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. I. INTRODUCTION
l 4

Current interest concerning the utilization of transition metal

oxide thin films on foreign substrates arises from the varied chemical,

electrical, and optical properties associated with these materials. A

wide range of possible applications have been proposed for oxide films

but detailed characterization is necessary before their practical

value can be assessed. „

To date, the majority of oxide film studies have been directed

towards the development of selective transparent coatings for

architectural glass. Pure and mixed oxide films capable of reflecting

long wavelength radiation have been investigated.(l’2) „

Selectively absorbent layers are also of interest, especially in

the design of flat plate solar collectors. Thin films of CuO and

Co304 on polished metal sheets, for example, have been shown to

absorb greater than 80% of the incident solar radiation while retaining

a very low infrared emissivity.(3) These types of coatings are also

capable of operating at temperatures as high as SOOOC allowing them

to be used under focused solar radiation.

Oxide films may someday take an active role in photovoltaic

energy conversion. Thin films of cuprous oxide, Cu20, on copper

sheets were known to be rectifying and photovoltaic as far back as

l920.(4)
Recent calculations(5) have pointed out that the Cu20—Cu

solar cell may be capable of up to 10% conversion efficiency compared

to 14% achieved by the heavily researched silicon solar cell. Even

higher efficiencies may be attained if another oxide film can be used

·l
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‘
in place of the copper layer to form a rectifying p-n junction with

Cu20. Such an application would require that the second film have a

smaller band gap than Cu2O so that a greater portion of the solar

spectrum could be absorbed by the cell.

Although the electrical properties of some of the other stable

transition metal oxides such as Mn0, CoO and Ni0 are well known, those

of CuO have not been clearly established. Since single crystals of

CuO have apparently never been grown, previous studies of electronic

conduction have been carried out on sintered pellets or compressed

powders. The effects of grain boundaries and porosity have not been

sufficiently correlated with electrical properties to warrant much

faith in these measurements. Similarly, the effect of nonstoichiometry

on the electrical and optical properties of CuO has not been ascertained.

A study of CuO films could provide valuable insight into the semi-

conducting nature of the same.

In contrast to CuO, cuprous oxide is probably the most investigated

copper compound. Due to its unique photoconductive properties, many

single crystals of Cu20 have been grown and characterized.

However, the preparation of thick Cu2O films, free of CuO, has

been complicated by the tendency of Cu20 to oxidize to CuO above

250oC. An improved technique for obtaining Cu2O films is needed if

thin film rectifiers and photocells composed of Cu2O and another

oxide are to be fabricated and tested. ·

In view of the potential offered by copper oxide films for solar

energy control, this study was undertaken to provide an insight into



3

4
the preparation and properties of both CuO and Cu20 films. -This

investigation entailed the preparation of CuO films by radio frequency

sputtering of the oxide in various argon-oxygen atmospheres. It was

believed that a study of the pure undoped oxide would lead to a better

understanding of the electrical and optical properties of CuO. A

less extensive study of Cu2O films prepared by chemical reduction of

the previously sputtered CuO films was also included.

The overall goal of preparing and characterizing thin films of

CuO and Cu20 was sought by fulfilling the following objectives:

l. To prepare thin films of CuO on glass substrates by radio frequency

A sputtering.
V

2. To examine the effects of the deposition variables on the resulting

film properties.
l

.

3. To observe the effects of nonstoichiometry on the optical and

electrical properties of CuO.

4. To evaluate the properties of Cu2O thin films prepared by a new

technique: the reduction of CuO films with carbon monoxide.
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· II. LITERATURE REVIEW

4 4

A. Cupric Oxide ·

1. Structure. Tunel1(6) et al. assigned CuO to the monoclinic

system in 1933, and the lattice parameters were later refined by

Swanson and Tatge.(7) The coordination in CuO has been identified as

fourfold. Each copper atom is surrounded by four oxygens in a square

l

planar array and each oxygen atom is surrounded by four copper atoms
4

at the corners of a nonequilateral tetrahedron.

A

The other monoxides of the series Mn, Fe, Co, and Ni all crystal-

lize in the_cubic NaCl structure where the coordination is octahedral.

The ionic radius of Cu+2 (0.69X) is slightly smaller than that of Ni+2

and Co+2.(8) Radius ratio rules predict octahedral coordination. The

difference in crystal structure may be attributed to a distortion of

the octahedral symetry in which a shortening of the four planar

bonds is accompanied by an elongation of the opposite bonds.(9) This

distortion may be explained on the basis of 3d orbital splittings(l0)

but a complete discussion is beyond the scope of this study.

2. Nonstoichiometry. Very little is known about the stoichiometry

of CuO below 100OOC except that it is metal deficient. Tretyakov et

a1.(ll)
have investigated the degree of nonstoichiometry above 1000oC.

Their results showed that the quantity x in Cu0l+x could be estimated by

X X 1054 exp(—365,000 i 20,O0O)_P—2
V

_ RT O2

They have further concluded that the dominant defects at high

temperatures are interstitial copper atoms.

