It was found by experiment
that, for the temperature range of interest here (30 °C to 220 °C), the temperature of the
substrates themselves were within 4 °C of that of the holder. Thus, the substrates and the
holder were at essentially the same temperature. Immediately prior to the actual deposition,
the substrate temperature was lowered from 220 °C to 130 °C and held there for the entire

deposition. This temperature ensured good crystallinity of the Se film, The deposition time
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was usually between about 60 and 120 minutes and was controlled by opening and closing
a shutter located between the crucible and the substrates. Note tiat the chutter was not
opened until the molten selenium in the crucible had stopped bubbling (usually about 30
minutes). This bubbling was most likely due to the escape of dissolved gases from the
selenium. After the deposition was completed, the substrates were brought to room
temperature slowly, avoiding the peeling of the film off the A¢ substrate. Fig.3.6 shows two
SEM photographs of a selenium film cross-section. One photograph 1s of the back-scattered
electron image and clearly shows the selenium and bismuth back-contact layers. The other

photograph is a secondary electron image and displays the crystalline grains of the selenium.

While selenium doped with 60 ppm C¢ was used almost exclusively in this work, one film
of undoped selenium was also deposited. It was noted that, it was much easier to deposit
doped selenium than undoped selenium, suggesting that the deposition of crystalline
selenium was influenced greatly by the doping level. It was also observed that, occasionally
a Se film was black in color instead of the usual grey. This black appearance was found to
be due to the presence of many "spikes”, as shown magnified in the SEM photograph of
Fig.3.7. These apparently consisted of filamentary growths of seleniumn rucleated at many
points over the entire selenium surface. Such "spikes" were undesirable from a consistency
stand point and so were avoided by closely controlling the deposition process. The exact
cause (or causes) of their appearance is still unknown. However, it is speculated that they

come about if the sample is not adequately cleaned.
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3.5 Countereiectrode Deposition

As mentioned previously, the counterelectrode metals were mainly T%, Bi and Pt. All
three were deposited by evaporation in a high vacuum system (base pressure less than 10
Torr) in order to ensure a clean contact to the Se. Furthermore, measures were taken to
keep the substrate temperature low to minimize the formation of selenides. Moreover, the
metals used here were at least 99.999% pure. The procedures for these depositions are given
in more detail in the subsequent paragraphs.

The thallium deposition process was carried out in a Cooke Vacuum Products model
CV301FR vacuum coater, where 1 or 2 pellets were loaded into a molybdenum boat. The
set-up used is illustrated in Fig.3.8. Excessive heating of the sample was avoided by
mounting the substrate in a large thermal mass holder and also by using short deposition
times, typically between 20 and 40 seconds as indicated in Table 1. The deposition time was
controlled with a shutter, as previously described. The surface of the sample was located 6
cm above the boat for all the T2 depositions and the boat current was typically 25 amperes.

Deposition of bismuth counterelectrodes was carried out in the same vacuum system that
was used in the T¢ deposition. The conditions for this evaporation were essentially the same
as those used for the T¢ deposition except that the boat current was slightly lower, at about
20 amperes, reflecting the fact that Bi has a melting point of 271 °C, 32 degrees lower than
that for Te (303 °C).

Platinum was deposited also by evaporation. However, it was carried out in an Edwards

model E306A vacuum coater. The set-up for this deposition is shown in the diagram in
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Fig.3.9. In this case, three riders of Pt wire were evaporated from a tungsten filament. Since
Pt has such a high melting point, a heat shield was employed to prevent excessive sample
heating during the deposition. It was also found that a large portion of the Pt appeared to
alloy with the filament and so, to get a reasonable film thickness, a filament-to-sample
separation of only 2 cm was used. The deposition time was typically about 20 seconds and
was also controlled by a shutter. It was estimated that Pt films 1nade under these conditions

were about 30 nm thick.

3.6 Electrical Connections ard Mounting

Following the counterelectrode deposition, a film of In with its low melting point (156 °C)
or Wood’s alloy (melting point 71°C) was deposited. The sample was then mounted in a
Teflon holder and thin copper wires were soldered to the In or Wood’s alloy film to make
electrical connection. Excessive heating was once again avoided by using low melting point
Wood’s alloy as the solder material. In the thallium samples, the counterelectrode was
usually completely covered by the indium layer to inhibit atmospheric attack on the Tg, as

reported by Pan [2] and Champness and Pan [12].

3.7 Comparison of the Preparation Procedure with that of Pan [2]

In this study, several sample fabrication parameters were different from those of Pan 2]

in an effort to improve the sample performance. The most significant differences are now
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discussed in the subsequent paragraphs.

Firstly, the A¢ studs in this work were chemically etched, whereas those of Pan were
manually abraded. It is believed that the etching provided more control over the roughness
of the A¢ surface thai he abrasive method and hence, more consistency could be obtained.
It was noted that the adhesion of the deposited film to the etched surface was not noticeably
inferior to that for the abraded surface.

Next, the crucible temperature was between 220 °C and 240 °C in the present case, while
it was higher for that of Pan at between 240°C and 260°C. This corresponded to a lower
selenium vapour incidence rate at the substrate surface for the present work and so it was
expected that the selenium film was of beiter quality here than in Pan’s case.

Furthermore, Pan did not report having a high temperature thermal etch and outgassing
step for the substrates just prior to the selenium deposition. It is believed that such a step
was very important in achieving good, consistent results.

In addition, a molybdenum boat was used in the thallium and bismuth depositions in this
study as opposed to a boat made of tantalum, as was the case of Pan [2]. This was done
because it was found that less alloying with the boat occurred with molybdenum than
tantalum.

Moreover, in the present work special measures were taken to prevent excessive heating
of the sample, particularly after the counterelectrode was deposited. No such measures were
mentioned in the work of Pan beyond the low melting point Wood’s alloy solder that was
used. It is well known that heating of structures, like those studied in these investigations,

has pronounced effects.




Finally, most of the samples in this work had an electrical contact film of indium rather
than Wood’s alloy. From experience in the present work, it was found that a sufficient layer
of indium could be deposited more efficiently than an equivalent layer of Wood’s alloy.
Furthermore, the soldering step to the indium film, which was carried out with Wood’s alloy
solder, was much easier to perform because of better wetting. Hence, both of these features

with the indium film resulted in reduced inadvertent heating of the sample.
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TABLE ! Sample Fabrication Data
Se deposition Sack cont depos Counterelectrode dep fontact deposttion
Struct sampie ]| Crxib Substr Dep tims Se thick Texture | Adhes metal thick metal dep  Uime netal dec time | vac sys
naber § temp (CH temp (°0) {=in ) (xm) (xm) {seconds) {seconds) used
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[V 44.] 220 130 80 10 smooth good (1} W 1t 3o In &6 Coche
wy A0 130 0 F3] smooth good [ 1] 3 1t 30 in (Y] Cooke
wse %o 130 90 25 burgy good 1 3 1§ 30 in 13 Cooke
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wesé 260 130 90 25 bumpy good [ ¥ 3 113 30 1n <5 Cooke
wedl 20 130 90 &4 smooth good & 2 113 30 in 30 Cooke
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i-Se B4 § w24 260 110 90 10 smooth fair 8 [ L ] 80 wa 120 s
ws A0 130 100 1 smooth fotr ni 4 [ 1] 120 va 1] 11
w2? A0 130 75 ] 3000th good 1] i [ 1] - 'K €6
w2 239 "o 68 \H] smooth good L]} ] 8i 105 B 75 Cooke
w3l 220 140 & 10 smopth fair i 2 | 1] 30 ua 120 £6
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wek2 220 130 135 10 smooth geod L ] <<l s 30 in 4 Cooke
wcso 240 130 90 27 smooth good 8i 3 1 1] 20 In 133 Cooke
wst 240 130 oC 27 smooth good 8l 3 [ 1) 20 in 5 Couoke
vess 240 130 ] 27 smooth good [ 1} 3 1 1) 20 in LS Coore
ves? 240 13¢ 90 30 rough excel [ 1! 2 []] 10 in 45 Cooke
weeo 30 130 90 1 snooth good B 2 L]} 16 in [33 Cooke
el 230 130 o0 40 smooth good [ 1] H L1} 10 in L5 Cooke
Pt Se Bi § wC30 235 140 L] 20 smooth good 143 (21} 81 90 “a &0 13
vese 40 130 96 30 rough excel 13 2 (1] 20 In 45 Coote
wcse 216 130 60 23 bunpy v good rt 1 8i ] in 45 Looke
wse 230 130 60 3 bumpy ] v good | Pt § 1 30 in 30 Coske
81 Se Pr § w025 "0 130 90 10 seacth good si <] Pt 15 e 120 (1)
%] 10 130 4] 9 smooth good 1] 3 Ft 20 wa A0 11
wead a0 1o ¢ ¢ smooth good 8i <« 143 30 X 300 Eb
et 230 130 90 40 smooth good [ 1} e (41 20 in 133 Cooke
wCES 230 130 °0 40 smooth good [ 1] 2 L3 20 tn 131 Cooke
Pt Se Pt f w1 235 140 0 20 smooth good re t 143 20 wa 50 [ 13
wéb 250 139 a0 20 burpy good (D \] |43 20 In 5 Couke
B Se Al § w47 220 130 80 10 srooth good 1] 10 Al 30 in &0 Cooke

a Two areas of the substrate were subject to two different deposition times. Hence, the areas had different

Tilm "hicknesses

b lhe Se deposited for WCW6 wes undoped

¢ wa refers to Wood's alioy (50X 81, 25X Pb, 12 5X $n and 12 5X Cd) that vas used as the electrical contact

fiim

d Eb means an Edwards model SE4 vacuum system was used

e Cooke mcans a Cochke vacuum Products model CVIOTIR vacum system was uscd

t The Pt back contact for this sanple was mode by first sputtering a Pt tayer
substrate and then evapurating over .t another thinner Pt film of 99 999% purity

buut 1 ogm thick on 1o tin
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Fig.3.1. Schematic showing cross-sectional view
of the sample structureused in this study.

Fig3.2, Schematic of metal mask used for
counterelectrode deposition.
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Fig.3.6. SEM images of the cross-section of a Se layer on a Bi layzr, The top photographis of the back-scattered

electron image. The bottom photograph is of the secondary electron image. Both photographs are of the same
area,




Fig3.7. SEM image of the surface of a so-called "black” Se film
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4. MEASUREMENT TECHNIQUES

4.1 Introduction

The methods used to measure the samples described in the previous chapter are now
presented in the present chapter. These include static dark current-voltage measurements,
incremental parallel capacitance and resistance against voltage and frequency me.surements
and photoelectric response as a function of wavelength measurements. The results of these
measurements are presented in later chapters. All of the samples had current versus voltage
measurements made on them and about 90% of the samples had incremental parallel
capacitance and resistance versus voltage 'measurements. Photoresponse as a function of
wavelength was measured for several Bi-Se-Bi samples and these charactenstics represent
the first time this laboratory has reported the results of such measurements. In addition to
the electrical measurements that were made, several Se-T¢ samples were also examined
from a materials analysis stand-point using x-ray diffractometry (XRD) and scanning

electron microscopy (SEM). Details of these measurements are now presented

4.2 Current versus Voltage Measurements

The manner in which the static dark current-voltage (I-V) measurements were made was
essentially the same as that described by previous workers [2] [3]. A schematic of the
measurement apparatus used is shown n Fig 4.1. In these measur~ments, the current-density

(j) values were obtained by simply dividing the current values by the cross-sectional area of

o)
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the diode, which was either 0.143 or 0.78 cm? It should be noted that, throvghout the
present work the current-voltage measurements for the bias direction where the back-contact
was positive (normally forward bias direction for the samples), were always made before
those where the back-contact was negatively biased. Furthermore, the bias was always
scanned in an increasing direction starting at 0 volt and ending at 1.0 volt for either polarity.
It was observed that some of the readings, especially those for the Se-T2 samples in the
forward bias, required a relatively long time (about one minute) to stabilize after the bias

was changed and so the bias in these measurements was increased at a relatively slow rate.

4.3 Capacitance and Resistance versus Voltage Measurements

The incremental parallel capacitance, C,, and resistance, R, of the samples were also
measured against voltage at a number of frequencies between 20 Hz and 10 MHz using two
different measurement set-ups, as shown in the diagrams of Figs. 4.2 and 4.3. For
frequencies between 20 Hz and 100 kHz, the sample was measured with a General Radio
model 1689 Digibridge, shown schematically in Fig.4.2(a). Here, a Farnell model L30B
stabilized power supply, connected to the external bias adaptor of the instrument, provided
the dc bias across the sample. A Hewlett-Packard 3478A multimeter was connected to the
supply to measure this dc bias. A schematic illustrating the measurement technique used by
the Digibridge is shown in Fig.4.2(b). From this figure, it is seen that two differential
amplifiers with identical gains, along with some filtering circuitry (not shown), measured the

ac voltage, e,, across the sample and aiso the ac voltage, e,, across a small sensing resistor,



R,, in series with the sample. The voltage across this series resistor, e,, corresponded to the
current that passed through the sample. From the magnitudes and relative phases of these
two voltages, the Digibridge calculated the impedance or admiitance of the sample and
hence, the values of C, and R, were also calculated. Note that, with such a design only the
impedance of the sample was measured; the impedance of the voltage sources and
multimeter did not affect this measurement. It is also apparent from the diagram, however,
that the applied dc bias does not appear entirely across the sample. A portion of this applied
voltage also appears across the series resistor, R, as well as the output resistances of the
voltage sources. Though a precise value for these resistances was not obtainable from the
specifications of the instruments, it was, nevertheless, found that the dc bias across most of
the samples, while mounted in the Digibridge, was within 2% of that across the output
terminals of the Farnell supply, even when the samples were biased in the forward direction.
A few samples, though, particularly several Se-Bi and Se-Pt structures with a relatively large
area, did show a greater difference between the voltage values at the supply and the samje
when the device was biased in the low resistance direction. In these special cuses, the
voltage across the sample was measured directly with an HP3478A multimeter. This meter
was connected only briefly, just to obtain the voltage reading and was not connected while
the capacitance and resistance of the sample were actually measured. In fact, however, the
capacitance and resistance values of the sample were observed to be the same with or
without the multimeter connected, indicating that the admittance of the multimeter was
negligible compared with that of the samples. For the frequencies between 400 kHz and 10

MHz, a Hewlett-Packard model HP4192A LF impedance analyzer was used to measure the
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sample (Fig.4.3). The dc bias across the sample in this case was provided by a voltage source
internal to the instrument. With this arrangement it was quite common to see that the
actual voltage across the sample was more than 10% below that indicated by the HP4192A
instrument. Therefore, as was done for the special cases with the Digibridge set-up, the bias
across the sample was obtained by measuring it directly with a Hewlett-Packard 3478A
multimeter connected across the terminals of the sample. Again, this meter was connected
only briefly at a time and not connected while the capacitance and resistance of the sample
were actually measured. It was found, nevertheless, that the capacitance and resistance
values of the sample were the same with or without the multimeter connect;ad.

The basic mcasurement procedure for both measurement arrangements was as follows.
For a given measurement frequency, the dc voltage applied to the sample was increased in
steps, usually of 0.1 volt, from -1 volt, where the back-contact was negatively biased, to +1
volt, where the back-contact voltage was positive. At each step the C, and R, values of the
sample were recorded. Such a scan was repeated for a number of frequencies beginning with
20 Hz and finishing with 10 MHz. The Digibridge and HP4192A used a 0.02 volt ac signal
for the measurements in all cases, which was small enough to resolve singularities but large
enough for sufficient sensitivity. It should also be mentioned that, prior to each
measurement session, the Digibridge was calibrated with a short circuit, for R, = 0 and an
open circuit, for C, = 0. This calibration was done with a #14 AWG copper wire connected
across the measuring terminals to act as the short circuit, while the terminals (about 3 ¢cm
apart) were left unconnected to act as the open circuit. The calibration was performed with

the Farnell supply and 3478A muitimeter connected to eliminate any influence their
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impedances may have had on the measurement readings due to leakage. Such a calibration
procedure, however, was not possible with the HP4192A, as this instrument was calibrated
once only at the factory. During the low frequency measurements with the Digibridge, 1t was
occasionally seen that the readings were somewhat unstable. This 1nstability was overcome,
however, by programming the instrument to take an average over many measurement values,
typically ten. Such an averaging feature was also not possible with the HP4192A, though, this
instrument was used only at higher frequencies, above 400 kHz, where the readings were
stable anyway. It was also seen with the HP4192A that, a sample would display normal
Faraday inductive behaviour at the higher frequencies, above 1 MHz. This effect was found
to be somewhat reduced by keeping the leads of the sample short (about 2 cm long at each
terminal of the device).