U
V

‘

l
4
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' 3. Electrical Properties. The tendency for CuO to be metal

deficient at low temperatures and therefore a p—type semiconductor
l

is somewhat unusual. Generally, if a metal forms several oxides,

the oxide containing the lower valent metal ion will be a p—type

1 semiconductor, whereas the oxide containing the higher valent ion

will be n-type.(l2)

The band gap of CuO has not been precisely determined. Stecker(l3)

found that the electrical conductivity in the range 700-900°C was

independent of the partial pressure of oxygen, indicating intrinsic „

excitation. The activation energy in this range was estimated at

about 2.2 eV. Shapiro(l4) determined the band gap of CuO to be 1.44 eV

from spectroscopic measurements on powdered specimens.
d

Models for the conduction mechanism in CuO have traditionally

been assumed from data on other transition metal oxides. Verwey(l5)

first proposed that conduction in Ni0 or CuO occurred by hole transfer

between Ni+2 and Ni+3 or Cu+l and Cu+2
respectively. Later, in 1957,

Heikes and Johnston(l6) studied the effect of Li substitution on the

electrical properties of MnO, Co0, NiQ, and CuO using sintered

pellets. Their results showed that the room temperature resistivity

of CuO could be lowered from l08Q—cm to about 2 Q—cm by addition of

2% Li. The activation energy and resistivity were found to increase

sharply at the antiferromagnetic Curie point of CuO which occurred

at 180oC. Heikes and Johnston(l6) concluded that electrical conduction

in CuO occurred by the diffusion of self trapped holes (positive holes

trapped by lattice distortions induced by cation vacancies) and that
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mobility was a thermally activated_quantity. This mechanism, they

h

reasoned, was responsible for the low hole mobility and negligible

Hall effect in CuO. Young(l7) et al. measured the effect of high

pressure on the electrical properties of NiO, Co0, CuO, and Cu20.

Values for mobility calculated from conductivity and Seebeck effect

data indicated that hole mobility decreased with increasing pressure.

The authors concluded that the hopping mechanism proposed by Heikes

and Johnston(l6) was correct.
n

_

The hopping model was accepted until 1963 when precise Hall

measurements on lithium doped NiO single crystals indicated that

carrier density increased exponentially with temperature and that

mobility increased with increasing lithium content.(l8) _The hopping

model incorrectly predicted that the carrier concentration remained

essentially constant and that mobility increased with increasing

temperature. Similar work on CuO has not been reported.

Conduction mechanisms such as the hopping model were proposed

because simple band theory predicted that materials with unfilled

energy levels would show metallic conductivity. Such behavior was

not observed in CuO and other related oxides with unfilled 3d orbitals.

More recent work concerning the electronic nature of these compounds

has been aimed at establishing the position of the 3d energy levels

relative to those of the oxygen derived bands. Theories describing

both localized and collective behavior of the 3d electrons have been

proposed.
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Quantum mechanical calculations have predicted the presence

ofnon-overlapping,localized 3d energy levels within the band gap of

Mn0, CoO, NiO, and Cu0.(l9) The 3d orbital splittings described by

crystal field theory provided a basis for the calculations.
l

A different picture of the valence band structure of transition

metal compounds has resulted from the application of X-ray photo-

emission spectroscopy (XPS) to the problem. After completing a

systematic study of the 3d transition metal oxides, Huffman and

Wertheim(20) have concluded that a narrow 3d band lies just above the

oxygen 2p band. The low hole mobility in CuO and other oxides could

be explained on the basis of a narrow band model which predicts that

the effective mass of the carriers is large. However, the XPS studies

could not account for the location of the unfilled 3d energy levels

since the technique depends upon ejection of excited electrons from

occupied levels.

Bhattacharyya and Mukherjee(2l) have studied the effects of

doping CuO with Li+ and Ga+3. Addition of Li+ increased the number of

holes and therefore increased conductivity. The decrease in con-

ductivity with addition of Ga+3 was explained as a decrease in the

number of holes. „ V

B. Cuprous Oxide
U

l. Structure. Cuprous oxide possesses a peculiar crystalline form

in which the oxygen atoms form a body centered cubic lattice. Four

copper atoms are tetrahedrally coordinated to each oxygen atom. This



1
structure is also observed in Ag20, the only other transition metal

l

oxide containing a stable monovalent cation.(22)

2. Nonstoichiometry. Like CuO, cuprous oxide is metal deficient.

The primary defects have been identified as either singly ionized1

vacancies and holes or neutral copper vacancies.(23)

Above 950OC the quantity x in Cu20l+x varies with the oxygen

partial pressure raised to the E power.(ll) Simple mass action

formalism predicts that the concentration of vacancies will be

proportional to Pä;8.(24) l l

3. Electrical Properties. pCuprous oxide is a p—type semicon-

ductor. ·Reported values of the band gap range from l.69(l4) to 2.67

Brattain(26) reviewed the work on electrical properties of Cu20

published before 1951. The reported room temperature hole concen-

trations and mobilities ranged from 1012 - 1014/cm3 and 20 to 100

cmz/vo1t·sec, respectively. In the same publication a band scheme

for the Cu—Cu20 rectifier was developed.

The high hole mobility in Cu20 could not be explained by earlier

workers through observation of electrical properties alone. Since

high electron mobilities, observed in both
ZnO(27)

and Cd0(28), had

been explained on the basis of a "wide band" semiconductor model, the

same term was used to describe Cu20. However, both ZnO and Cd0 were
n—type semiconductors and the high carrier mobility was easily explained

as the motion of weakly bound electrons in a wide conduction band.

A simple model for hole transport infa wide valence band was not
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S
proposed. Huffner and Wertheim(29? concluded from XPS investigations

that the full Cu 3d and O 2p bands overlapped, thus forming a wide

valence band. Holes, created in the valence band, would possess a low

effective mass and therefore a high mobility.
V

Toth et al.(30) observed that the conductivity of Cu20 above

7500C was proportional to P;/n where n ranged from 7 to 8. This

result agreed with that predfcted from the dependence of hole concen-

tration on oxygen partial pressure.