In these measurements it was often the case that the "automatic” features of the
instruments, such as automatic scaling, actually hindered the reliability of the readings.
Therefore, these measurements were performed with as mu:h direct control from the

operator as possible.

4.4 Photoelectric Measurements

Measurements of relative photoresponse, R, versus wavelength, A, (or photon energy E )
were also made on several Se-Bi samples for near infrared wavelengths between 0§ pm and
2 pm (E;, between about 1.5 and 0.6 eV). A schematic of the basic measuring arrangement

used is shown in Fig.4.4. Basically, monochromatic radiation of known relative photon flux,
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¢, from a monochromator was incident on the thin film counterelectrode metal, B,
(approximately 30 nm thick) of the sample. The resultant photocurrent, L, arising from the
photovoltaic effect in the device, was measured by passing it through a small shunt
resistance, R, across which the voltage, V ,, was measured. The relative photoresponse, R,
was calculated by dividing this photocurrent by the relative photon flux of the incident beam,
¢,.. This was done for a number of wavelengths, thus obtaining an R versus A characteristic.
More details of the measurement set-up and procedure are given in the paragraphs which
follow.

In the photoresponse measurements, it was very important to have a large L, value.
Therefore, in the sample fabrication process, measures were taken to make a sample which
would produce a large photocurrent. Firstly, a relatively large Bi counterelectrode area of
0.78 cm? was deposited, while the area of the electrical contact film was made relatively
small (only about 0.05 cm?) thus, providing a large effective light collection area. Secordly,
the counterelectrode films were deposited to a thickness estimated to be about 30 nm, since
it was found that samples with this thickness had the highest photocurrents.

The monochromatic beam mentioned above was provided by a Pérkin-Elmer model 13U
spectrophotometer, the optics of which are shown schematically in Fig.4.5. The light source
was a Nernst glower, built in to the instrument, through which a constant current flowed,
thus giving a constant light output intensity. This source emitted radiation of wavelengths
mainly between 1 um and 8um. The lignt from the Nernst glower was passed through a
single pass Littrow type monochromator to produce the monochromatic beam. This

monochromator used a prism (labelled P in the figure) made either of rock-salt (NaCl) or
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of fused silica (SiO,). It was found that the NaCl prism performed better than the $10,
prism for wavelengths between about 1.2 and 2.0 pm (E, between 1.0 and 0.6 eV), while
the §iO, prism was the better of the two for wavelengths between about 0.8 and 1.1 pm (E,,
between 1.1 and 1.5 eV). The entrance and exit slits of the monochromator (labelled S1 and
S2 respectively) determined both the flux, ¢, and the wavelength interval, AA, of the
monochromatic beam incident on the sample. Fig.4.6 shows a plot of measured values of AA
and ¢, against slit-width for a wavelength of 1.55 um using a SiO, prism. Shown also, are
L, values measured for several slit widths for sample WCS7. It is seen that both A and I,
show a linear dependence on slit width, while the ¢, variation 1s more curved. In fact, the
log-log plot, shown in Fig.4.7, shows that &, varies as the square of the slit width. Such a
dependence is expected for a two slit Littrow type monochromator. In any case, it is
apparent from the plot in Fig.4.6 that, while increasing the slit width increased the
photocurrent, it also increased the AA value of the beam as well. Therefore, a trade-off
between the photocurrent and the wavelength interval was made and the slit widths used
were usually between 0.3 and 0.6 mm, resulting in photocurrents of the order of several
nanoamperes. These widths corresponded to a AA value always less than 10% of the
wavelengths.

As mentioned earlier, the photocurrent of a sample was measured by passing the current
through a small resistance shunt, Ry, and measuring the resultant voltage, V. Since the
photocurrent was small and the noise level large, this voltage had to be measured with the

special apparatus shown schematically in Fig.4.8. In this arrangement the hght beam was

chopped at 13 Hz with a light chopper situated between the Nernst glower and the
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monochromator optics. A finely tuned lock-in amplifier (Princeton Applied Research model
124A) was then used to measure the resultant 13 Hz voltage signal, V,, across the shunt

and hence, the photocurrent, 1, of the sample. This lock-in amplifier was locked on to the

pho
frequency of the chopper by means of an EG&G SGD 100A detector placed in the chopped
white beam. It should be mentioned that, while a large resistance shunt would have
produced large voltages to measure, in fact, the shunt used was quite small at only 10 ohms.
Such a small resistance was used for two reasons: (1) It was important that the shunt
resistance was much smaller than the resistance of the sample (effectively short circuiting
the sample) so that, essentially all of the photocurrent passed through the shunt and hence,
was measured. (2) By using a small shunt resistance a small noise (Johnson noise) level was
manitained at the lock-in amplifier input terminals.

To obtain the relative photoresponse value, both the photocurrent, Ly, as well as the
relative incident photon intensity, &, were required. This &6 value was obtained by
diverting the incident beam with a mirror (labelled M11 in Fig4.5) on to a thermopile
detector (labelled T in Fig.4.5) built in to the spectrophotometer. A meter, also built in to
the spectrophotometer, connected to the detector, indicated the relative incident power of
the beam. By dividing this power reading by the photon energy, hv, of the beam, the value
¢, was obtained.

The basic procedure for making these photoresponse measurements was as follows. First,
the sample was positioned so that the raonochromatic beam from a parabolic mirror, M14

in Fig.4.5, was focused on to the counterelectrode of the sample. The angle of this mirror

was then finely adjusted, by means of two screws, so that the beam on the counterelectrode
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was directed away from the contact metal area. This ensured that the photocurrent was
entirely due to the effect of the counterelectrode metal and not the indium contact metal.
For obvious reasons the wavelength of the beam used for this alignment step was m the
visible range. A measurement scan was usually started at this point. The wavelength was
selected by changing the angle of the Littrow mirror (M9 in Fig.4.5) with a rotatable
graduated drum on the side of the monochromator housing. The scale on the drum was
previously calibrated to correspond to the wavelengths of the monochromatic beam. A scan
was always made in the direction of increasing wavelength and typically ran from about 0.8
pm to 2.0 um. At each wavelength selected, usually at 0.05 pm steps, the monochromatic
beam was directed first on to the sample for the photocurrent measurement and then
reflected with a mirror (M11 in Fig.4.5) on to the thermopile detector for the relative

incident intensity measurement.

4.5 Materials Analyses

In addition to the electrical measurements that were made in this work, materials analysis
measurements were also made using fascilities in the Metallurgical Engineering and Geology
departments. These included x-ray diffraction (XFR.D) measurements made with a Rigaku
Rotaflex diffractometer, as well as, x-ray fluorescence (XRI') measurements made with &
JEOL model JSM-840 scanning electron muicroscope (SEM). The XRD measurements, which
used copper Ko, radiation, provided information on the materials that were present in the

samples, while the XRF studies with the SEM showed the arrangement of these materials
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relative to one another. The SEM used an electron-beam energy of 20 kV in this work.
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5. RESULTS ON Se-T/ CONTACTS

5.1 Introduction

The Se-Te contact is especially interesting to study because of its excellent forward-to-
reverse rectification, when freshly made and also because it has a forward ideality factor
very near unity, as is expected for a Schottky junction. Pan (2] and Chan [3] observed
furthermore, an interesting minimum in the incremental capacitance versus voltage (C,-V)
characteristics in the forward direction for such diodes, and explained this,
phenomenologically, with an equivalent extra capacitor arising internally in the device. In
this work, similar minima were observed, but unlike the previous studies, some C_-V curves
actually turned to negative C, values. This negative C, effect was seen in several types of
structures. However, it was strongest and most consistent in the Se-T¢ samples of this work.
Accordingly, this chapter is mainly concerned with the description of incremental
cc.pacitance and resistance measurement results for the Se-T¢ diodes listed in Table I, along
with their static dark current-density versus voltage (j-V) characteristics. Another very
interesting feature of Se-Te¢ diodes is that, their rectification properties degrade quite
considerably with storage time, as reported previously by Pan [2], Champness and Pan {12]
and Chan [3]. Further work on this degradation makes up a very important part of thiy
chapter. The chapter 1s divided essentially into two parts. The first part presents clectricul
characteristics for freshly made Se-T2 samples, while the second part describes results of

some aging studies.
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It should be noted that, all of the Se-T¢ samples studied here had Bi as the back-contact,

as indicated in Table 1.

5.2 Electrical Characteristics of Freshly Prepared Se-T: Diodes

This section will present the electrical characteristics of freshly made Se-T€ samples. By
freshly made is meant that the T¢ film was deposited and the sample completed on the
same day that the measurements were taken, referred to in the thesis as "day-0"

measurements.

2.1 Capacitance versus Voltage Char isti

Figs. 5.1 to 5.4 show plots of incremental capacitance C,, against voltage for forward and
reverse bias voltages for three Se-T¢ samples, WC39, WC46 and WC61. It is apparent that,
all the curves decline monotonically as the reverse voltage increases. However, they show
somewhat more complex behaviour in the forward direction, where, as can be seen, all the
figures show a minimum between 0.2 and 0.4 volt for the lower frequencies (i.e. below 1
kHz). This minimum for sample WC46 at 20 Hz, and WC61 at 20 and 100 Hz, actually
extends to negative C, values. This is indicated in the separate lower portion of the plots
in Figs. 5.3 and 5.4 (needed, since the vertical scale is logarithmic). While the 0.2 volt dip
for sample WC39, areas 2 and 3, is strong at 20 Hz, it does not go to negative values. The

curves for this sample exhibit negative capacitance, however, at higher voltage. Interestingly,
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samples WC46 and 61 show curves with two minima. The 100 Hz curve for WC46 displays
such a feature with the second minimum occurring at 0.6 volt. The trait is also observed 1n
the 20 and 100 Hz characteristics of WC61, where the second minimum appears between
0.7 and 0.8 volt. The two figures for WC39, corresponding to aieas 2 and 3, do not show
such a double minimum. They do exhibit a similarity to each other, despite the tact that
area 2 had a Se film thickness some 60% greater than that of area 3. The main difference
is only that the 100 Hz curve for area 3 turns negative at a bias slightly less than 1 volt,
whereas that for area 2 remains positive up to this voltage.

The properties described above were quite representative for most of the Se-Te diodes
prepared in this work. Out of the 16 samples that had C,-V measurements on them, 14
showed negative Cp values, 15 had at least one minimum and 9 had a double mmnimum at
either 20 or 100 Hz or both. All these singularities occurred only with forward bias at low
frequencies. Two samples that did not show negative C,, values on day-0 were WC38 and
WC45. Their day-0 C, curves are shown in Figs. 5.13 and 5.15 and are discussed further in

section 5.3.1.

5.2.2 Capacitance versus Frequency Characteristics

The C, versus frequency characteristics for samples WC40, 44 and 46 are shown in Figs
5.5, 5.6 and 5.7 respectively for frequencies ranging from 20 Hz to between 10° and 107 Hz
at bias voltages from -1 volt (reverse) to +1 volt (forward). It 1s scen that while there are

variations from one figure to another, there are severai common features. The -1 and 0 voh
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curves are relatively flat between 20 and 10° Hz. All the curves fall off somewhat for
frequencies between 10° and 10" Hz. Furthermore, each sample shows a negative C, region
for frequencies below about 100 Hz in one or more of the forward bias curves. Note that
these curves always display a rise in C, with frequency at the lower frequencies. Another
common feature is that all of the curves appear to converge together at higher frequencies
near 10° Hz. It is interesting to note that the forward bias curves of WC40 and 44 exhibit
a tendency to a plateau at a frequency around 10° Hz. This tendency appears to be more
pronounced at larger forward potentials. Note also that in all three figures, some of the
curves cross below the others as the frequency rises. This occurs mainly at the larger forward
voltages between 0.5 and 1 volt. The 1 volt curve for WC46 is somewhat unusual, in that it
shows high C, values at low frequency (20 Hz) and decreases rapidly up to 1 kHz. It should
be pointed out, however, that this sample was different from the others, as it was made with
undoped selenium.

In this work, 14 of the 16 Se-T¢ samples measured displayed characteristics like those just
described. However, two samples, WC38 and WC4S5, showed somewhat different
characteristics which are discussed separately in section 5.3.2. These samples did niot show
any negative C, values as mentioned in the previous section. Nor did they show any rise in

C, with frequency. The day-0 curves for WC38 are displayed in Fig.5.21.

5.2.3 Resistance versus Voltage Characteristics

The incremental resistance R, plotted versus voltage for WC44 and 61 between -1
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(reverse) and 1 volt (forward) is shown in Figs. 5.8 and 5.9 respectively. As is seen, the
figures are quite similar to each other. In each, the curves for the different frequencies show
a large spread in the reverse direction but a relatively narrow one 1n the forward, where a
convergence is apparent for the frequencies between 20 and 10* Hz. Furthermore, the
resistance variation from reverse to forward decreases greatly as the frequency increases

Note also that R, generally decreases monotonically with frequency for any given voltage.
Such a variation is more appareat in Fig.5.10, where R, is plotted against frequency for
sample W38 at several bias voltages. Here it is seen that the curves converge together at
higher frequencies, as they fall at a rate close to 1/frequency. There are, however, two slight
differences between the plots of Figs. 5.8 and 5.9 that are worth mentioning. Firstly, the
WC61 curves show a minimum at a forward voltage of about 0.5 volt, whereas the WC44
variations do not. Secondly, there is a maximum in the 20 Hz curve at -0.2 volt for WC61
but none for WC44 at this frequency. Nevertheless, the characteristics of these two samples
are representative of all the Se-T¢ samples measured in this work. More specifically, 10 out
of 16 samples showed characteristics similar to those of WC61, while the remaining six had
curves resembling those of WC44,

It is important to note at this point, that the R,-V characteristics were seen to be
relatively free of the type of the singularities exhibited by the C,, characteristics, discussed
previously. In particular, no singularity in the R-V charactenstics was observed between 0.2
and 0.3 volt for samples WC44 and 61, even though their C-V curves showed a pronounced

minimum at these voltages. This was the case for all the samples studied.
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2.4 rent Density versus Vol aracteristi

Figs. 5.11, 5.12 and 5.13 show plots of current density j, against voltage V, for some of the
Se-Te diodes in this work. Fig.5.11 shaws how the j-V curves compare with each other for
all the samples made with doped selenium. It is seen in the figure that there is, in general,
some consistency from sample to sample (more so than previous workers). In fact, it is seen
in Fig.5.11 that about 80% of the samples show characteristics with a~: excellent forward-to-
reverse rectification ratio of around four to five and a half ovders of magnitude at 1 volt.
Furthermore, all but two of the samples have forward curves that show ideality factors
between 1.0 and 1.1 at voltages from 0.1 to 0.2 volt. (Tie ideality factor is defined assuming
a dependence of the form j = jexp[qV/(nkT)]}, vhere n is the ideality factor and the
remaining quantities are as defined in chapter 2.) It was observed in this work that the
ideality factor was larger, in general, for sariples with larger reverse current densities.
Consistency is further observed in that about 80% of the forward curves lie within a range
of a factor of three at 1 volt. This range is bounded by the WC45 (top) and WC43 (bottom)
forward curves. Moreover, almost 90% of the reverse curves fall within a range covering
only one and half orders of magnitude at 1 volt. This range is betw'cen the reverse curves
of WC37 (top) and WC44 (bottom). The characteristics for WC36, on the other hand, are
somewhat different, in that the sample displays an abncrmally low forward current density
and an unusuallv high reverse current density, so that its forward-to-reverse rectification
ratio is only one and a half orders of magnitude. Furthermore, the sample has an ideality

factor more than two. It should be pointed out, however, that this sample was made in an
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atypical manner, in that its selenium layer was deposited by a "quick evaporation” technique,
which is described earlier in section 4.4.