The conduction mechanism in Cu2O crystals has been investigated

by Kuzel and Weichman.(3l) Differences in activation energy for

conduction were observed for bulh (0.3 eV) and surface (0.1 eV <

Ea < 0.3 eV) conductivity. Changes in the activation energy between

100 and 200OC were attributed to ionization of copper vacancies.

Derry et
a1.(32)

have measured the conductivity of Cu2O films between

200 and 20000. Values for the activation energy in oxygen and in a

Vacuum were reported as 0.29 and 0.33 eV respectively. Smith and

Wieder(33) investigated the relation between oxygen uptake and

conductance of oxidized and reduced Cu20 films.

C. CopperV0xide Thin Films _

The preparation of copper oxide thin films on glass by oxidation

of evaporated copper films has been studied by Wieder and
l

Czanderna.(3"’35) Using a vacuum microbalance technique they were able

to isolate Cu0 and Cu20 films. A metastable oxide phase of composition

CuOO·67 was identified and postulated to be a "gross defect form" of
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l
Cu20.(35) The authors indicated that the above composition corresponded

to Cu2O with one copper ion vacancy per unit cell, on the average.

„ Although the optical properties of these films were investigated, no

electrical measurements were reported.

Cupric oxide films have been obtained by the pyrolytic decom-
P

position of cupric nitrate(3) and cupric acetate(36) solutions. The

latter method required high decomposition temperatures due to the

formation of stable intermediates.

Reactive d.c. sputtering has been employed by Perny(37) to prepare

films of CuO and Cu20. Generally, films consisting of mixtures of
CuO as the minor phase and Cu2O as the major phase were obtained.

A refinement of this technique(38) led to the development of
a'

sputtering "phase diagram" based on the oxygen content of the sputtering

atmosphere and a quantity termed the reduced field given by

E* = Cathode Voltage
Cathode Anode Spacing x Pressure

The relationship between the reduced field, oxygen content of the

g sputtering atmosphere, and the resulting film composition is illus-

trated in Figure 1. It is interesting to note that all three phases of

the Cu-0 system may be obtained regardless of the oxygen content of

the gas by selecting the proper reduced field. Perny did not

characterize the films as to their electrical and optical properties.

Sachse and Nichols(39) utilized triode sputtering to directly

sputter CuO in atmospheres of varying oxygen content. Table I lists

the compositions of the films they obtained. The oxygen partial
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TABLE I

Film Composition as Function of the O2 Partial Pressure in a Plasma

0 Partial ·
OxygenßressureMetal

Ratio in Plasma Film Film Deposition
in Target p Torr Composition Thickness (X) °Rate X/h

0/Cu O/Cu ratio

1.00
‘

<< 1 0.125 1820 225

3 0.98 ‘ 3660 407

8 0.98 4300 268

23 0.99 2280 143

23 1.00 2950 185

160 1.00 1030 147

‘ . 39
3

_ (After Sachse and Nichols ) ·
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l
pressure for the sputterings in pure argon was assumed to be less

l

than lu torr. The data indicated that CuO undergoes severe dis-

„ sociation when sputtered in pure argon.

D. Radio Frequency Sputtering of Oxides

Although CuO films may be obtained by various methods, radio

frequency sputtering was chosen as the mode of preparation for this

study. Radio frequency sputtering has proven to be a valuable
1

deposition technique in that both conducting and insulating materials

may be deposited. Precise control over film thickness, uniformity,

stoichiometry, and crystallinity is possible through careful

maintainence of the deposition parameters. —

l. Sputtering Principles. Th; sputtering process depends upon

the bombardment of a target material by positive ions, usually Ar+.

The ions are obtained by the application of a high potential between

two parallel plates separated by a small distance. As long as the

‘ applied potential exceeds the ionization energy of the gas, a self

contained glow discharge, or plasma, will form.(4O)

In conventional d.c. sputtering systems, the target acts as

the cathode and consequently must be a good electrical conductor.

High energy positive ions are continuously accelerated towards the

target where a negative charge is maintained. Ions with enough

kinetic energy to exceed the binding energy of the target atoms eject

material from the target. The nature of the sputtered material is

complex. Heutral atoms, ions, or polyatomic species may be ejected.
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An insulator, if placed in such a system, would allow a sheath

_ of positive ions to form at its surface, thus preventing further

bombardment. This difficulty is overcome by the application of a

time varying potential to a metal plate behind the target such that

‘ another time varying potential develops at the target face. During

the positive half cycle, the electrons, by virtue of their small mass,

·flow rapidly from the plasma to the target surface. A net negative

charge results and is responsible for attracting the heavier positive

ions. The intensity of the ion bonbardment increases during the nega-

tive half cycle due to the increased negative charge at the target.

This "self biasing" action was first explained by Wehner in 1955.("2)

2. R. F. Sputtering Variab1es.. Control of the deposition rate

·
. is perhaps the most important aspect of the sputtering process._ It

effects such properties as crystallinity, uniformity, and adhesion.

The rate of film growth is heavily influenced by the following factors:

g a. nature of the gas
,· j— _ b. gas pressure

· ‘
c. r.f. power
d. target to substrate distance.

'i
‘-

Figure 2 illustrates the dependence of the deposition rate of

Si02, as presented by Vossen and O'Neill,("l) upon the above parameters.

No data of this type is available for CuO. The area of the target is

important in determining the uniformity of the film. Vossen and

O'Nei1l(4l) report that the radius of uniformity of the film is A

approximately 0.5 inch less than the radius of the target.

Using a liquid nitrogen cooled substrate holder, Frey(43)
studied

the effect of substrate temperature on structure, density, and
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3
stoichiometry of r.f. sputtered NiO films. Decreasing crystallinity

V

was observed for decreasing substrate temperature and completely

amorphous films resulted below —l000C. The effect of substrate

temperature on NiO film density and stoichiometry are shown in

- Figure 3.

The high energy required for r.f. sputtering makes dissociation

of some materials inevitable. Frey(43) observed that NiO dissociated

into nickel metal when sputtered in pure Ar. Films sputtered from

pure Co304 targets have exhibited CoO diffraction peaks indicating

partial dissociation.(44)

_
l Vossen and O'Neill(41) have compiled a table of oxide materials

based upon their heats of dissociation. Since the dissociation

energy of NiO (58.4 kcal/mole) is greater than that of CuO (37.6

kcal/mole), some dissociation of CuO is also expected.
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. III. EXPERIMENTAL PROCEDURE
n

A. Film Preparation

1. R. F. Sputtering.

a. Apparatus. An R. D. Mathis* Mk III r.f. generator and
l

sputtering module was used to prepare the CuO films. Deposition was

carried out inside a 9 inch by 9 inch Pyrex pipe which contained a

3.375 inch water cooled cathode and an 8 inch diameter water cooled

substrate pedestal which also served as the anode. The target

assembly was attached to the cathode by means of three small screws.
V

The cathode shield, which prevented sputtering of the backing plate,

exposed only the target face. .

Evacuation of the deposition chamber was carried out by an oil

sealed roughing pump,** for achieving the forevacuum, and a 4 inch

diameter oil diffusion pump.*** Pressure was monitored by means of

Pirani+ and discharge type++ vacuum gauges. Figure 4 schematically

represents the sputtering apparatus.

b. Sputtering Targets. °Since the CuO films used in this study

were obtained by r.f. sputtering the oxide itself, a reasonably

*R. D. Mathis Corp., Long Beach, California.

**M0de1 1397, Welch Scientific Co., Skokie, Ill.

***Type BLN—60, Consolidated Electrodynamics Corp., Rochester, N.Y.

+Type GP 140, Consolidated Electrodynamics Corp., Rochester, N.Y.

++Type GPH—l00A, Consolidated Electrodynamics Corp., Rochester, N.Y.

18
l
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l
dense sintered target was necessary.‘ Cupric oxide powder* was hot

l

pressed** in a two inch diameter graphite die for three hours at 50000

and 3000 psi. After removal from the die, the target was sintered for

12 hours at 900oC. The resulting disk was approximately 1.75 inches

= in diameter by 0.25 inch thick and roughly 702 of its theoretical

density. The compact was then cemented to a 3.375 inch diameter by

0.25 inch thick aluminum backing plate with a conducting silver

filled epoxy.***
A

4

Iron, nickel, and molybdenum targets were fabricated from high

purity sheets,+, 3.375 inches in diameter by 0.005 inch thick, and

fastened to aluminum backing plates with small screws. Small tabs

of metal were folded over the screws.t0 prevent sputtering of the

screw heads.

c. Substrates. Corning #7059++ glass slides were used

exclusively as substrates for this study. This glass contained no

alkali or iron which could affect electrical and optical measurements.

The standard substrate for electrical and optical experiments was 1.0

inch by 1.5 inches by 0.05 inches. Additional substrates for Ni/Fe

thin film thermocouples and SEM specimens were obtained by cutting

*Fisher Certified Reagent, Fisher Scientific Company, Pittsburgh, PA.

**Mode1 RH 1512, Alfred Ceramic Enterprises, Inc., Alfred, N.Y.

***Transene Company, Inc., Rowley, Mass.
l

+Alfa Products, Beverly, Mass.

++Corning Glass Works, Danville, VA.
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’
the larger slides into 1.0 inch by 0.25 inch and 0.25 inch square

pieces on a diamond saw.

d. Thin Film Thermocoup1es.· As mentioned earlier, deposition

temperature plays an important role in determining film density and

structure. Although the substrate temperature was not varied in this

research, a knowledge of this quantity might prove useful in explaining

film behavior. The preparation and use of Ni/Fe thin film thermocouples

for substrate temperature determination has been previously described

by Morrison and Lachenmayer,(45) Marshall et
a1.,(46)

and Frey.(43)

q Alternate layers of iron and nickel, each roughly 3000X thick,

were sputtered on to the substrates cut for this purpose. Opposite

ends of the substrate were masked during deposition to provide contact

areas of pure Ni and Fe. One batch of 20 thermocouples was prepared

in this manner and a representative sample calibrated to 300oC in air

inside a tube furnace. The calibration curve, which agrees well with

literature data, is shown in Figure 5.

Contact was made to the thermocouples inside the deposition

chamber with small Ni and Fe plates welded to the respective wires.