Fig.5.12 displays the j-V curves for two diodes, areas 2 and 3, of sample WC39 on log-
linear scales. Despite a difference in the selenium thickress of some 60% between the areas,
the characteristics for the two diodes are seen to be almost identical. The forward-to-reverse
rectification ratio for both diodes is seen to be some five orders of magnitude at 1 volt. Both
forward curves also have essentially equal ideality factors near unity for voltages between
0.1 and 0.2 volt. An unusual feature of this sample is an inflection in the forward
characteristic at about 0.8 volt, which implies a minimum in the incremental resistance at
this voltage. No such minimum was observed, however, in the RP-V measurements (not
shown). The forward characteristics are shown again, each on log-log scales in the two
insets, where a steep dependence on voltage is apparent. More specifically, if a dependence
of the form j « VP is assumed, then p is found to be between 3 and 4.

The forward and reverse j-V characteristics for WC44 and WC46 are shown in Fig.5.13
on log-linear scales. Sample WC44 was made with selenium doped with 60 ppm C2 and ity
characteristic is representative of most of the Se-Te¢ samples in this work. WC46 on the
other hand, was made with undoped selenium. It is seen that, while both the forward current
densities have almost equal values at 1 volt, the samples display, otherwise, very different
characteristics. Firstly, the forward j-values for WC46 are seen to be substantially higher
than those for WC44 for voltages below about 0.9 volt. Furthermore, the straight line region
of the forward curves between 0.1 and 0.2 volt gives an wdeality factor of about 1 ) for WC44

and 1.3 for WC46. It is also seen that the reverse curve for WC46 15 some two orders of
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magnitude larger than that for WC44. Hence, the forward-to-reverse rectification ratio is
only about three orders of magnitude for WC46 at 1 volt, while it is about five and a half
orders for the WC44 characteristic. The forward characteristics alone are shown again on
two log-log scales in the insets. From these, it is found that the WC44 curve is similar to
that of sample WC39. In contrast, the curve for WC46 is in general not so steep, and is not
straight. Interestingly, however, the WC46 curve tends toward a linear dependency (p=1)
as the bias climbs to 1 volt. Even though these curves on log-log scales are different from
each other, they are nevertheless, representative of all the Se-T¢ samples in this work. In
fact, 11 out of 18 samples had forward log(j)-log(V) curves similar to that of WC44, while
the remaining 7 had curves resembling that of WC46.

Like the R -V characteristics described earlier, the j-V curves did not appear to show any
strong singularities that correspond to those observed in the capacitance characteristics. For
example, the forward j-V curves of WC39 in Fig.5.12 do not show any anomalies at 0.2 volt
in the forward direction, while the C,-V characteristics for this sample exhibit a pronounced
minimum here, as shown in Figs. 5.1 and 5.2. It is seen in these figures that an inflection
occurs in the forward j-V curves for this sample at about the same voltage that the 20 Hz
C,-V curves turn negative. However, such an apparent correlation was not seen in virtually

any of the other samples.

5.3 Aging Effects on the Electrical Characteristics

It was demonstrated in the previous section that while the Se-T2 samples in this work had

54




prominent singularities in their C, plots, their other characteristics were quite well behaved.
However, this applied entirely to electrical measurements made on day-0. This section now
presents results on the aging of the structures with storage time, where the electrical
characteristics were measured at different times for several samples stored in air. In this
work, the history of two samples, WC38 and WC45, was followed which, mitially did not
show negative C; values. The history of samples which did show negative values initrally, i
not presented here. However, their histories were, nevertheless, stmilar, except their
characteristics appeared to be advanced by several days. The results ot some matenal

analysis studies on the Se/Te interface are also presented here.

1 versus Vol haracteristi Different Time

As was mentioned previously in section 5.2.1, two of the Se-T2 samples showed no
negative C, values on day-0. These were samples WC38 and WC45. Figs. 5.14 and 5.16
display respectively their C,-V characteristics. Though the curves in these plots are seen to
be entirely in the positive C, domain, they are not without singularities. At least one
minimum is observed in each of the curves for frequencies between 20 Hz and 10 kHz. It
is usual, however, for such minima to be present in the day-0 characterstics, as was
discussed in section 5.2.1. What is uncommon tn this work, is that these curves are entirely
positive.

In Fig.5.15, the C,-V characteristics are shown for sample WC38, on day-375, meaning

that the measurements were made 375 days after the thallium film was deposited and the
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sample fabrication completed. Comparing these curves with the day-0 curves in Fig.5.14, it
is clear that the characteristics for WC38 changed dramatically with time. The most striking
difference between the two figures is in the 20, 100 and 1000 Hz curves. These curves on
day-375 are seen to show strong negative C, values in the forward bias region, while the day-
0 curves actually show strong positive C, values at the same voltages. It is also seen in
Fig.5.15 that the 10 kHz curve has essentially no minimum, while that in Fig.5.14 does have
a minimum. The 20, 100 and 1000 Hz curves on day-375 show a minimum located between
0.4 and 0.5 volt in the forward direction. However, these curves for day-0 have their
minimum between 0.2 and 0.3 volt. Interesting also, is that the 1 MHz curve for day-375
shows a broad minimum at 0.2 volt, while the day-0 counterpart displays none. It is clear
that the electrical characteristics for this sample have changed over time, and that negative
C, values have emerged as the sample has aged.

A more complete study of the effects of aging on C,-V characteristics is now presented
for sample WC45. Figs. 5.16 to 5.21 display the C, ver<us voltage plots for this sample at six
different times from day-0 to day-101. It is apparent from these figures that the curves in
the forward direction change considerably over time, whereas, in the reverse direction there
is relatively little variation from day to day. From Figs. 5.16 to 5.18, it is observed that the
presence of negative C, values grows in the first ten days after fabrication. The day-0 curves
in Fig.5.16 are seen to be entirely 1n the positive Cp domain. In Fig.5.17, however, the day-2
curves for 20 and 100 Hz show a narrow region of negative C, values around 0.3 volt, where
there is a pronounced minimum. As is seen in Fig.5.18, after 10 days the sample shows very

prominent negative C,, values for the 20 and 100 Hz curves from 0.2 up to at least 1.0 volt
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in the forward direction. Even the 1 kHz curve dips to negative C, values at around 0.4 volt.
In Figs. 5.19 to 5.21, a change in the trend 1s seen, whereby the negative C, eftect declines
with time from day-10 to day-101. Though the day-21 curves for 20 and {00 Hz 1in Fig.5.19
are still strongly negative beyond 0.2 volt, they do not have negative values as large as those
for day-10. Moreover, the 1 kHz curve does not show any negative values at all from day-21
onwards. The day-46 curve for 20 Hz in Fig.5.20 has, in general, even smaller negative
values than for day-21. Furthermore, while the 100 Hz curve for day-21 15 negative at
forward voltages above 0.2 volt, that for day-46 is negative for bias values only above 0.7
volt. By day-101 the 20 Hz curve, as shown in Fig.5.21, actually displays oscillations between
positive and negative values in the forward direction; this exhibits yet a further overall
decline in the negative C, effect. This oscillation 15 especially interesting, in that it seems
to be more apparent for day-46 and day-101, when the sample 1s older. Note that the day-
101 20 Hz curve apparently has at least two minima, one at 0.1 volt and the other at 0.3
volt. The minimum at 0.1 volt was not observed at any earlier storage time for this sample,
nor for any other Se-T¢ sample in this work. It is of further interest to note that the day-2
plot for WC4S5 has a strong resemblance to the day-0 piot for WC61 in Fig.5.4. Among other
similarities, both sets of curves show a very sharp minimum at 0.3 volt in the forward
direction for 20 and 100 Hz. Furthermore, both show a second minimum n the 20 Hz curve
at about 0.8 volt. Two other plots showing interesting likenesses are those for WC38 on day-
375 and WC45 on day-10 in Figs. 5.15 and 5.18 respectively. Their resemblances include the
fact that they both display very strong negative C, values in the forward direction for the 20

and 100 Hz curves. Furthermore, the two plots have 1 kHz curves that dip into the negative
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Cp domain around half a volt in the forward direction.

532 g;F versus Frequency Characteristics at Different Times

The C,-frequency plots for sample WC38 on day-0 and day-375 are displayed in Figs. 5.22
and 5.23 respectively. It 1s seen that there are considerable differences between the figures,
especially for the 0.5 and 1 volt forward curves at frequencies lower than 10* Hz. These
curves on day-0 are entirely positive and decrease monotonically with increase in freque;.cy.
On the other hand, on day-275 they display prominent negative C, values at frequencies less
than about 10° Hz, and also, show a rise with frequency between 20 and 10* Hz. However,
despite these differences, the figures still display some similarities to each other. For
instance, the curves in each are seen to converge together at higher frequencies near 10° Hz.
Ancther likeness is that the -1 volt (reverse) and 0 volt curves for both times decrease very
gradually with frequency between 20 and about 10* Hz. They then fall off more rapidly at
higher frequencies. It is of interest to note that the day-375 characteristics resemble those
presented previously in section 5.2.2 for samples WC40, 44 and 46 in Figs. 5.5, 5.6 and 5.7
respectively. Thus, the day-375 curves are not out of the ordinary. However, since the day-0
curves for WC38 do not show any negative C, values, nor any increase with increase of

frequency, these curves are considered unusual for this work.
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533 Rr versus Voltage Characteristics at Different Times

The R, versus voltage plots are shown for sample WC38 on day-0 and day-375 i Fig 5 24
and for WC45 on day-0 and day-101 in Fig.5.25. It is scen that these charadtensties aue quate
similar to those already presented in section 5.2.3 and therefore are not out of the ordinary.
It is also seen that the characteristics change somewhat with time for cach sample. The
resistance values for WC38 are observed to decrease slightly from day-0 to day-375 at all
the biases indicated. Those for WC45 show a decrease with time for the reverse »oltages but
an increase with time for the forward voltages. It is also seen that the day-0 curves tor
WC45 show a minimum at 0.5 volt, whereas the day-101 curves show no minimum.
Furthermore, the day-0 curves show a stronger tendency to converge together in the forward
region than do the day-101 curves. It is important to note that, while the samples show
changes in their R-V characteristics over time, they still do not show any pronounced
singularities. This is despite the emergence of negative C,, values and sharp mmima in the

C, characteristics of these samples over the same time period, as shown m Figs. 5.14 10 5.21

5.3.4 i versus Voltage Characteristics at Different Times

In F1g.5.26 the forward and reverse j-V characteristics tor sample WC4S are shown at sia
different times from day-0 to day-101. It is seen, in general, that the forward | ovilues
decrease with storage time, while the reverse curves show an overall merease  with tine

This results in a reduction of the 1 volt forward to reverse rectification ratio from about 5




orders of magnitude on day-0 to about 3 crders of magnitude on day-101. Over this same
period, the forward ideality factor evaluated between 0.1 and 0.2 volt increases from about
1.2 to 1.7. It is important to note here that, like the Rp-V characteristics, all of these curves
are quite well behaved. The C, characteristics for this sample, on the other hand, show the

development of considerable singularities and negative C,, values over the same time period.

Mott-Sch Pl at Different Storage Tim

The Mott-Schottky plots ((A/Cp)2 versus voltage, where A is the diode area) for sample
WC45 on day-0 and day-101 are shown in Figs. 5.27 and 5.28 respectively. It is clear from
these two figures that changes occurred in the reverse voltage region over the 101 day
period. Firstly, it is seen that the extrapolated intercept values on the voltage axis changed
with storage time. The 20 and 100 Hz ciuves show a decline in this value from 0.55 volt on
day-0 to around 0.36 volt on day-101. The 1 kHz intercept also shows a decrease with
time,though somewhat smaller, from 0.58 volt to 0.48 volt. The 10 and 100 kHz curves show
intercepts that have actually risen with time, from 0.58 and 0.64 volt respectively on day-0,
to 0.65 and 0.90 volt respectively on day-101. It is also seen that the intercepts for the
different frequencies on day-0 are relatively close trgether, within 0.1 volt of each other,
while those for day-101 are more spread out, covering a 0.55 volt range. Note, however, that
both figures display a rise in intercept value with frequency. Another variation is «n increase

in the average slope by about a factor of two over the 101 day storage period. Furt ;ermore,
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the day-0 curves are much closer together than the day-101 curves. The curves for day-0 are
within about 2x10™cm*/F? of each other, while those for day-101 are spread over a range
about 8 times laiger. Note, however, that in each figure, the mghest curve 15 that tor 100
kHz, while the lowest is that for 20 Hz. In summary then, 1t 1s seen tfrom these figures thut
the intercept values decrease with storage time for the 20, 100 and 1000 Hz curves, they
increase with time for the 10 and 100 kHz curves, and the slopes of the straight line portions

of the curves increase over the 101 day period.

3.3.6 Material Analysis Studies

In this part of the study, several samples were examined by x-ray diffraction (XRD)
analysis and by scanning electron microscopy (SEM). This study was made to get a better
understanding of the Se/Te interface and to attempt to correlate the findings with the
electrical characteristics.

In Fig.5.29, XRD scans are shown for sample WC6! on day-1 and day-10. From these, 1t
is seen that the semiconducting compound Te&Se is present on day-10, where all of the
expected T¢Se peaks are present. However, no peaks for this compound are detectable on
day-1. It is also seen that the presence of T¢ metal is very weak, in that there 1s only one
peak for T¢ present on day-1 and no peaks at all for day-10. Both scans, however, show
peaks for Se, though they are not as promunent in the day-10 scan as they are for day-1.
Several peaks for T¢,CO, are also observed in both scans. This compound forms as a result

of a reaction between the T2 and the atmosphere, as was reported previously [2] [12]. More
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extensive results confirming its formation with storage time are shown in Fig.5.30. This
tigure shows two XRD scans of a T film deposited on a glass slide; one scan when the film
was fresh; the other, after about six months of storage time in air. The vertical line segments
indica.e where Te¢ und Te,CO, peaks are expected. It is seen that the day-0 scan displays
a strong presence of Te, but no clear peaks for the carbonate. On the other hand, the day-
200 scan shows no sign of Te but a very strong presence of T£,CO,. Thus, it is clear from
these studies that the Te films in this work were converted into T2Se (a semiconductor) and
Te,CO, (an insulator) with storage time. In both of these XRD figures there are some peaks
which remain unexplained. However, their analysis is beyond the focus of this work and is
left to be studied at a later date.

SEM photographs of the cross-section of two samples, WC49 and WC54, are shown in
Fig.5.31 for day-0. The photographs are of the back-scattered electron image and show
different layers of material in each sample as identified by x-ray fluorescence analysis (see
appendix). It is seen that the T¢, Se and Bi layers are very well defined for WCS4. While
these layers are also present for WC49, there appears to be an extra layer between those
for Te and Se. From x-ray fluorescence analysis (see appendix), this intermediate layer is
found to be a mixture of Se and T2, possibly TéSe. Thus, it seems that some T¢ has
diffused into the Se layer. Shown also in this figure, are the 100 Hz C,-V curves for both
samples on day-0. It is of interest to note at this point, that the curve for WC49 shows
negative C, values, while the values for WC54 remain entirely positive, suggesting that the
negative C, effect is associated with the diffusion of the T¢. The 20 Hz curves (not shown)

for the two samples are somewhat more coinplex, but nevertheless, confirm the overall
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trend. Another interesting observation is that the diffusion of T¢ into the Se appears to have
been much faster for WC49 than for WC54, despite the fact that the fabricaton parameters
were nominally the same for the two samples. Thus, it would seem that the T'e ditfuses more
readily in some samples than in others. It was also observed from SEM studies of samples
at different storage times, that the extent of the T¢ diffusion changes verv little with storage
time after fabrication, suggesting that the greater part of the diffusion took place dunng the

fabrication process.

5.4 Discussion

The most interesting result in this chaj : was the observation of negative capacitance in
Se-Te structures in the forward direction at low frequencies. This occurred for the most part
at the capacitonce minimum near 0.2 volt. At this voltage, however, no singulanty was
observed in the j-V or R -V characteristics. While most of the freshly made samples showed
the negative capacitances, there were two exceptions, which had capacitance charactenstics
that were entirely positive. These samples were therefore labeled as "unusual” but after
storage in air these samples too showed negative capacitance.