The wires and contact plates were protected from the discharge by

mullite thermocouple tubing. The wires were run through a compressed

rubber stopper situated in one of the feedthrough ports at the base

of the sputtering module. Thermal emf measurements were made with

a millivolt potentiometer equipped with an internal temperature

compensator.*

*Model 8690, Leeds and Northrup Co., Philadelphia, PA.
6
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1
e.‘

Sputtering Atmospheres, Pure Ar, 90% Ar—10%
O2,

and

50% Ar-50% 02 atmospheres were employed to provide CuO films of

varying oxygen content. The 90% Ar—l0% O2 gas was a commercially*

prepared mixture. The 50% Ar-50% 02 atmosphere was obtained by

carefully mixing pure Ar and O2 with the aid of flowmeters prior to

admittance to the sputtering chamber. The possibility of ruining

the pump oils prevented the use of higher oxygen containing

atmospheres.
A

a

f. Sputtering Procedure. Prior to sputtering, the substrates

were cleaned of dirt and grease by simply wiping with acetone or, in

more severe cases, an ultrasonic treatment. A stream of dry nitrogen

was used to blow the substrates free of dust immediately before they

were placed in the deposition chamber. The large slides were partially

masked at one end by a 22 mm square by 0.12 mm thick glass coverslip

which provided a step for subsequent film thickness measurements. The

small SEM substrate was placed on top of the coverslip where it also

prevented the mask from moving during deposition. Once the substrates

were in place, the substrate shield was drawn across them and the

deposition chamber sealed. At this point, the system was evacuated

until a pressure less than 10-5 torr was achieved.
l

After the desired vacuum had been obtained, the sputtering gas

was admitted through the 1eak valve in the base of the module. After

the pressure had stabilized, a discharge was started by slowly„
l

*Airco Company, Inc., Riverton, N.J. '
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increasing the current to the cathode. Sputtering was allowed to
V

continue on the substrate shield for 15 minutes. During this time

the pressure and plasma stabilized and "matching" or minimization of

reflected power was carried out by carefully adjusting the controls

on the module.

As soon as the system had stabilized, the shield was drawn back

and a timer was started. During the deposition process, pressure was

closely monitored to prevent unwanted pressure surges and drops. At

the end of a run the shield was pulled back across the substrates

and the discharge terminated. The substrates were allowed to cool

A inside the chamber for at least 30 minutes before removal.

To simplify the sputtering experiments, the gas pressure,

sputtering power, and substrate—target separation were kept constant

throughout this study. Film thickness was varied solely through the

use of different sputtering times. Table II lists the sputtering

parameters used in obtaining the Cu0 films. Slight changes in the

settings resulted from the use of different atmospheres.

2. Annealing Experiments
V

a. Ai;. The effect of annealing in air on film resistivity

and structure was studied. The films were treated in a small muffle

furnace* at a constant temperature of 300oC. Room temperature

resistivity measurements of each specimen were recorded at intervals

*Model Ml0A—lA, Blue M Electric Co., Blue Island, Ill.
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I
TABLE II

R. F. Sputtering Parameters for Cu0 Deposition

Target
Substrate Plate D.C. R.F. Sputtering

Pressure Separation Current Voltage Power Time
Atmosphere (u) (cm) (Amps) (Volts) (Watts) (min)

100% Ar 10 10
U

0.170 3000 200 60,240
90% Ar-10% 02 l0 10 _ 0.170 3000 200 60,120,240
50% Ar—50% 02 10 10 0.170 280 200 60,240
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of 0, 1, 2, 5, 10, 50, and 100 hours. X—ray diffraction patterns were

recorded at intervals of 0, 1, 10, and 1OO hours.

b. Reducing Atmospheres. Syphon grade CO2 and pure CO were

used to reduce the CuO films to Cu20. The desired reducing atmosphere

was obtained by metering CO2 and CO flow similar to the procedure

described earlier for mixing the sputtering atmospheres.

A tube furnace* equipped with a 4 foot length of 1.5 inch diameter

Pyrex tubing was used to prepare the Cu2O films. A 6.0 inch length

of 1.0 inch diameter mullite tubing made a convenient "boat" in which

to mount the CuO films.

l The boat, loaded with 1 to 3 films, was pushed into the center

1
of the tube with a metal rod. The furnace was immediately sealed

and the contents allowed to heat up under a flow of CO2 at 250 ml/min.

After 15 minutes the CO2 flow rate was lowered to 95 ml/min and the CO
1

flow set at 5 ml/min. After 30 minutes the CO flow was discontinued

and the boat was drawn to the cool end of the furnace with a Ta wire

which passed through the wall of the tygon tubing supplying the gas

flow. The specimens were allowed to cool under a CO2 flow of 25 ml/min.

for 45 minutes before they were removed from the furnace.

The optimum combination of gas composition, flow rate, reducing

time, and temperature were determined by a trial and error process.

A review of the thermodynamics of the reduction pointed out that

control of the 002/co ratio to prevent the formation of Cu metal was

*Type G-02720-T, Hevi Duty Electric Co., Milwaukee, WI. » g
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l
impractical. The analysis is presented in the appendix. Since the

A

reduction of CuO to Cu is a stepwise process, involving the formation

of Cu20 as an intermediate, the desired oxide was obtained by controlling

the reaction time.

3. Electrode Fabrication. During the course of this research

difficulties in selecting metal electrode materials became evident.

Problems with adhesion, chemical stability, and mechanical strength

were encountered. l
l

Figure 6 illustrates the type of sample used for resistivity

measurements. Four strips or "islands" were deposited on top of a

previously prepared copper oxide film through a special mask.~

Initially, evaporated* aluminum was used because of its ease of

deposition and low cost. However, aluminum tended to diffuse into

the film at temperatures as low as 200OC. Despite its excellent

adherence, the aluminum was very easily scratched.

Sputtered molybdenum was examined and showed great promise due

to its adherence and durability.” Unfortunately, Mo oxidized rapidly

at temperatures as low as 300oC.
l

Evaporated gold films were highly stable above 3000C and did not

react with film components or oxidize. The chief disadvantages of

gold were its high cost and very poor adhesion to the film surface. _

'
The bulk of the electronic measurements in this study were made

using Mo electrodes. Specimens used in the annealing experiments

*Type CVE—20, Consolidated Vacuum Corp., Rochester, N.Y.
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were coated with gold. In each case the electrode thickness was

calculated to be 1000 X.
·

B. Film Characterization

1. X—Ray Diffraction. The effects of sputtering, annealing, and

reducing on film structure and chemistry were investigated by X—ray

diffraction. Peak widths were examined for evidence of grain growth

during annealing. Films consisting of very fine grains generally

show broad diffraction peaks which become narrower as the grains

increase in size.
V

A Norelco diffractometer operating at 40 kV and 15 ma was used

to scan each specimen over a constant 29 range of 200 to 600. vThe

range, time constant, and scan speed were kept cüustant at 100 cps,

2, and lo
29 per minute respectively.

2. SEM—EDAX. The surface morphology of the sputtered films ‘

was observed with the aid of a scanning electron microscope.* The

specimen was irradiated with a focused electron beam which released

secondary electrons, backscattered electrons, and characteristic

X-rays. Photographs of the film surfaces were obtained from secondary

electron images.

Possible chemical contamination of the films was investigated V

with an Energy Dispersive Analysis of X—Rays (EDAX) attachment.

Characteristic X—ray emission spectra, generated by the ejection of

core electrons from their parent atoms, were recorded and photographed

*AR 900, Burlington, Mass.
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on a cathode ray display tube. The chemical composition of the glass
3

substrates was also studied in this manner.

3. Film Thickness Determination. As previously described, a

small area at the end of each substrate used for electrical measure-

ments was masked during Cu0 deposition. The size of the masked area

was approximately 22 mm long and 3 mm wide. Subsequent electrode

deposition created a reflective step which permitted the determination

of film thickness by interferometry. X

Thickness measurements were carried out on a Varian X-Scope

multiple beam interferometer.* The instrument employed a sodium

Vapor lamp with a wavelength of 5892 X. The monochromatic radiation,

after reflecting off the film surface, passed through a small air

wedge and was transmitted to a special eyepiece. The spacing of

the interference fringes, produced in the air wedge, was measured in

arbitrary units with the aid of a movable hairline controlled by a

graduated knob. Light reflected from the area of the step formed

interference fringes that were offset an amount proportional to the

height of the surface Variation. The fringe offset was also measured

with the hairline. Film thickness (t) was calculated from the

following relation.

c = X 2966 X
l

Since the fringe spacing is always eoual to A/2(Ä7), the quantity

*Varian Associates, Palo Alto, California.
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l
(2946 2/fringe spacing) is actually a proportionality constant relating

the observed offset to the actual film thickness.

Three thickness measurements were made at different points along

the step. These values were averaged and rounded to the nearest

100 X. The accuracy of the instrument, as reported by the manufacturer,

is ;•-_ 302.

4. Electrical Measurementsr

a. Resistivity. Measurement of semiconductor resistivity

is generally performed by a four point probe technique.(48) In this

study, a modification(44) of the four point probe method was used to

1
1

determine film resistivity. _

Electrical leads were attached, by means of small alligator

clips, to the four metal islands on the resistivity specimen shown

in Figure 6. A constant current (I), obtained from a power supply,*

was passed through the outer contacts on the specimen. A sensitive

multimeter**, with a range of 10-9 to 10-1 amps, was employed to

measure the current. The high resistance of the films limited the

maximum current to about 10-4
amps. The voltage drop (AV) across the

gap between the two inner electrodes was measured with a digital

voltmeter*** sensitive to 10-3 volts.

*Model 865C, Harrison Laboratories.

**Model 153, Keithley Instruments, Inc., Cleveland, Ohio. °
l

***Model l60B, Keithley Instruments, Inc., Cleveland, Ohio.
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' The resistance (R) of the film was calculated from Ohm's Law:

R(S2) = AV/I
”

Sheet resistance (R ), the resistance of any size square of material,

was determined by multiplying R by the film width (2.54 cm) and

dividing by the gap width (0.15 cm), such that

R = AV (2.54 cm)
I (0.15 cm)

Sheet resistance is commonly expressed as Q/square. The praduct of

sheet resistance and film thickness (t) yielded the resistivity (p)

of the specimen in 0-cm as shown below.E _ AV 2.54¤(.¥Z—¤m) —
I (0_l5) t .

b. Activation Ener . The dependence of film resistivity on

temperature was determined using the same technique described in the

preceeding section. The specimen was enclosed in a controlled

temperature chamber* in which temperature gradients were limited to

li l°C. Film temperature was measured by means of a chromel alumel

thermocouple in contact with the bottom surface of the specimen.

Resistivity is related to the absolute temperature by an

Arrhenius relation, ‘
l

where p = C exp(Ea/kT)

Ea = activation energy in eV -

V k = Boltzmann constant = 8.6 x 10-5 eV/OK

(Model M 2300, Delta Design, Inc., La Mesa, California.
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V
T = temperature (OK)

·
’ V V

‘
C = a constant.

By taking logarithms of the above relation and differentiating

with respect to l/T, the following expression is obtained.

d loge p
= E2

d l/T k

Thus, the slope of the loge p vs. l/T relationship yields the activation

energy. l
l

The similarity in activation energy for a group of specimens

prepared under the same conditions was taken as a measure of
h

reproducibility. Activation energies for the sputtered and reduced

films were determined in air between 250 and 200°c.

c. Charge Carrier Type. The sign of the charge carriers in

the Cu0 and Cu2O films was determined by taking advantage of their

thermoelectric properties. Two probes connected to a sensitive volt-

meter were placed on the film surface. The positive probe was heated

with a soldering iron.
l

Charge carriers move away from the hot probe in an attempt to

conduct heat.p If the sample is n—type, the observed voltage-is

positive since the negative carriers will migrate to the negative

probe. If the sample is p—type, positive carriers migrate to the

negative probe and the observed voltage is negative.(S0),



34

d.- Optical Properties. The dependence of film absorbance

on wavelength was observed on a Cary 14* recording spectrophotometer.