While inductive behaviour can arise in Schottky junctions due to high level injection, as
explained in chapter 2, the aging experiments reported on in this chapter suggest that in the
present samples, the negative capacitance arose from the formaton of the semiconductor
TeSe at the T2 /Se interface. This compound resulted from the diffusion of the thalliuminto

the selenium. Thus, the aging process could be as follows. At the beginning the device was
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a Schottky junction between the thallium and the selenium - this is provided that, in the
thallium deposition step, the sample temperature was not allowed to rise too much,
otherwise extensive diffusion would take place before the sample was removed from the
deposition chamber. In any case, with storage time, tha'lium diffused into the selenium and
TeSe was formed in a very thin n-type layer. Because this layer was initially smaller than
a carrier diffusion length, high level injection occurred with forward bias, which gave rise
to inductive behaviour. This inductive or negative capacitance effect became stronger as the
TeSe layer grew thicker. However, when the thickness exceeded a diffusiun length, the high
level injection effect was reduced because of the greater volume of T¢Se semiconductor and
hence the negative capacitance effect decreased. These stages correspond to what was
actually observed with storage time for sample WC45. While the aging was followed in
detail for only one sample which had purely positive capacitance when freshly made, the
changes with time were similar to those of other samples except that with these the aging
was more advanced. It is therefore postulated for most of the samples that much of the
aging or formation of T2Se had already started during the fabrication process.

While much work was done previously on Se-T¢ diodes, negative capacitance was not
specifically reported, although a rise of capacitance with frequency was reported by Pan [2].
Such a rise with frequency, which was also observed in this work, could only come about if
there was an inductive component in the reactance [13]. The reason for not seeing the
negative capacitance values in previous work was partly due to the fact that the lowest
measurement frequency was only 100 Hz, whereas in the present work it was 20 Hz.

However, this 1s not enough to explain the difference, since some samples in the present
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work showed negative values at frequencies as high as 1 kHz. Thus, there must have been
a difference in the fabrication conditions between the present and past work.

Storage in air also had some interesting effects on the current-density versus voltage
characteristics. The forward current-density decreased monotonically with storage time for
sample WC45 in a similar manner to that reported by Pan [2]. Pan attributed this decrease
to the conversion of the T2 counterelectrode to T¢,CO,, an insulator, which resulted in an
overall increase in the resistance of the device. While this carbonate was also observed in
several samples of the present work, it is not likely to have formed in sample WCH4S, since
its counterelectrode was completely covered by a protective indium layer. Chan [3}, on the
other hand, suggested that the decrease in forward current-density was due to the formation
of TeSe at the T /Se interface, which resulted in an n-type T2Se/p-type Se heterostructure.
Thus, the forward current-density decreased because the n-type T2Se had far fewer carriers
than Te metal. The ideality factor and the reverse current density also changed with storage
time, in that, they both increased. It is suggested that this effect was also due to the
formation of the T¢Se layer. The lattice mismatch between the TeSe and the Se [14]
resulted in a high density of recombination traps at the interface. As the TeSe grew, the
effect of recombination resulted in an increase of the ideality factor and the reverse current-
density [9] [10]. The emergence of this recombination may also have contnibuted to the
decline in the negative capacitance effect, as mentioned earlier, since injection of carriers
into the T2Se would have been lowered as well.

Chan (3] also suggested that the formation of this TeSe layer had an etfect on the Mott-

Schkottky plots. In this case, he stated that the depletion region extended into the newly
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formed TeSe layer, where there was a carrier concentration lower than in the bulk Se. This
resulted in Mott-Schottky curves that became steeper as the Te¢Se layer grew thicker with
storage time. [n this work, such an effect was also observed in the Mott-Schottky plots for
sample WC45.

While there was a large degree of consistency in the j-V characteristics from sample to
sample, there were stll some notable differences. It is suggested here that these differences
were mainly due to different morphologies in the Se layer for each sample. This morphology
was determined in part by the deposition rate as well as the doping level in the Se. It is
believed from the results of sample WC36 that better rectifiers resulted when they were
made with Se films that were deposited at slow rates as opposed to fast rates.

Champness and Pan [15], as well as, Pan himself [2] previously reported a plateau region
in the 0 volt C-f characteristics for Se-T¢ samples at higher frequencies. In this work,
however, only a tendency to such a plateau was observed and, even then, only at forward
bias voltages. The lack of such a plateau at a 0 volt bias in this work was similar to what was
reported by Chan [3]. A circuit model, consisting of a diode in series with a parallel
combination of a resistor and capacitor, was proposed by Pan [2] [15] to explain the plateau
and if this model is applied here, then the discrepancy seen between the present results and
those of Pan may have been due in part to the fact that the incremental resistance at 0 volt
for the Se-Te¢ samples in this study was somewhat lower than in Pan's. A lower resistance
would result in a larger cutoff frequency at which the plateau is seen and in this work the
plateau may have actually been at a frequency beyond those measured. It is difficult to

compare the Cp-f curves for forward bias voltages, however, since Pan’s results were
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incomplete. In any case, it is expected that a better understanding of these Cpt

characteristics would be obtained from a circuit model similar to that proposed by Pan.
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6. RESULTS ON Bi AND Pt CONTACTS TO Se

6.1 Introduction

In the previous chapter it was mentioned that Se-T¢ diodes wete studied because of theit
excellent rectifying characteristics. In this chapter, however, the thesis foevses on Biand P
contacts to Se, which, because of their higher work tunctions, are expected to give Schotthy
junctions with lower barrier energies. Accordingly, these should be of lTow resistance and
only weakly rectifying. As seen in Table I, some 17 samples were made with Bi as the
counterelectrode metal and 7 samples were made with Pt as the counterelectrode metal.
Though Bi was the main back-contact metal used, several samples were made with Pras the
back-contact. Despite relatively few samples made with Pt, this work s, nevertheless, the
first to report from this laboratory electrical characteristics of Pt contacts to Se, back or
front.

With aimost all of the metal-Se-metal samples studied in this laboratory, the forwand -V
characteristics were obtained with the bhack-contact positively biased with 1espect to the
counterelectrode. For samples made with Pt, however, it will be scen that this s often no
longer the case. Therefore, to avoid ambiguity, the description in this chapter will refram
from using the words "forward” and "reverse” and a characteristic will be referred to as being,
in the "back-positive" direction when the back-contact 15 positively brased and, Ikewise, in
the "back-negative" direction when the back-contact s negatively brased

The first section of this chapter presents the J-V, R -V and Mott-Schottky charactenshes
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of Bi counterelectrode samples and Pt counterelectrode samples made with either Bi or Pt
back-contacts. The section also describes how the rectifying characteristics for Bi contacts
compare with those of Pt contacts. The next section presents C,-V and C,-f characteristics
for the samples, where an inreresting negative C, effect is seen similar to that for the Se-Te
samples of chapter 5. Section 0.4 presents the results of aging studies on a B1-Se-Bi sample.

‘Though these results are not as extensive as those for the T2 samples, they are, nonetheiess,

quite informative.

6.2 Characteristics of Se-Bi and Se-Pt Structures with Bi and Pt

Back-contacts

This section presents j-V, R -V and Mott-Schottky plots for several samples with the
structures Bi-Se-Bi, Bi-Se-Pt, Pt-Se-Bi and Pt-Se-Pt. The first subsection cempares the results
for samples with Bi as the back-contact, while the second compares the results for Pt back-

contact samples.

6 2.1 Samples with Bi as the Back-contact

The j-V characteristics for two Bi-Se-Bi samples, WC27 and WC32, are shown in Fig.6.1.
These two samples had the lowest and highest rectification ratios respectively for samples
with this type of structure. While WC32 shows a rectification ratio of almost three orders

of magnitude, WC27 shows rectification of only about one order. This large difference is
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mostly the result of a rather low forward j-values for WC27. 1t is also seenn the tigure that,
the back-positive (forward) curve for WC32 shows a straight line portion betwec i about .05
and 0.15 volt, which corresponds to an ideality factor of about 1.3. The curve ior WC27, on
the other hand, shows no such straight line regicn.

The j-V characteristic for sample WC29, a Bi-Se-Pt structure, is shown in Fig.6 2, along
with hat for WC32 for comparison. At first glance it might seem that the two are quite
<imilar. However, the direction of rectification for the Pt sample 15 actually opposite to that
of the Bi sampie, as indicated by the labeled voltage polarity of each curve. This is more
clearly seen in Fig.6.3, where the current versus voitage (I-V) charactensucs of the two
samples are re-plotted on linear scales. While the high current direction tor the Bi sample
is when the back-contact is positive, the high current direction for the Pt sample 15 when the
back-contact is negative. It is also interesting to note that the back-negative j-V curve for
the Pt sample in Fig.6.2 actually rises to a slightly higher value than the back-positive
(forward) j-V curve for the Bi sample at 1 volt, in spite of the fact that the Bi sample
showed the highest current density of all the Bi-Se-Bi samples studied. Thus, 1t appears that
a Pt counterelectrode contact gives a higher current density than any of the Bi/Se contacts,
back or front. Inspection shows that with the two samples positively inased at the back-
contact, the j-value for the Pt counterelectrode sample (WC29) 15 less than S% that of the
Bi sample (WC32). In fact, this smaller j-value is quite close to the 1 volt back-posstive
(forward) j-value of sample WC27 (Fig.6.1), which was the Bi-Se-Bi rectifier with the
smallest back-positive current in this work. Fig.6.4 shows the J-V characteristies tor another

Bi-Se-Pt sample, W('64. It is seen in this case that, there 1s essentially no rectification at all
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and furtherrore, the log(j)-log(V) curves, shown in the inset, suggest a linear j-V
relationship. Nevertheless, the j-value at 1 volt is stiii higher, though by only a slight margin,
when the back-contact is negative than when it is positive. This is consi:tent with what is
seen for sample WC29, another Bi-Se-Pt sample.

In Figs. 6.5 and 6.6 the R-V characteristics are displayed for samples WC32 and WC29
respectively. The Bi sample, WC32, shows a large dispersion of the curves for back-negative
voltages, while the curves are relatively close together in the back-positive direction.
Characteristics hike these were common to all the Bi-Se-Bi samples of this work and are
similar to those seen for the Se-T2 samples presented in the previous chapter. In contrast,
the Pt sample, shows curves that are relatively dispersed in the back-positive voltage region
and which are close together in the back-negative direciion. Thus, if the curves for the Pt
sample were reflected through the 0 volt axis, they would be quite similar to those of the
Bi sample. This is consistent with the j-V plots for these two samples, which showed
opposite directions of rectification. It is also interesting 1 note that there is a convergence
of the low frequency curves (less than 100 kHz) in both R,-V plots for both the positive and
negative voltage regions. Such similarity betweea the curves at both voltage polarities was
not observed with the Se-Te2 samples.

Mott-Schottky plots for WCS5, a Bi-Se-Bi sample and WC29, a Bi-Se-Pt sample, are
shown in Figs. 6.7 and 6.8 respectively. The curves of the Bi sample, in Fig.6.7, for
frequencies below 100 kHz are seen to show a straight line region for negative back-contact
potentials, suggesting that a reverse biased junction is present. In contrast, the corresponding

curves for the Bi-Se-Pt sample, WC29, in Fig.6.8, show a straight line region for positive
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back-contact voltages. However, with this unusual polarity, it is of interest to note that, the
values of the slope and estrapolated intercepts for this sample are about the same (though,
with opposite sign) as those for sample "NC55. The Mott-Schotthy curves for W27, the Bi-
Se-Bi rectifier with the lowest back-positive current depsity, are shown m Figo9
Interestingly, this plot displays some symmetry about the ( volt axis, m that, it shows a
straight line portion in 1ts curves for botl: positive and negative polarities, at least for 1 and
10 kHz. It is seen here that, the slopes and voltage intercepts for the curves of one voltage

direction are of about the same magnitude as those of the opposite voltage direction.

6.2.2 Samples with Pt as the Back-contact

The j-V characteristics for sample WCS59, a Pt-Se-Bi structure, and sample WC60, a Pt-Se-
Pt structure, are shown in Fig.6.10. While both samples show a rectification ratio of about
a factor of 10, it is apparent that the characteristics are, in fact, qute different. The high
current curve of WCS59, the Bi sample, is for positive back-contact voltages, whereas, WC60,
the Pt sample, has its high current curve for negative back-contact voltages. Thus, the
rectification direction for the Pt sample is opposite to that of the Bisample Comparing the
two curves for one polarity at a time, 1t is seen that both back-positive curves are relatively
rear each other, while on the other hand, the back-negative curve for the Pt sample 1s seen
to be more than 2 orders of magnitude higher than that for the Br sample at 1 volt.

In Figs. 6.11 and 6.12 the R -V charactenstics are shown respectively for WCS6, a Pt-Se-

Bi sample, and WC66, a Pt-Se-Pt sample. It is seen that like the R -V characteristics for
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samples WC32 and WC29, (dispiayed in Figs. 6.5 and 6.6 respectively) the characteristics
for the Bi sample appear again to be the inverse of those of the Pt sample. Fig.0.11 shows
that the curves tor the Bi sample are more dispersed in the @ ack-negative (reverse) direction
than in the back-posttive dirzction. In contrast, the curve . for the Pt sample, shown in
Fig.6.12, ~how greater dispersion in the back-positive direction than n the back-negative
direction. This is again censistent with the reverse rectificatior direction observed in the Pt
sounterelectiode sampins, It 1s also of interest to note the exist. nce of the minimum. at 0.1
volt in the back-positive direction for the curves of WCS56. Such & minimum was seen in the
characteristics of each of the Pt-Se-Bi samples and was also seen fc + WC27, the sample with
the lowest back-pcsitive curve of all the Bi-Se-Bi samples. Further 1ore, it 1s seen m Figs.
0.11 and 6.12 that, the low frequency curves (less than 100 kHz) ar¢ again ielatively close
together at all voltages. Such a trend was also noted for the Bi back-contact samples 1n the
previous subsection .

The Mott-Schottky plot for the Pt-Se-Bi sample, WC30, is shown in Fig.6.13. Straight line
portions in its curves for both voltage polarities are observed, at least for 10 and 100 kHz.
What is most striking, is that the magnitude of the slope of these curves is about 10 times
higher in the back-positive direction than in the back-negative direction. Such a difference
in slope, from one polartity to the other, was also observed in the other Pt-Se-Bi samples,
WCS6 and 59 (not shown), as well as in two Bi-Se-Bi samples, WC60 and 63 (not shown).
In spite of the different slopes, the magnitude of the voltage intercepts for the WC30 curves
is about the same for both polarities, at about 0.2 volt. The Mott-Schottky characteristics for

sample WC66, a Pt-Se-Pt structure, are shown in Fig.6.14. Unlike the plot for the Pt-Se-Bi
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samgple, this one shows a straight line portion in its curves only for the back-posiuve
direction. While the slope of the 10 ard 100 kHz curves 1s found to be somewhat smaller
than that of WC56 1n the same voltage region, tt 15, nevertheless, igher than that vsually
found for the Bi back-contact samples. The extrapolated intercept of theve curves is at about

0.1 volt, which is similar tc that seen previously for both Br and Pt samples.

6.3 C, versus Voltage and Frequency Characteristics

This section presents the C-V and C,-f characteristics for several samples with the
structures Bi-Se-Bi, Bi-Se-Pt, Pt-Se-Bi and Pt-Se-Pt. The first sub~cction describes the
characteristics of the Bi back-contact samples, while the second subsection presents results

fur Pt back-contact samples.