Since the bulk of the sun's energy reaching the earth is concentrated

between 0.3u and 2.5u, this wavelength region was examined. The

optical data was calculated and plotted using a computer program

developed by Viverito.(l)

*Cary 14, Varian, Inc., New York, N.Y. _ _



ui
IV. RESULTS

7

A. Effects of Deposition Variables .

Increasing the oxygen content of the sputtering atmosphere decreased

the deposition rate in a linear fashion as shown in Figure 7. The

scatter in the data can be attributed to both gas pressure and discharge

power fluctuations which occurred during some of the depositions, as

well as errors in film thickness measurement. In spite of the latter

possibility, film uniformity appeared to be excellent. Th; three film

thickness measurements performed on each specimen rarely deviated more

than i 5% from their average value.
V

Through utilization of the Ni/Fe thin film thermocouples, sub-

strate temperature was found to range between 110 and 13000 regardless

of the sputtering atmosphere employed. No correlation with either

deposition rate or oxygen content could be found. The effects of

substrate temperature on CuO film properties will be reviewed in the

Discussion section.

Adhesion of the sputtered films to the glass substrates was

excellent. No problems with peeling or cracking were encountered.

B. X—Ray Analysis
l

The diffraction data, between 200 and 600 20, for some of the films

prepared during this study are listed in Table III. Films are listed

according to their method of preparation. Data for the CuO target

material as well as that listed for Cu, Cu20, and Cu0 in the Powder

Diffraction
Fi1e(5O) is also included for comparison.

A

‘35
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Table III _

X—Ray Diffraction Data

Film No. 20OQ0bs) d(X) I/I hkl
l

32.50 2.755 20 110 _
35.50 2.529 100 002,111

Target 38.70 2.327 92 111,200
Material 46.20 1.965 6 112
Cu0 48.50 1.877 54 202
Powder 53.30 1.719 15 020

58.10 1.588 23 202

35.50 2.529 10 002,111
_ 36.50 2.462 45 ‘

111(Cu20)gllms
d

Z4 38.30 2.350 100 111,200_P“°t°‘€
42.80. 5 200(Cu 0)in Z

100; Ar 26 35.40 2.535 20 002,111
_ Before 36.10 2.488 100 111(Cu 0)‘

Annealing 38.40 2.344 50 111,200 ·

After 35.404 2.535 40 002,111‘
Annealing 38.50 2.338 100 111,200

15 & 29 38.25 2.353 100 111,200

Films
Sputtered 9 Before 37.70 2.386 100 111,200_ Annealingin

gg; gf ' After 38.50 2.338 100 111,200 ·
° 2 Anuealing 53450 1.713 5 020

21 35.25 2.546 10 111,002
Films 38.40 2.535 100 111,200
Sputtered ‘

in ’ 12 Before
50% Ar _ Annealing 38.25 A 2.353 100 l 111,200
50% O2

After
. 38.50 2.338 100 . 111,200Annealing

A 33R 36.20 2.481 100 111(Cu20)

Reduced 42.00 2.151 40 200(Cu20)

Films 31R 43.0 2.103 100 .l11(Cu)
_ 50.25._ 1.816 30 200(Cu)
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Table III(continued)

Card No. 20 (Obs) d(X) I/I hkl

32.52 2.751 12 110
35.48 2.530 49 QO2

. 35.58 2.523 100 111
38.76 2.323 96 111

_ Cuo 38.95 2.312 30 200
S_066l 46.35 1.959 3 212 ·

48.80 1.866 25 202
51.39 1.778 2 112
53.46 1.714 8 020

Powder 58.36 1.581 14 202

Diffractiou 29.58 3.020 9 llO

File Cu 0 36.45 2.465 100 ‘ 111
5-0667 42.33 2.135 37 200

52.50 1.743 1 211

Cu 43,33 2.088 100 111
„ 4-0836 50.48 1.808 46 200
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l
l. Sputtered Films. X—ray diffraction data revealed that the

oxygen content of the sputtering atmosphere had an important effect on

film composition and structure.- Partial dissociation of CuO to a

mixture of 0uO and Cu2O was observed in all films sputtered in pure

argon. No evidence of elemental copper was observed. The diffraction

pattern of such a film is shown in Figure 8. Thinner films displayed

similar peaks but of much lower intensity. The (200) peak of Cu20

was not present in all these films, however, and the relative

intensities of the CuO (lll) and Cu20 (lll) peaks varied considerably.

The diffraction patterns of films deposited by sputtering CuO in

i

10% and 50%·02 are shown in Figures 9 and 10 respectively. No peaks

corresponding to Cu20 or Cu were found in any of these specimens.

Only one major peak, attributable to the overlap of the (lll) and (200)

reflections, appeared in these diffraction patterns at approximately

38.3O 26. An additional peak of very low intensity, corresponding to

the (lll)—(002) overlap, appeared in the patterns of a few films

sputtered in 50% 02. _

The presence of only one peak in the diffraction patterns of

films sputtered in 10% O2 suggested that preferred orientation might

exist in these films. Since the (lll) and (200) planes in CuO possess

very similar d—spacings, the resulting peak is actually an overlap of

two reflections. Slow scan diffraction patterns (ko 26/min) were

recorded between 360 and 400
26 and the broad peak examined for the

presence of a doublet or shoulder. No evidence for two peaks was

found in this manner. Diffraction angles between 60o and 90o were
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1
investigated for the presence of a (222) reflection as well as others.