6.3.1 Characteristics for Bi Back-contact Samples

Prior tu comparing the C,-V characteristics of Bi-Se-Ei samples with those of a Bi-Se-Pt
sample, the curves of several Bi-Se-Bi structures are described. The C -V plots for Bi-Se-Bi
sampies WC24, WC27, WC33 and WCSS5 are shown in Figs, 6 15 to 6.18. Tt 15 observed that,
for the most part, each sample displays the usual decrease in C, values with inerease of
back-negative (reverse) voltage. Furthermore, 1t is seen that all of these plots show that €
is less deperdent on voltage for higher frequencies than for lower frequencies. For example,

the 1 and 10 MHz curves for WCSS are almost flat nght across the figure, whereas the
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curves tor lowe - frequencies show much more vanation. However, 1t is in the back-positive
(forward) voltage range at lower frequencies, where there 1s considerable variation between
the plots. In this voltage range the plot for sample WC24 in Fig.6.15 shows a very strong
negative capacitance etfect tor the lower frequencies of 20 and 100 Hz. Furthermore, the
curves at these trequencies show a broad negative rminimum at about 0.5 volt. A minimum
for 10 and 100 kl1z 15 also seen but at 0.2 volt. The plot for sample WC27 in Fig.6.16 also
shows curves in the torward direction with @ min mum betweea (0 and 0.1 volt for
frequencies up to 100 kHz but with no ne gative C-values. It 15 also seen that, the 20 Hz
curve for this sample deviates quite substantiaily froor the others for back positive voltages
above about 0.3 volt. The 20 and 100 Hz curves for sample WC33, shown in Fig.6.17, also
display negauve C, values brri only above about 0.8 volt in the back-posiuve voltage
direction. The 100 kHz curve in this figure shows a broad mimmum at about 0.6 volt in the
hack-positive direction but an unusual bow-uke shape in the back-negative direction
Jeverse). The curves for sample WCSS, shown in Fig.6.18, are relatively free of anomalies.
This plot shows no negative C, values at any frequency, and only a very weak minimum in
the 100 Hz curve at 0.1 volt in the back-positive direction and possibly also in the 20 Hz
curve at O volt. The 20 Hz C, values for back-positive voltages above 0.6 volt, however,
showed great instability when measured and, hence, were left off this plot.

The C,-V cuaracternstics of Bi-Se-Pt sample, WC29, in Fig.6.19, are now compared with
those above for the Bi-Se-Bi samples. It is seen that the plot for WC29 is quite different
from those of the Bi-Se-Bi samples. In the back-negative direction the curves for the Pt

counterelectrode sample are very dispersed, whereas in the back-positive direction they tend
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to converge together, with the exception of the 20 Hz curve. In contrast the curves tor the
Bi-Se-Bi samples, shown 1n Figs. 6.15 to 6.18, are relatively convergent in the back-negative
direction and are quite dispersed 1n the back-positive direction. Thus, even the C-V
characteristics of Bi-Se-Pt sumple, W C29, appear mverted in comparison with those of the
Ri-Sc-Bi samples. It is of interest to note that, the. 2 appears to be a double mmimum w the
20 Hz curve for W(C29, with one mimmum at ©* volt and *he other at (.2 volt 1n the back-
positive direction. Such a multiple minimum was not seen in any of the Bi-Se-Bi samples
and, in fact, Se-T¢ structures were the only other samples an this work where a multple
minimum was observed on day-0.

Using the C-V data at the different frequencies, C-f plots were made for the samples
Though there 1s a somewhat large variation in these plots, some interesting consistencies are
also seen.

The C,-f characteristics for the Bi samples, WC34 and WCS3, both Bi-Se-Bi structures,
are shown in Figs. 6.20 and 6.21. It is seen that these two Bi counterelectrode samples have
characteristics that resemble one another in many ways. All of the curves converge together
at high frequencies (around 10° Hz) where they show a relatively steep decrcase with
increase of frequency. In fact, the C,, values for WCS5 i this range decrease approximately
as 1/f. The 0 and -1.0 volt curves, in esch case, show relatively hittle variation from 20 11,
to around 10* Hz. Interestingly, the 1 volt back-positive (torward) curve for each sample
actually shows a broad minimum at 10° Hz. Furthermore, the 02 and 0.3 volt curves, for
WCS5 and WC34 respectively, are seen to decrease steeply and cross under the -1.0 and 0

volt curves as the frequency rises from 20 Hz to about 10> Hz Such a cross under was alvo
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seen for Se-Te diodes in chapter S but at a somewhat higher frequency, around 10° Hz.

The C-f plot for sample WC29, a Bi-Se-Pt sample, 1s shown 1n Fig.6.22. At first glance
the curves seem quite sumilar to those of the Bi-Se-Bi samples. The O volt curve is quite
simular to those of the Bi-Se-Bi samples. However, 1n Fig.6.22 1t 15 the 1.0 volt back-positive
curve that s relanvely flat between 20 Hz and 10° Hz, not the -1.0 volt curve, as for the Bi-
Se-Bi samples. Furthermore, the -1.0 volt back-negative curve for the Pt-counterelectrode
sample resembles the 0.3 volt back-positive curve for Bi-Se-Bi sample, WC34 (F1g.6.20), in
that both curves show a relatively steep dechne from 20 Hz to above 10* Hz.

At this point 1t 15 informative to display some characteristics of the very 'nteresting sample
WC635, a Bi-Se-Pt structure. Fig.6.23 shows the j-V charactenistics and it 1s seen that they
resemble those of WC64 in Fig.6.« The rectification ratio i1s relatively small and its direction
15 opposite to that found in samples made with Te¢ and Bi as the front-contact. Fig.6.24
shows the R;-V and C,-V characteristics for the sample, where it is seen that the the R,
value 1s essentially invariant with bias voltage and frequency, at least between -1 and 1 volt
and between 100 Hz and 100 kHz. Similarly, the value of C, is relatively independent of bias
voltage and frequency, having a value near 100 nF, at least for bias voltages between -1 and
I volt and frequencies between 100 Hz and 10 kHz. These results are given special attention

in the discussion section later in this chapter.

6.3.2 Characternistics of Pt Back-contact Samples

The C-V curves for two samples, WC56 (Pt-Se-Bi) and WC66 (Pt-Se-Pt), which had Pt
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as their back-contact are shown in Figs. 6.25 and 0.20 respectively, s obsenved that, the
plot fo. WCS6, the Bi couterelectrode sample, displays very littie in the wav ot anomalies
outside of a weak mimimum at 0.1 volt in the back positive direction tor the 100 Kz curve
and only a tendency to a mmmmum between 0 and 0.1 volt for the 20 Hz curve In tact, this
plot resembles that of WC5S shown in Fig 6.20. On the other hand, the plot tor We'en, the
Pt counterelectrode sample, 15 very different from that of WCS6  Firstly, the plot tor W60
in Fig.6.26 shows larger dispersion of the curves in both bias directions than tor sample
WCS56 as well as the other samples of this work. Even more stihing though, v the
pronounced mimmum 1n the 20 Hz curve at 0 1 volt 1n the back-negauve direction, which
actually extends to negative Cp values. A minimum 1s also seen in the curves tor 10O Hz, 10
kHz, 100kHz and 1 MHz between -0.1 and -0.3 volt in the back-nevsatve direction but not
for 1 kHz. Other samples of this work showed such minima only n the back-posttive bias
direction. This again is consistent with an inverted rectification direction for samples where
Pt is the counterelectrode metal.

In a similar manner to that for the Bi back-contact samples, C-f plots were also made
for Pt back-contact samples. These also show some 1nteresting features and they are now
presented.

The C,-f curves for three Pt back-contact samples, WC30 (Pt-Se-Bi), WCSY (Pt-Se-Br) and
WC66 (Pt-Se-Pt) are displayed n Figs. 6.27 to 6.29 While the curves tor WC30 are
relatively free of anomalies, those for WCS9 and WC66 are not so well behaved, in that,
these have negatve C, values, as well as, a minmmum for sample WC66. The back-positive

1.0 volt curve for WCS9 shows strong negative C, values for trequencies below 100 Hez Tt
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also shows an increase as the frequency increases for low frequencies. A nise with frecvency
at low frequencies 1s also seen in the 0.3 volt curve, as well as, in the -1.0 volt back-negative
(reverse) curve. Sample WCH6 also shows a curve that p asses into the negative C, domain
at low frequency but in this case for 0 bias. Furthermore, while both the 0.8 and -0.8 curves
show a steep decrease with frequency from 20 Hz to about 10° Hz, a strong minimum is
present in the -0 8 volt curve at 10° Hz. A sinular minimum was seen also for several Bi-Se-
Bi samples (Figs. 6 22 and 6.23).

When presentng the RP-V characteristics earher, in secuon 6.2, it was seen that the
curves at low trequencies were very near one another at all bias values, while the high
frequency curves were somewha. spread out. Plots of R against f are now presented which
show this trend more clearly. The R -f plot for sample WC32 (Bi-Se-Bi) 1s shown in Fig.6.30
for 1.0, 0 and -1.0 volt bias values. It is seen that the 1.0 volt back-positive (forward) curve
15 almost flat from 20 Hz all the way to 1¢° Hz. On the other hand, the curves for 0 and -1.9
volt show a a relatvely flat region only between 20 Hz and about 10* Hz and then a
relatively steep dechine with frequency [ r higher (requencies. It is also seen that all three
curves converge together at higher frequencies, above about 10° Hz. Similar features are
seenin the R -t plot for sample WC6o (Pt-Se-Pt) in Fig.6.31. However, in this case, it is t1e
-0.8 volt back-negative curve that 1s sesn to be rciatively flat over the eatire frequency rang »
and 1t s the 0.8 volt back-posttive curve that shows the relatively large vanation. It is
interesting that, despie showing rather anomalous C-f curves (Fig.6.29), such anomalies are

not apparent i the R-f plot for this sumple.
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6.4 tEvidence for Aging in Bi-Se-Bi Samples

[t was seen in chapter S thut negative capacitance was observed in most of the Se-T'¢
samples ot this work and this negative effect seemed to coincide with the formation ot the
semiconductor Te¢Se. Several Bi-Se-Bi samples of this work also showed negatve C-V
characteristics similar to those of the T2 samples. In this section results are presented on
some aging studies of Bi-Se-Bi sample WCS55, which imtially did not show negative
capacitance values. Though these studres were not 1 :arly as extensive as those of the T
samples, they were, nevertheless, quite informative. The C-V, R -V, §-V and Mott-Schottky
plots for this sample on day-0 and day-151 are now presented.

The 20 and 100 Hz C,-V characteristics for the sample on day-0 and day-151 are shown
in Fig.6.32. While the curves for the back-negative (reverse) voltage are almost identical, the
curves in the bac: nsitive region are quite different after the 151 days of storage. Firstly,
the 20 Hz day-0 irve shows no negaiive vaiues, while that for day-151 shows a strong
negative C, effect in the back-posiuve direction beyond 0.6 volt. Thus, 1t would seem that
the presence of negative C, values has ;rown with storage time. Secondly, it is also seen
that, there is only a tendency to a mmmum at this frequency mn the day-0 curve near 0 volt,
while a strong mimtmum 1s present in the day-151 curve shifted to O 1 volt The 100 [z
curves show a simular trend with a shift of also 0 1 volt. Thus, 1t appears that the mmmimum
has also become more pronounced with storage time and has shifted to a shghtly greater
back-positive veltage. Similar aging effects were also seen for Se-Te samples described in

chapter 5.
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Figs. 6.33 and 6.34 show the R -V plots for this sample on day-0 and day-151 respectively.
It is seen that, the two plots are quite similar in shape; they differ only, in that, the low
frequency R, values for back-negative voltages are somewhat smaller for day-151 than day-.
‘Thus, these characteristics have not changed dramatically with storage time as did the C,-V
characteristics.

'The j-V characteristics for the two storage times, day-0 and day-151, are shown in Fig.6.35.
It is seen that, while the back-positive (forward) j-values decreased only slightly from their
day-0 values, the back-negative values increased by a factor of four. Thus, the rectification
ratio decreased from about 2 orders of magnitude on day-0 to just above 1 order of
magnitude on day-151. Nevertheless, the j-V charucteristics do not show the emergence of
anomalies with storage time such as displayed in the C,-V characteristics.

As mentioned previously, the back-negative C,-V characteristics changed very little with
storage time. Reflecting this fact, it is seen that the Mott-Schottky plots too, in Figs. 6.36
and 6.37, show relatively little variation over this storage time period. Though, the curves
are slightly more dispersed for day-151 (Fig.6.37) than day-0 (Fig.6.36), their slopes and

intercepts are still about the same.

6.5 Discussion

The most interesting result in this chapter is that the Pt counterelectrodes provided low
resistance contacts to Se. Hence, diodes made with Pt as their counterelectrode rectified in

a direction that was opposite to that observed for all other Se-metal samples made in this
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laboratory with the counterelectrode metals Te, By, Mg, Au, A¢, Cd, and Cu. Such a low
resistance at the Pt front-contact may have come about in the following way Since Pt has
such a high melting point (1769°C) and because the filament to substrate distance was rather
small during the Pt counterelectrode evaporation (2 cm), 1t is expected that the metal was
quite hot after it was deposited on to the Se film. At such a high temperature, it is
speculated that the small energy gap semiconductor PtSe, (E, = 0.1 ¢V [16]) may have
formed at the Pt/Se interface. It is further speculated that this semiconductor tormed a low
resistance and essentially ohmic contact to the Se, while the contact between the Ptand the
‘ P.tSe2 was also ohmic. In this case, the current-voltage characteristics would be donunated
by the higher resistance back-contact. Thus, 1f the back-contact metal was By, the -V
characteristics would represent those of a Bi-Se contact, while if the back-contact was Pt,
they would represent those of a Pt-Se contact. While it was seen 1n this work that most of
the Bi back-contacts were also of low resitance, the Pt back-contacts did not show low
resistance properties and, in fact, displayed characteristics which resembled that of a
rectifying junction. The Pt contacts were not of low resistance perhaps because their
formation during the Se deposition step involved relatively low temperatures (substrate
temperature 130°C; Se melting point 217°C), which were not high cnough to form PtSc,.
While it may have been thought that the rectifying nature of the Pt back-contact depended
on the method by which the Pt was deposited (sputtered vs evaporated), this was actually
not the case, since sample WC66 was made with a Pt back-contact that was deposited by
evaporation and it was seen that it too showed the inverted rectification propertes, Of

course these speculations must be verified by further experimentation.
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While in almost all cases, the Bi back-contact in the samples of this work was of relatively
low resistance, some were of relatively high resistance and in fact evidence suggests that
these were also partially rectifying. In particular, sample  WC29, showing inverted
reetihication and sample WC27, showing normal rectification both exhibited Mott-Schottky
plots which suggest that a junction was present at the Bi/Se back-contact. From the
fabrication data of these samples in Table I, it is seen that the Bi back-contact films for
these two samples were unusually thin, Thus, it would seem that 2 thin Bi back-contact
produced a relatively high resistance, rectifying back-contact. It 1s speculated that the thin
B! back-contact layer only partially covered the surface of the A€ substrate. Thus, the A2
substiate was exposed in certain areas to the Se, which gave rise to high resistance,
rectitying Ae-Se contact arcas. Another possible explanation is that the thin Bi layer was
completely consumed in the formation of Bi,Se; at the back-contact during the Se
deposition. 'Thus, the back-contact was actually a heterojunction of the form A¢-Bi,Se,-Se,
which was rectifying since the A2 did not make an ohmic contact to the selenide. A thicker
Bi layer would not have been completely consumed, so that the back-contact junction would
be of the torm Bi-B1,Se-Se and in this case the Bi provided an ohmic contact to the
selenide. The selemde here has such a low gap energy (0.35 eV [17]) that it would make
only & weakly rectitying contact to the Se.

It iy believed that the low resistance Pt front-contact, as well as, the low resistance Bi
back-contact to the Se were actually not uniform. That 15, ohmic contacts to the Se layer
were only present in small areas and acted as bridges between the metal and the Se. The

remaining arcas are believed to have been Schottky contacts between the Se and the Pt or
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the Se and the Bi. This would explain why in sample WC65 the values of € and R, were
essentially independent of voltage. The low resistance areas or bridges would tend to short
out the Schottky junction areas so that varying the bias across the entire sample would not
result in much bias change across the actual junctions. Thercfore, the capacitance and
resistance of the Schottky junction areas would vary only slightly as the bias voltage across
the sample was changed. Furthermore, the capacitance value of 100 nF observed in this
sample corresponded to the zero bias value measured for sample WCSS, a Bi-Se-Bi sample,
as well as other sqmples (not shown), which suggests fu:ither that any junction present 1n
sample WC6S was, essentially, at zero bias.

In several sampies of this work the Mott-Schottky plots showed straight line regions for
both bias polarities. Such behaviour corresponded to what is expected for two back-to-back
diodes. When the counterelectrode was forward biased, the back-contact was in reverse, so
that most of the voltage applied to the structure was actually across the back-contact. Thus,
it was primarily the back-contact capacitance that was measured under these circumstances.
Conversely, when the counterelectrode was reverse biased, the back-contact was forward
biased and the capacitance measured was that at the counterelectrode. It was seen in this
work that the Bi-Se-Bi sample WC27, showed Mott-Schottky curves with a slope of about
the same magnitude for both bias directions, suggesting that the nominal hole concentration
in the Se was about the same at both contacts. On the other hand, the Pt-Se-Br sample
WC30 showed a slope in the back-positive direction about 1) times larger than that for the
curves in the back-negative direction. This suggests that the nominal hole concentranon at

the Pt back-contact was about an order of magnitude lower than that at the Bi
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counterelectrode. Further evidence suggesting that these samples were actually back-to-back
diodes was scen in the Rp—\’ characteristics, where a clear minimum was observed. Such a
minimum comes about when the two diodes have equal voltages across them as explained
by van Opdorp and Kanerva [18], which is at zero bias when the diodes are identical.

In chapter 5, it was seen that a low frequency inductive effect was quite strong in the Se-
Te samples. Such an inductive effect was also seen for samples presented in this chapter and
this was despite there being no T2 present. In fact, the effect was also secn for a Pt-Se-Pt
sample (WC66), which had neither Bi nor T2 present. ;hus, the appearance of this
inductive effect does not depend especially on whether T2 or Bi are present. It was also
seen with the Te¢ samples that the inductive effect grows with time, at least in the initial
stages after fabrication. A Bi-Se-Bi sample (WCSS) also displayed such a growing inductive
effect and it is speculated that, like the T¢ samples, it may also be due to selenide
formation at the counterelectrode-Se interface, specifically Bi,Se; which was not detected

by x-ray diffraction in this work but was detected in a previous study [19].
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7. BARRIER HEIGHTS OF Se-METAL CONTACTS

7.1 Introduction

As is evident from the results given in chapters 5 and 6, the characteristics of the Se-Te,
Sc-Bi and Se-Pt diodes are quite different. These differences arise in large part as a result
the difterence in thewr barrier heights. It is therefore very important to determine this
quantity and this is attempted in this chapter. The barrier heights of the Se-metal contacts
m this work were determined from j-V, C -V and photoelectric measurements, as previously
desenibed i chapter 2. In the present chapter, the results ot these measurements are
presented A summary of these results are tabulated in Table II, where the barrier height

values, determined from these measurements, for T, Bi and Pt contacts to Se are listed.

7.2 Barrier Heights from j-V Measurements

The barier height of a Schottky junction can be determined from forward |-V
measurements, particularly from the mtercept value j,, as explained n chapter 2. In this
section, the bairier heights for a representative Se-Te sample, WC44 and a representative
Se-Brsample, WC32, are determined from these measurements. A reliable barrier height
value tor a Preontact o Se could not be ol:itained from the j-V data and so, Pt results are
not presented here.

In Fag.7 1, the forward -V chatacteristics for two samples, WC44, a Se-Te sample and




WC32, a Se-Bi sample are shown. Both curves display a straight line regron around 0.1 volt
corresponding to an exponential j-V dependence. These straight line regions are seen to
have extrapolated intercepts on the j-axis of about 3x10°® and 4.5x10” amp/cm” for the Se-
T2 and Se-Bi samples respectively. Assuming these values correspond to ), the barrier
heights are found to be 0.85 and 0.62 eV respectively. These values, as well as those
determined for other samples from their respective j-V plots (not shown), are listed in Table

II(a) column 2 for T¢ samples and Table 1I(b) column 2 for Bi samples.

7.3 Barrier Heights from Capacitance Measurements

As was already mentioned in chapter 2, the barrier height of a Schottky junction can be
determined from C,-V measurements that are plotted in the form of a Mott-Schottky plot.
In this section Mott-Schottky plots for Se-T2, Se-Bi and Se-Pt junctions are presented, along
with their corresponding barrier heights, as listed in Table 1. Though the C-V
measurements were carried out at many different frequencies for a given sample, only the
100 Hz or 1 kHz data are presented here, as these frequencies provided the most consistent
results. Note that there was little difference between the 100 Hz and I kHz results for a
given sample and so, often, the data for only une of these frequencies 1s presented here. The
characteristics shown for the T2 samples are all for 100 Hz only, while those for the i
counterelectrode samples are for | klz

Mott-Schottky plots for the Se-T¢ samples are shown in Figs. 7.2 and 7.3 for 100 Hy It

is seen that most of the curves have an intercept, V,, of between 0.5 and 0.65 volt Tt s also




found that their slopes range between about 1x10™ and 5x10™em*F2V-}, corresponding to
carricr concentrations of between about 1.5x10"7c¢m™ and 3.5x10'cm™ respectively. Despite
their apparently large spread in values, these concentrations, in turn, correspond to Fermi
levels in the bulk Se situated in a relatively narrow zone between about 0.13 eV and 0.16
¢V above the valence band edge. This assumes that the valence band density of states can
be taken as 2.5x10”cm™ for Se. From the intercept values and the Fermi level positions
above the valence band, the barrier height for most of the samples was found to lie between
about 0.65 and 0.80 eV, as listed in Table II(a) column 3. Only 2 out of the 13 Se-T2
samples with values listed here have barrier heights outside this range, namely WC46, the
sample made with undoped Se and WC38. These samples display Mott-Schottky curves with
the two lowest slopes and the two smallest intercept values. Furthermore, the curve for
WC46 is not particularly straight, so the extrapolated intercept shown is somewhat arbitrary.

The 1 kHz Mott-Schottky curves for the Se-Bi (Bi counterelectrode) samples are shown
in Figs. 74 and 7.5. It is seen that for the most part the curves have an intercept between
0.1 and 0.2 volt. Like the curves for the T2 samples, these also show a spread in slope and
correspond to carrier concentrations between about 1.5x10"¢cm™ and 2.5x10'%cm™. Once
again, despite this spread in concentration values, the Fermi level position in the bulk Se
corresponding to these concentrations is found to lie in a relatively narrow range, between
about 0.13 ¢V and (.17 eV above the valence band edge. The barrier heights determined
from these values are listed in Tables II(b) and II(c) column 3, where it is seen that most
of them fall between about 0.25 eV and 0.35 eV. The one exception, that for sample WCS535,

is somewhat higher at about 0.42 eV, as the curve for this sample shows an unusually high



intercept at 0.27 volt. It is also of interest to note that the Se-Bi samples with Pt back-
contacts, WC30, WC56 and WCS9, all show barrier height values (‘Table 1I(c) column 3)
which are not all that different from those of the Bi back-contact samples. However, it is
also seen from Figs. 7.4 and 7.5 that, these F: back-contact samples show curves with the
smallest slopes (though, they are not unusually small) of all the Se-Bi samples.

Fig.7.6 shows the Mott-Schottky plot for sample WC29, a Bi-Se-Pt structure. In chapter
6 it was seen that a Pt counterelectrode behaves like a low resistance ohmic contact.
Therefore, the straight line portion of the curves in the back-positive direction in this figure
correspond to the capacitance of the Bi-Se back contact rather than that of the Pt
counterelectrode. These curves are quite interesting, in that, they show a slope of about
4x10"cm*F2V-1, which is about the same as that observed for the Bi counterelectrode
samples in Figs. 7.4 and 7.5. However, their intercepts, at about 0.40 volt for 100 1z and
0.25 volt for 1 kHz, are somewhat higher than those seen for the Se-Bi samples. IHence, the
barrier height values found for this sample are also somewhat higher, at about 0.55 ¢V and
0.40 eV for the 100 Hz and 1 kHz curves respectively. However, these values are not listed
in Table IL

The Mott-Schottky plot for sample WC66, a Pt-Se-Pt structure, is shown in Fig.7.7 where
4 curves for the frequencies 1 kHz, 10 kHz, 100 kHz and 1 Mz are scen. As mentioned
earlier, a Pt counterelectrode on Se acts like a low resistance ohmic contact and so the
curves in this figure correspond to the capacitance at the Pt-Se back-contact. While the
curves for 1 kHz and 1 MHz have rather large intercepts, those tor 10 and 100 kHz are seen

to be more consistent at about 0.1 V. It is also found that the slopes of the 10 and 100 kliz
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curves correspond to a carrier concentration value of about 2x10'cm™ This concentration,
in turn, corresponds to a Fermi level in the bulk Se of about 0.18 eV above the valence
band. Thus, the barrier height of this Pt-Se back-contact was found from the 10 and 100 kHz

curves to be about 0.28 eV, as indicated in Table II(d) column 3.

7.4 Barrier Heights from Photoelectric Threshold Measurements

The barrier height of a Schottky junction can also be determined from photoresponse
characteristics that are in the form of a Fowler plot, as explained in chapter 2. 'This section
presents such results for several Se-Bi samples and represents the first time this method has
been used in this laboratory to determine barrier heights.

The Fowler curves for two samples, WC60 and WC63, both on day-0, are shown in
Fig.7.8. The intercepts of the straight line region of each curve at lower energies are seen
to be relatively close to each other, corresponding to Schottky barrier heights of 0.67 and
0.70 cV respectively. These barrier heights, along with those found for other Se-Bi samples
using this method, are listed in Table II(b) column 4, where it is seen that most of the
values lic between 0.67 and 0.75 eV. Sample WCS5, however, shows curves in Fig.7.9 for the
two slit widths of 0.3 and 0.6 mm, each having a straight line portion between about 1.1 and
1.5 eV with an mtercept value at 0.93 eV. This intercept is considerably larger than those
scen in Fig.7.8. However, it was obtained from measurements made with photon energies
between 1.1 and L5 eV. The intercept values between 0.67 and 0.75 eV listed in Table II,

on the other hand, were all obtained from measurements made with lower photon energies
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between about 0.8 and 1.2 eV. The Fowler curves for WC57 in Fig.7.10 also show an
intercept value at 0.93 eV from the higher energy points but it should be noted that the
curve for the 0.6 mm slit width shows a tendency to a second straight line region, at lower
energies, between about 0.8 and 0.9 eV, which has an intercept value at 0.70 eV. Thus, there
appear to be two different photothreshold energies present in this sample, one at about 0.7
eV, which corresponds to those seen for the majority of the samples in this study, while the
other one, at about 0.93 eV, correspor:ds to that seen for sample WCSS5 at higher energies.
Note that a 0.70 eV threshold value was obtained with both a NaCl¢ prism (Fig.7.8 for
sample WC63) as well as a SiO, prism (Fig.7.10 for sample WC57). This consistency from
one prism to the other is more clearly seen in Fig.7.11, where the Fowler curves for WC57
on day-100 are shown. Both curves have a straight line portion between about 1.1 and 1.3
eV with an intercept at 1.00 eV. Note also, however, that the NaCe curve has a second
straight line region between about 0.85 and 1.0 eV with an intercept at 0.72 eV. When the
Si0, prism was used, the photocurrent values were too small to measure in this energy range
and so the corresponding points for this curve are absent from the plot. It is of further
interest to note from Figs. 7.10 and 7.11 that the lower energy intercept has remained at
about 0.7 eV from day-0 to day-100, whereas the higher energy intercept has shifted up from

0.93 eV on day-0 to 1.00 eV on day-100.

7.5 Discussion

A plot of the average of the barrier heights, ¢;p, determined for each metal, T¢, Bi and
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Pt, versus the metal work function, ¢y, is shown in Fig.7.12. The points in this plot
correspond to values obtained from j-V and C-V measurements. In addition to the points
for the metals used in this work, points determined by the candidate for a Mg
counterelectrode sample are also shown from previous work. Table III lists some of the
results of this previous work. It is seen from the plot that, in general, the barrier height
decreased as the work function increased for a given measurement technique, either j-V or
C,-V. This decrease in barrier height with work function was at least qualitatively consistent
with that found from capacitance measurements by Chan (dashed curve in the figure) and
suggests that the Fermi level in the semiconductor was not pinned at the interface by the
presence of surface states [9] [10].

It is also of interest to note that, as seen from Tables II and IIl, there was a variation of
barrier height values for a given counterelectrode metal depending on the method of
determination used. The barrier heights determined from j-V characteristics were frequently
higher than those determined with C-V measurements. The barrier heights determined
from j-V measurements with variation of temperature, also known as activation energy
measurements, from previous work shown in Table III, gave barrier height values that were
different from those determined by both the room temperature j-V and the C,-V
measurements. The Fowler plots gave barrier heights for the Se-Bi contact of about 0.7 eV,
which was higher than that obtained from the other methods, though it was not much higher
than the 0.63 eV value obtained from the j-V measurements. If this 0.7 eV barrier height
value is, 1n fact, correct and if the voltage intercept value in the Mott-Schottky plots is also

the actual built-in potential of the junction, then it suggests that the Fermi level energy in



the bulk Se semiconductor was actually about 0.5 eV above the top of the valence band,
instead of only about 0.15 eV obtained from the (A/CP)Z-V slopes, at least for the Bi
samples. This corresponds to a free carrier concentration of only about 10''cm™, which was
only about 107 that of the doping concentration N, found from the slope of the Mott-
Schottky plots. Thus, it is speculated that the free carrier concentration in the Se was far less
than the apparent acceptor concentration and, it is further speculated that, a high
concentration of acceptor-like trapping centres in the Se layer was responsible.

The barrier height values determined from the j-V and C-V data were seen to be closer
to each other for the T2 samples (0.05 eV difference) than for the Bi counterelectrode
samples (0.3 eV difference). This may have been because of back-contact effects. These
effects would have been less apparent for T¢ samples because of the large Se-T¢ barrier
height, which resulted in the front contact dominating the reverse charactenstics. On the
other hand, Bi samples had a somewhat lower front contact barrier height which was not
so dominant over the effects of the back-contact. Thus, the barrier heights determined from
the C,-V data for the Bi front-contact samples may have been unusually low also because
of the influence of the back-contact.

It was also seen in the Fowler plots that two straight line regions of the Fowler curve were
present, giving two distinct intercepts. It is speculated that, while the smaller intercept was
due to the barrier height of the Se-Bi interface, the larger one was due to the presence of
a deep level in the Se at an energy near the middle of the gap. Holes from this level 1n the
depletion region of the Se layer may have been excited 1nto the valence band and swept into

the bulk Se by the high field of the depletion region. Thus, an additional contribution to the
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photocurrent would have been made and this resulted in a change in slope of the Fowler
curve that corresponded to a second apparent photothreshold value. The additional
photoresponse from this level was seen in this work to be comparable to that from the metal
itself. This would suggest that a very high concentration of trapping states was present. It
was also seen that the higher intercept shifted up somewhat with storage time. It is further
speculated that the deep level was the result of the diffusion of Bi into the Se. The energy
of the level thus changed as the Bi atoms tended toward an equilibrium level between the
Se atoms of the crystal lattice.

Of course, the photoelectric measurement technique had some degree of error associated
with it. The largest source of error came from the fact that the incident beam was not
actually monochromatic. In fact, as mentioned eariier in chapter 4, the beam was made up
of a range of wavelengths AA, amounting to about 10% of the middle wavelength. This
corresponded to an approximate spread in the E,, value of about +5%. Other sources of
error included the wavelength calibration, accurate to 9.01 um (less than 2% error) in the
wavelength range used here and the photocurrent value L, which was accurate to less than
5%. It is seen from Table II(b) column 4 that, 6 out of 7 Se-Bi samples showed barrier
height values within +4% of 0.71 eV, which is consistent with the limits of accuracy of this
photoelectric technique. It is also seen that, despite a change of slit width from 0.3 to 0.6
mm, which corresponded to a doubling of the wavelength interval AA, the intercept of the
Fowler curve for each slit width was the same. This was consistent with the fact that both
slit widths corresponded to quite narrow wavelength intervals anyway (less than 10%).

Furthermore, both the NaC¢ and the SiO, prisms gave the same intercept value for a given
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sample on a given day. Thus, the barrier height values determined were quite consistent,
despite changes in the monochromator prism. A contribution to the photocurrent may have
also come from the Bi-Se back contact junction. This is because the long wavelength
photons not absorbed at the front contact, with energies less than the gap energy of Se,
would pass right through the Se layer to the Bi-Se back-contact junction. A photocurrent at
this junction would also result causing an additional source of error. However, it is believed
to be insigificant from photoelectric tests (not presented in this thesis) made on Bi-Se-Pt
samples WC64 and WC65. Here, the Pt counterelectrode behaved like an ohmic contact and
under illumination the photocurrent of the samples was immeasurably small, even under
strong white light.