Within this range, only one peak of very low intensity was found at

83.100 corresponding to the (222) reflection of CuO. Observation of

only the (111) and (222) reflections in several specimens confirmed

the existence of preferred orientation because the (lll) and (222)
·

planes are parallel to one another.

The d—spacings of the planes represented in the diffraction

patterns of the sputtered films varied from film to film. 4They were

generally larger than those determined for the CuO target material

and those listed in the powder diffraction file.

2. Annealed Films. Annealing in air at 300OC produced

significant changes in a specimen initially sputtered in pure argon. ·

As shown in Figure ll, the Cu2O peak was virtually eliminated after

one hour leaving a small broad peak at approximately 35.500. The

intensity of the new peak, which corresponded to the (ll1)—(O02)

overlap of CuO, increased with annealing time as did that of the

CuO (111) peak. The position of the CuO (111) peak changed from

38.25 to 38.50o during the annealing process.

The effect of annealing a film sputtered in 10% O2 is shown in

Figure 12. After one hour, a small peak appeared at 53.50 which

corresponded to the (020) reflection of CuO. The position of the

(111) peak changed markedly, from 37.70o to 38.500, during annealing.

The intensity of the (111) peak also increased while that of
the)

‘
(020) decreased after 100 hours.
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Annealing of a CuO film sputtered in 50% O2 is represented in

Figure 13. Again, the position of the (lll) peak shifted from 38.25

co3. Reduced Films. During the earlier stages of the reduction

experiments several CuO/Cu20 films were completely reduced to copper

metal. Diffraction patterns, such as that in Figure l4B, possessed

no peaks belonging to either CuO or Cu20.
u

Successful reduction of CuO to Cu20 was carried out in an atmos-

phere containing 5% CO and 95% CO2. No Cu or CuO peaks were present

in any of the diffraction patterns of the Cu20 films utilized in

subsequent electrical and optical experiments. A typical result

is shown in Figure 15. _

C. SEM—EDAX Results i

Radio frequency sputtering of CuO resulted in highly uniform film

surfaces composed of submicron sized crystallites. Scanning electron

micrographs of unannealed specimens sputtered in 10% 02 and pure

argon are shown in Figures 16A and B respectively. The film thick-

nesses were similar as indicated in the captions. It was apparent

that the film sputtered in the presence of oxygen possessed a finer

microstructure than that sputtered in pure argon. Sputtering in 50%

O2 resulted in surface morphologies similar to that depicted in

Figure 16.

The scanning electron micrographs shown in Figures l7A and B

represent the same specimens after annealing at 300oC in air for
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‘
100 hours. The micrographs reveal that crystal growth has occurred

during annealing.

V
The SEM micrographs also gave evidence of surface contamination.

The large white masses on the film surfaces were probably organic

dust since EDAX did not reveal any foreign impurities in the films.

D. Electrical Properties

The observed values of film thickness, resistivity, and

activation energy (Ea) for the sputtered copper oxide films prepared

in this study are listed in Table IV. The films are arranged

according to the composition of the sputtering gas employed during

their preparation.

l. Sputtered Films. All copper oxide films formed via r.f.

, sputtering of Cu0 were p—type conductors as determined by the hot

probe experiments. Decreasing film resistivity and activation energy

were observed with increasing oxygen content of the sputtering

atmosphere. The resistivity of the films approached a lower limit

as the oxygen content increased gs can be seen in Figure 20. Further

increases in the oxygen content would not be expected to cause further

significant decreases in film resistivity. -

The dependence of film resistivity on temperature between room

temperature and 200OC is illustrated in Figures 2l through 26. In

each figure, three curves, corresponding to three films, prepared

_ under identical conditions, are shown. The slope or thermal

activation energy is also indicated. _
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Tab1e‘IV

Electrical Properties of Sputtered Copper Oxide Films

‘ ' Room Temp.
Room p after

Sputtering Film Temp. Heatinä
Film Time Thickness p to 200 C
No. (min) (X) (Q—cm) Ea(eV) (Q—cm)

4 60 1500 318 0.26 405
5 60 1800 653 0.25 698
6 60

”
1600 255 0.25 339

16 240 6000 515 0.27 658
24 240 · 5100 790 0.27 860

Films Sputtered 25 240 5800 700 0.28 746
in 100% Ar 26 60 1500 359

27 60 . 1500 850’
. 28 60 1500 450’ 30 60 1600 417

31 60 V1500 270
‘

33 60 1500 604‘ 34 60 1600 833

7 60 1500 13.6
8 60 1500 31.0 0.18 70.9
9 60 1200 36.4

. . 14 240 4000 42.8 0.19 55.5;;;m;IS§“;g;rgd 1“
15 240 5500 130 0.26 145

° ° 2 17 60 1200 43.1 0.18 52.0
18 120 2400 116
19 120 · 1800 19.3 0.18 30.4

· 29 240 5400 73.6 0.23 90.4
39 60 1500 36.8 0.18

11 120 800 4.50 0.16 8.60
_ . 12 120 800 4.50 ·

. 13 120 800 6.4 0.13 16.0gggmjrsgugggrgd i“
20 240 1400 13.8 0.15 35.3

2 21 240 1400 3.25 0.13 4.80
22 240 1100 20.4 0.12 26.2
23 120 800 20.4 0.14 30.6
40 120

‘
700 4.40
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' The resistivity data for three films, sputtered for one hour in
l

pure argon, are illustrated in