The three main methods of barrier height determination described in chapter 2 were used
and while these theoretically should have yielded the same values, in practice there were
many experimental difficulties which rendered the barrier height values uncertain. Until
ways of overcoming these are found or until realistic corrections can be made, any values

determined must be taken as only preliminary.
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Table li(a)

Se-T¢ samples

¢, (V)
sample from
number -V Mott-Schottky

WC35 0.82 --
36 0.74 -
37 0.82 0.77
38 0.80 0.51
39 0.82 0.77
40 0.82 0.77
41 0.82 0.77
43 0.82 0.76
44 0.83 0.66
45 0.81 0.72
46 0.74 0.60
48 0.77 -
49 0.82 0.71
52 0.83 --
53 0.84 -
54 0.82 0.70
61 0.82 0.67
62 0.82 0.70

AVE. 0.81 0.76
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Table Il(b)

Bi-Se-Bi samples

¢, (eV)

sample from

nuinber j-V Mott-Schottky Fowler
WC24 - 0.35 --
26 -- 0.23 --
27 -- 0.27 -
32 0.61 0.34 0.70
33 0.63 0.35 0.75
34 0.61 0.29 0.72
42 0.66 - --
55 0.65 0.42 0.93
57 0.64 -- 0.70, 0.93
60 062 0.33 0.67
03 0.62 0.30 0.70

Table li(c)

Pt-Se-Bi samples

¢bp (eV)
sample from
number -V Mott-Schottky
WC30 - 0.27
56 -- 0.26
58 0.62 --
59 v 0.28




Table 11(d)

Pt-Se-Pt samples

Pop (eV)
sample from
number j-V@ | Mott-Schottky®
-
wWC31 0.5 0.47
WC(S(:I‘r 0.5 0.28 o

(a) Estimated barrier height values.
(b) Barrier heights here were determined
from back-positive C,-V data.

Table Il

Results from previous studies by the author.

¢, (eV)

from

structure sample | j-V | Mott-Schottky | (-V) vs T

number
Bi-Se-Tl WC16 | 0.80 0.76 0.55
Bi-Se-Bi WC14 | 0.62 036 0.45
Bi-Se-Mg WC18 | 0.92 1.02 0.78

138




Current density j, (amp/cm?)

E v T T T T ™
E .
o . . .
°
-1 .
10F o WC32 Se-Bi
: ®  Forward (back-pos )
L ',‘. -
. .
1(52; $ " §
8 -
[ ¢ .
g » WC44 Se-T|
3
10 . Forward ‘T

>~
T T T TTT
DD R

a—
O,

—
o,
n

T T

—
o
T

YT
~----_—

——

o

o-
I

T

T

10- IS I TS R UV RS NN IO W |

Voltage V, (volt)

Fig.7.3. Plot of forward (back-positive)
current-density against voltage for Se-Ti
sample WC44 and Bi-Se-Bi sample W(C32.

139



(1141

]O TS T T T L | T ]O T T T T T TT X L A—
Se-Tl samples | Se-Tl samples Frequency 100Hz |
Frequency 100 Hz

o WC37 N:
o 38 O WC44 b
a 39 "’E o s
O 0 iU 4 46 (undoped)
> 4 Q o 49
v 43 > 5 —
~N
-3 Ve
L\) 4 62 |
<
\\\ .
V\\\\\\.‘ . “5\\
~ =~ 4 :T\_ P 0 PUNEE DUV TV N SN S TR S 1L ":}:\\ FORN ST
-1 Reverse 0 Forward 1 -1 Reverse 0 Forward 1
Voltage, (volt) Voltage, (volt)

Fig.7.3. Mott-Schottky plot for Se-Tl (T1 counterclectrode) samples
WC44, W(C45, WC46, WC49, WCS4, WC61 and WC62 at 100 1z,

Fig.7.2. Mott-Schottky plot for Se-Tl (Tl counterelectrode)
samples WC37, WC38, WC39, WC40, WC41 and WC43 at 100 Hz,




5 T T 1 ' ¥ T T T T T 1 T 1 T T T L] L) I l 1 L T
Se-Bi samples Se-Bi samples
Frequency 1kHz Frequency 1kHz
- ; o WC3I .
— 4 C?]BI-SE-BI
~N ~ o 55
S S ] 2 Feuses
= nwcza] Bi-Se-Bi M= o g o
= o "IU 3 > 6?81-59-&-
N = & 30 —Pt-Se-B 2 v 8
- — b 2 .
N ] Bi-Se-Bi Ny
o v 33 Qa
< Q 2 _
< g
14 =
0 L PR U D S T O TR W SR DA S S SO | 1~.~‘~L\.\j\\;l PR N T S S
-1 back-neg (reverse) 0 back-pos (fo-ward) -1 back-neg (reverse) () back-pos (forward} 1

Voltage, (volt)

Voltage, (volt)

Fig.7.5. Mott-Schottky plot for Se-Bi (Bi counterelectrade)

Fig.7.4. Mott-Schottky plot for Se-Bi (Bi counterelectrode)
samples WC34, WC55, WC56, WCS9, WC60 and WC63 at 1 hilz.

samples WC26, WC27, WC30, WC32 and W(C33 at 1 kHz.



10 T T T T l 1 T 11 ¥ T A L 1 ¥ ‘ 1 1 ¥ 14
L WC29 1
Bi-Se-Pt
5 Area=0143 cm2 1
03100 Hz
A {kHz 4
1 O 10 kHz

> 100 kHz

crl

(Ascpf (10°emyF?)
(S2]

| S TS S S SR UUNIS WA S |

back-pos 1

OlllllJ’

-1 back-neg

Voltage, (volt)

Fig.7.6. Mott-Schottky plot for Bi-Se-Pt sample WC29 at
difTerent frequencies.

‘O T T LM B 1 T T L T T T T T 4 T T
L WC66
Pt-Se-Pt P
B Area:=0143 em?2
N’\ ™
(TR
< & 1kHz
£ - © 10 kHz
< > 100 kHz r
= 5L 9 1MHz i
S
> e
a2 L ale
IS) A
< /2
$ R left o/
scale ()
/
L 7
,”//l
P ‘s
- ’y
L /’,’ R4
el i
0 P S SH Vi S S Y | 4(’ S R Y S S DEN B |
-1 back-neg 0 back-pos 1

Fig.7.7. Mbott-Schottky plot for Pt-Se-Pt sample WC66 at

different frequencies.

Voltage, (volt)

50

~N)
wu

:1/7w3

1)

(Z




vl

A, (um)

i 20 15 1.0
T T ° T
Se-Bi i
NaCl prism o
03mm slit width R
— (o] N
hd|
E =
> , WC60
0
B ost -
. o]
!g . ]
[ ]
| ° ® |
o ’."
- . &~ WC63 1
o o
° "." 4
* ".’ | : . 1
%05 10 15
Eph. (V)

Fig.78. Fowler plot for Bi-Se-Bi srmples WC60 and WC63 on
day-0 The Littrow type monochromator had an Si(), prism
and a 03 mum entrance and exit slitwidth

\/E , {arb. units)

20 1.5 A ()
1 0 2 .I ‘IO
5 WCH5 Se-Bi
i o '//
o
i Siit width /
(mm) 2 /. o
i Lo | 03 7
-®- 06 ©
05 B 'g-;/,
- Si0, prism K
e
- OII
.,.
i . .//
i 8 °/
. ,"
O 1 L 2 1 1” 1 s i s s i
05 10 15
Eph. (EV)

Fig.7.9. Fowler plot for Bi-Se-Bi sample WCES on day-0 for
the two monochromator slit widths of 0.3 and 0.6 mm. The
Littrow type monochromator had an SiQ, prism.




124!

A, (um)
20 15
10—% : L
| WC57 Se-Bi 4
Day-0 )
| l. 1
E i slit width ° ,.' 7
.E (mm) /l
R of 03 o ¢ 1
0 o 06 rd
g 0 5 - ’I -
R Si10; prism S
< | -
o .
5 o_"i’ /’ 4
- [o] ‘/’ _
) ,"
- o ’8, // 4
I 4 . * //
[ 2
O i. w7 1 . ! i a 1 1 i
05 10 15
Eph, (eV)

Fig.7.10. Fowler plot for Bi-Se-Bi sample WC57 on day-0 for
the two monochromator slit widths of 0.3 and 0.6 mm. The
Littrow type monochromator had an §i0, prism.

A, (um)
20 15 10

2 T T T

- WC57 Se-Bi .

I Day-100
w L :
g prism
a5 T o] Si0, °
g
= AF o | NaCl ° =
e

15

Eph (eV)

ig.7.11. Fowler plot for Bi-Se-Bi sample WCS7 on day-100 for the
two monochromator prisms SiO, and NaCt and a slit width of 0.3.



2.5

0 1 1 1 { 1
0 2 4 6

By, (eV)

Fig.7.12. Plot of barrier height determined from j-V and
C,-V data against reported meta! work function. Shown
also is the dependency curve found from Chan’s results (3]

145



8. GENERAL DISCUSSION

While brief discussions of the results were given at the end of each of the last three
chapters, it is helpful in the present chapter to present a more comprehensive review of the
results of the thesis as a whole. As is the case in many intensive research undertakings, the
study provides some answers but also raises many more questions.

The most interesting result of this thesis is that diodes of this work showed non-Faraday
inductive behaviour at low frequencies. This inductive effect, it is believed, was the result
of high level injection into a thin semiconducting selenide layer that formed with storage
time between the contact metal (i.e. the rectifying contact, which was the front contact for
the T¢ and Bi counterelectrode samples and the Pt back contact for the Pt-Se-Pt samples)
and the selenium, as illustrated in Fig.8.1. It is suspected that the forration of this layer was
accelerated in some cases by inadvertent heating of the sample during the fabrication
process. This inductive effect was observed to be strongest and most consistent for samples
made with a T¢ counterelectrode where, indeed, T2 Se was detected by x-ray diffraction but
not confirmed to exist as a well defined thin layer from SEM photographs. The inductive
effect was weakest for Pt contact samples. It is suspected further that this is due, in part, to
the fact that Pt was the least reactive, while T¢ was the most reactive element of the three
metals. Therefore, while a substantial quantity of T2Se formed in the T¢ samples in a
relativley short time, this was not the case for the rectifying contacts of Bi and Pt, which had
a much slower rate of reaction with the Se. With very long aging in the samples with a T¢
counterelectrode the inductive effect was found to decrease. This can be explained,

qualitatively, by a lessening of the injection of holes into the n-type T¢Se layer as this layer
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widens in comparison with the hole diffusion length. It should also be mentioned here that,
a semiquantitative calculation [20] postulating an equivalent circuit model with an inductor
present explains how the capacitance returned from a negative value to a positive value as
the forward bias was increased. This model also explains, qualitatively, how the magnitude
of the negative capacitance values decreased as the frequency increased.

Another very interesting result was the observation of minima in the C-V curves. This
was despite the absence of any anomalies in the j-V and R,-V characteristics. It 1
speculated that these capacitance minima were due to deep levels [21] in the Se. According
to Roberts and Crowell [21] the energy of such a level above the valence band edge
corresponds to the voltage at which an inflection point appears in the C-V charactenstics.
This energy is determined by subtracting the voltage at the inflection point from the barrier
height potential. Now, it was observed that many of the T¢ samples had such an inflection
point at about 0.2 volt, while Bi counterelectrode samples showed an inflection point at
about 0 volt. If the barrier heights are taken to be about 0.8 eV for T¢ samples and about
0.6 eV for the Bi samples (i.e. the barrier heights corresponding to those found from j-V
characteristics), then the deep level determined in both cases turns out to be at around 06
eV above the valence band edge. Multiple minima were also seen in samples, particulary
those for aged Te samples. This would suggest that there were multiple levels present It
is speculated in these cases that these extra levels were brought about by the diffusion of
metal atoms from the counterelectrode into the Se layer. The minima seen at low voltages
corresponded to levels deep in the gap, while the mimma at ligher voltages corresponded
to levels which were not as deep. It was reported also, however, that a mimmum in the C -V

curves can occur as a result of a parallel combination of a capacitor and resistor 1n series
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with 4 diode [18]. Since the minimum in this case would appear at a prescribed current, the
voltage at which it occurs would also be depcndent on the meta! used at the
counterelectrode, as each metal gives a different barrier height to Se. This vcltage would
increase as the barrier height of the diode increased. Thus, samples with low barriers would
show a capacitance minimum at a lower voltage than samples with high bzeriers. This was,
in fact, observed in this work, as the large barrier height T2 sampl<s in general displayed
minima at higher forward voltages than the low barrier height Bi and Pt samples. In the
samples of this work, this extra capacitor and resistor, it is suspected, would arise from a
non-ohmic back-contact.

Storage in air aging also had some interesting effects on the current-density versus voltage
characteristics. The forward current-density decreased monotonically with storage time for
Se-Te samples in a similar manner to that reported by Pan [2] [12]. Pan attributed this
decrease to the conversion of the Te counterelectrode to T¢,CO,, an insulator, which
resulted in an overall increase in the resistance of the device. While this carbonate was also
observed in several samples of the present work, in other samples, where the decrease in
forward current-density was also very apparent, it was not likely to have formed, since their
counterelectrodes were completely covered by a protective indium layer. Chan [3], on the
other hand, suggested that the decrease in forward current-density was due to the formation
of Te¢Se at the Te /Se interface, which resulted in an n-type T2 Se/p-type Se heterostructure.
Thus, the forward current-density decreased because the n-type T¢Se had far fewer carriers
than T2 metal. The ideality factor and the reverse current density also changed with storage
time, in that, they both increased. It is suggested that this effect was also due to the

formation of the TeSe layer. The lattice mismatch between the T¢Se and the Se [14]
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resulted in a high density of recombination traps at the interface. As the TeSe grew the
effect of recombination resulted in an increase of the ideality factor and the reverse current-
density [9] [10]. In fact, even a freshly made T¢ sample had an overall tendency to yvield a
larger ideality factor if its reverse current was large, as shown in Fig.8.2, where the 1 volt
reverse current density jg., is plotted against n-1. Plotted also are the j, values of several Se-
Te samples. It is seen in this case also that the ideality factor increases as the ) increases.
The emergence of this recombination may also have contributed to the decline in the
negative capacitance effect mentioned earlier, since injection of carriers into the T¢Se would
have been lowered as well.

Chan [3] also suggested that the formation of a TeSe layer in the Se-Te¢ samples had an
effect on the Mott-Schottky plots. In this case, he stated that the depletion region extended
into the newly formed T2Se layer, where there was a carrier concentration lower than in the
bulk Se. This resulted in Mott-Schottky curves that became steeper as the T2Se layer grew
thicker with storage time. In this work too, such an aging effect was observed in the Mott-
Schottky plots for several samples of this type and it is believed to be the result of the
selenide layer formation as just described.

It was seen also in this work that, Pt counterelectrode contacts deposited on to the Se by
evaporation were of low resistance. In fact, as mentioned previously, the evaporated Pt
contact to Se in a sample was always of lower resistance than the Bi or Pt back-contact. This
resulted in a rectification direction opposite to that usually found in Te and B
counterelectrode samples. Pt back-contacts, however, were not seen to have these low
resistance properties and in fact showed rectifying characteristics. It 15 believed that the tow

gap energy semiconductor PtSe, (E, = 0.1 eV [16]) formed at the Pt front-contact and was

149



responsible for the low resistance path to the Se. This compound would not normally form
at the Pt back-contact because the temperatures involved in the formation of this interface
during the Se deposition (Se melting point 217 °C; substrate temperature 130°C) are
believed to be too low. Therefore, the back-contact, in this case, was essentially a Schottky
junction between the Se and the Pt. On the other hand, the selenide is believed to have
formed at the front contact since the evaporation of the Pt during the deposition involved
a much higher temperature process, as the melting point of Pt is some 1769 °C. Some
preliminary heat-treatment studies (not presented in this thesis) on a Pt-Se-Pt sample have,
in fact, shown that the back-contact resistance decreased after heating in N, gas at 130°C
for 98 hours. It is believed that, in this time PtSe, formed at the back Pt-Se interface to give
4 low resistance contact. In any case, it seems that Pt as the back-contact can give a low
resistance path to the Se if the junction is heated for a period of time.

Barrier heights of T2, Bi and Pt contacts to Se were determined from j-V and Cp-V data
and in the case of Bi, also from photoelectric measurements. It was seen that the barrier
height value did, in fact, show a decrease with increase in metal work function despite the
presence of surface states. Thus, pinning of the Fermi level, due to surface states, in these
structures did not appear to be very important. It was also seen that the barrier values
determined from the capacitance data were freqquently lower than the values obtained from
the j-V charactenstics They were also lower than the values determined from the
photoelectiie measurements in the case of Bi samples. It is speculated that the value was
fow because ot an overesttmate of the free hole concentration in the Se. The free hole
concentration 1s believed to be much lower than that obtained from the slope of the Mott-

Schotthy curves and it is suspected that a presence of a large concentration of immobile
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centres is responsible. While such centres were probably relatively shallow, there may also
have been many deeper-lving traps located near the middie of the gap of the Se These
latter traps could explain the second higher energy photoelectric threshold value observed
in the Fowler plots of the photoelectric measurements. Of course, by the sume reasoning,
it can be argued that the 0.7 eV barrier height value determined with the Fowler curves was
actually due to yet another shallower level and not due to the Se-Bi junction barnier height
at all. Therefore, in this case the barrier height may be substantially smaller than 07 ¢V
In any event. it is clear that the barrier height value determined 1« difterent for cach ot the
methods employed. It is therefore beheved that the structures studied here were much more
complicated than the simple Schottky model.

Although this is the first time photoelectric measurements have been made ity
laboratory to determine barrier heights, it is nevertheless believed that the measurements
themselves were quite accurate. However, it is also believed that the samples were not pure
Schottky junctions and so the results obtained from these measurements were somewhat
uncertain

Fabrication parameters are believed to have had a strong effect on the electrical
properties of the diodes. For instance, better rectifiers resulted from samples made with long
Se deposition times (about an hour or more) as upposed to samples made with very shorn
deposition times (2 minutes) It is thus believed that the morphology of the Se film was
quite different for the two deposttion rates and this resulted novery different electnieal
characteristics. Another very interesting parameter was the Bi back-contact laver thickness,
Samples made with a thick (1 to 3 um) Bi back-contact were seen to show a gher forward

current density than samples made with thinner Br back-contucts Furthermore, Bi-Se-Bi




samples made with a thin Bi back-contact were seen to show semi-symmetrical Mott-
Schottky plots similar to what is expected for a back-to-back diode structure. It is therefore
speculated that thin Bi back-contact layers only partially covered the surface of the A¢
substrate. Thus, the A2 substrate was exposed in certain areas to the Se, giving rise to high
resistance A2-Se contact areas. Another possible explanation is that the thin Bi layer was
completely consumed in the formation of Bi,Se; at the back contact during the Se
deposition. Thus, the back contact was actually a heterojunction of the form A¢-Bi,Se,-Se,
which was rectifying, since the A¢ did not make an ohmic contact to the selenide. A thicker
Bi layer would not have been completely consumed, so that the back-contact junction would
be of the form Bi-Bi,Se;-Se and in this case the Bi provided an ohmic contact to the
selenide. The selenide here has such a low gap energy (0.35 eV) that it would make only
a weakly rectifying contact to the Se. The effect cf the Bi back-contact thickness was not so
apparent in samples made with a T2 counterelectrode because the barrier height of the
front contact is so high that the current through the device is too low for this effect to be
seen, even at 1 volt in the forward direction. Furthermore, it is believed that the back-
contact also had a strong effect on the determination of barrier heights for the Bi
counterelectrode samples. This would explain why the barrier values found from the Mott-
Schottky curves for these samples was unusually low.

The question arises at this point as to why negative capacitance is not believed to have
come from the Bi back-contact or the Pt front-contact. Afrer all, the fabrication of these low
resistance contacts, 1t is speculated, resulted in the formation of a selenide and such
selenides are believed to have been responsible for negative capacitance. It should be

clarified that the two effects here (low resistance and negative capacitance) are believed to




be dependent on the quantity of the selenide involved. The Bi back-contact and the Pt tront-
contact are believed to have had relatively thick layers of selenide present. Therefore, as
discussed earlier, with such a large thickness, the negative capacitance effect from these
contacts would have been virtually insignuficant.

It was seen that most of the Mott-Schottky plots of this work displayed slopes
corresponding to a nominal hole concentration of about 10'® cm™. However, several freshly
made samples, particularly those where the back-contacts were rectifying, had Mott-Schottky
plots with slopes of about 10 times larger than usual for voltages where the back-contact was
reverse biased. This suggests that the nominal hole concentration in the Se layer at these
back-contacts was about 1/10th that at the front-contacts. It 1s speculated that this
concentration value was somewhat low for two reasons. First, out-diffusion of dopant Ce
atoms from the Se layer may have occured during the Se deposition process. This would be
of greater extent at the back contact since the Se deposited here was at an elevated
temperature (130 °C) for a long time (virtually the entire deposition time), whereas that
deposited at the top of the layer was at this temperature for a much shorter time. Second,
during the Se deposition, the molten Se in the crucible would become more and more
concentrated with dopant impurities as the Se evaporated. Therefore, as the deposition
proceeded the Se evaporant and, hence, that deposited, would have had a higher and higher
dopant concentration.

Measurements of R versus V at different frequencies showed that for reverse hias
voltages in T2 and Bi samples and for back-negative voltages with Pt-Se-Pt samples, there
was a large dispersion with frequency. In the opposite voltage polarity the dispersion was

much smaller. It was also observed that both Cp and Rp tended to become less and less bias
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dependent as the frequency was raised to above 10° Hz. In several T2 samples, the Cpf
characteristics showed a tendency to a plateau at frequencies above about 10° Hz for
forward bias voltages. Simular characteristics were also observed by previous workers {2] [3]
[15] and they explained them at least qualitatively with a simple circuit model involving a
diode in series with a parallel combination of a capacitor and a resistor. In the samples, this
extra resistor and capacitor combination, it is speculated, would arise from an imperfect
back contact. This model, however, does not explain the appearance of inductance in the
samples at low frequencies. The model also predicts an R < 1 /2 dependence, whereas most
of the samples in this work showed a dependence closer to R, « 1/f. It also falls short of
explaining the appearance of multiple minima in the C-V characteristics. In any case, more
analysis of this nature is required, possibly involving a model incorporating an inductor
similar to the one proposed previously [20].

In many of the Se-T2 samples it was observed that the current density showed a
dependence of the form j « VP, where p was somewhat high between 3 and 4. An ohmic j-V
dependence would have p as being equal to 1 and a space-charge limited current would
show a dependence where p = 2. It 1s speculated that the high p value in this work was due
to high level injection as explained here. As the forward voltage was increased, injection
became stronger and stronger and so the overall resistance of the device decreased more
and more. Thus, the current through the device increased at a superlinear rate dependent
on the injection level. With high-level injection the p value would have been quite large.
Such a high p value was not found for the Bi and Pt samples because their injection levels
are believed to have been much smaller, since their selenides did not form as readily at the

rectifying contact as did TeSe in the T¢ samples.
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Though the barrier height values determined for T¢ and Bi samples were similar to those
obtained by Pan [2], other electrical characteristics were somewhat different. The most
striking differences were the observation of negative C, values at low frequency (even at |
kHz) and the higher and more consistent forward current densities observed in the present
work. It is believed that these differences were mainly the result of fabrication differences.
Samples in the present work were made under cleaner conditions. Therefore, the interfaces
between the Se and the metal films were more intimate and uniform in the present work
and therefore, more conductive. This, it is believed, resulted in larger and more consistent
current densities but also a higher chemical reaction rate between the T€ and the Se in the
Se-T¢ diode cases, which in turn resulted in a more immediate appearance of negative
capacitance. With the cleaner systems a better Bi back-contact was also expected. According
to Werner et. al. [8] a more ohmic back-contact would also result in a stronger inductive
effect. Furthermore, the smaller resistance of this ohmic back-contact would not be as
apparent in the high frequency portion of the resistance versus frequency curves. This may
explain why in the present work a plateau in the R -f characteristics was not seen at high

frequency, while it was seen in Pan’s work.
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9. CONCLUSIONS AND FURTHER WORK

This chapter first presents some conclusions that can be made from the present work and
then suggests some further studies to answer possibly some questions which arose trom this

and other studies.

9.1 Main Conclusions

The first conclusion is that non-Faraday inductance has been observed 1n structures of tis
work at lew frequency, whether they were made with T2, Br or Pt contacts The strength ol
this mductive effect was largest for the Te samples and changed with storage nme Tos
believed that this effect was the result of hole injection from the p-tvpe Se mto a thin n-type
selenide laver that formed ut the rectuifving metal-Se contact The growth of this Javer would
account for the changes seen 1n the inductive effect over the storage time penod T oor e
Te-Se samples. 1t was the semiconductor TeSe that formed, as deternuned from -
diffraction analvsis

The next major conclusion 15 that a4 low resistance contact to Se can be obtincd with
either a Bi back-contact, where the Se 1s deposited on to a Bi layer, or with a Pt tront
contact, where the Pt is evaporated on to the Se. It 1§ believed that a low resistance contict
resulted because of the formation of low gap energy semiconducting selemdesot Br (81.5¢ )
and of Pt (PtSe,) at the interface.

Another major conclusion that can be made from thiswork s that the barner herone o

N
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the samples do depend on the metal used as the rectifying contact. It was seen, in fact, that
the barrier height decreased as the work function of the metal increased in agreement with
what is expected for Schottky diodes with few surface states. However, the barrier height
values found from the current-voltage, capacitance-voltage and photoelectric measurements
were different from each other.

Consistent photothreshold values for Bi samples of this work were determined in this
laburatory for the first time using the photoelectric measurements technique described. This
technique should provide an additional and important means of further characterizing more

samples made in this laboratory.

9.2 Further Work and Recommendations

It is clear that a great amount of work is still required to answer the questions raised in
this work. This section describes what the candidate thinks aught to be the immediate set

of experiments in the on-going study.

9.2.1 Negutive Capacitance Studies

Studies should be undertaken to determine if, in fact, a selenide layer is responsible for
the inducuve effect. This would involve more aging studies and even heat-treatment of Te,
Bi and Pt samples. It 1s recommended that these heat-treatments be done in an inert

atmosphere and at a relatively high pressure (i.e. 1 atm) to avoid atmospheric attack and
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reevaporation of the films. Along with the electrical measurements, more r-ray diffraction
(XRD) and scanning electron microsopy (SEM) analyses would be in order. It 1s
recommended that x-ray photo-spectroscopy (XPS or ESCA) also be performed This
analysis technique would provide information as to the exact structure of the samples b
determining what compounds are present and in what regions. In essence, ESCA would
determine whether a selenide layer really was located between the metal and the selenium
and also how thick this layer was.

The effect of a selenide at *he interface could also be examined by intentionally
depositing the selenide on to a Se layer to form a heterostructure. Such a sample 1t 15
expected would be more stable chemically and so measurements from day to day would be
more consistent.

Experiments aught to be carried out to determine whether or not heating of the sample
is, in fact, taking place during the counterelectrode deposition step and if this heating results
in negative capacitance values in the samples on day-0. If this does turn out to be the case,
a sample cooling apparatus for the counterelectrode deposition step would be helptul 1n

reducing this effect.

922 CP—V Minima Studies

Efforts to determine the cause of the minima 1n the C-V characteristes aught also to be
undertaken. Making capacitance measurements at different temperatures would provide

useful information, since any deep levels present would become slower as the temperature
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Pt

would drop so that the minima would become less apparent. Of course deep level transient
spectroscopy (DLTS) would also be helpful in this study, provided it is carried out at a
sufficiently low frequency. In either case, care will have to be taken to ensure that the
samples are not irreversibly changed by temperature cycling.

It was suggested that atoms diffusing into the Se layer may be responsible in part for
these minima, as these atoms may introduce deep levels. Secondary ion mass spectroscopy
(SIMS) would be quite helpful in determining the identity of such atoms, as well as, their

distribution in the Se.

9.2.3 Bi and Pt Contact Studies

It is believed that the low resistance nature of the Bi and Pt contacts to Se was actually
due to the formation of a small gap energy semiconductor, either Bi,Se; or PtSe,, at the
interface. Further efforts in heat-treatment, as well as, more materials analysis studies of the
structures, like those mentioned above (XRD, SEM, ESCA), would provide useful
information as to whether this, in fact, is the case.

It would also be useful to fabricate samples with varying Bi back-contact thicknesses to
confirm the beliet that thick (1 to 3 pm) Bi films result in low resistance contacts to Se.
whereas thinner B films are recufying. A good choice of front contact would be Pt, as 1t
would be of low resistance.

Deposiing a Pt front contact by sputtering may prove to be a useful technique for getting

a Schottky Se-Pt interface. By sputtering, the energy of the free Pt atoms could be much less
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than that when the Pt is evaporated. This would result n virtually no chemuical reaction
between the Se and the Pt, so that no PtSe, is formed at the front contact.

While Bi and Pt metals have been seen to give low resistance contacts to Se other
materials might also. The metal Ni was employed in commercial Se rectifiers as the back-
contact. Therefore, studies should be carried out in this laboratory to see if Nt makes a good
low resistance contact to Se. Tellurium, Te, has previously been used 1n this laboratory as
the back-contact material [3] and it would be of interest to perform experiments to compare

this type of back-contact against Bi, Pt or even Ni contacts.

9.2.4 Barrier Height Studies

Barrier heights determined for samples with metals of even lower work function than Te
or Mg (e.g. Ba, Ca, Y) would give more insight into the dependence of barrier height and
work function. Such low work function metals aught to have very large barner heights The
rectification ratio of such samples might be even larger than the S orders of magnitude
found for the T2 samples. Of course difficulties will arise due to the reactive nature of the
metals mentioned here. A metal protective layer, like the In layer used for the Te samples
of the present work, might be sufficient to inhibit atmospheric attack.

It would also be very interesting to determune the barrnier height values with the
photoelectric technique for samples with T¢ and Pt contacts to see if these values
correspond to those found from the j-V or C,-V measurements Such a study would give

more 1nsight into the question of which technmque 15 the most reliable for determimng
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barrier heights.

Finally, it is recommended that some samples be made with single crystal Se instead of
its polycrystalline form. The results obtained from such samples would be more consistent
and, therefore, more easily analyzed and understandable. Furthermore, materials analyses

would be greatly facilitated, since the layers in these structures would be expected to be

better defined, at least when freshly made.
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APPENDIX

This appendix shows the results of some SEM x-ray fluorescence (XRF) analyses that
were made on Se-T¢ samples WC49 and WC54. A typical analysis run consisted of scanning
the electron beam of the SEM across the cross section of the sample and measuring the
resultant x-rays emitted. Each element has its own characteristic x-rays, so that the elements
encountered by the beam could be identified. With the beam scanning across the cross-
section of the sample a qualitative distribution of the elements in the structure was
obtained.

Fig.A.1 shows the result of such a scan on sample WC49. Here, distributions of T2, Se
and Bi are seen us plots of x-ray detector counts against position across the sample cross-
section. The counts value on the vertical scale is proportional to the amount of the element
present. Note that these are only qualitative distributions and do not represent the relative
proportions of the elements compared to one another. Nevertheless, it is seen that there is
a large amount of Ci indicated on the left hand side of the figure, corresponding to the Bi
back-contact layer. A large amount of Se is indicated in the middle portion of the plot,
corresponding to the Se layer in the sample. A large amount of T2 is present at the extreme
right of the scun, which corresponds to the T2 counterelectrode layer. Note in this figure
that while the Bi/Se interface appears to be relatively abrupt, the Se/T¢ interface is not so
well defined. In fact it seems that some Te¢ has diffused into the Se layer as far as about
159 of the way through the Se layer. Evidence of such diffusion was also seen from the
SEM photographs of the back-scattered electron images of Fig 5.31 presented in chapter 3

section 5.3.0. Fig.A.2 15 the same type of scan but on sample WC54. This figure shows much
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. better definition of the Se/T¢ boundary than for WC49, The SEM photograph of sample

WC54 in cross-section, also in Fig 5.31, showed a well defined Se/T¢ interface as well.
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Fig.A.1. Results of XRF linescan on cross-section of Bi-Se-Te sample WC49.

Fig.A2. Results of XRF linescan on cross-section of Bi-Se-Tt sample WC54.



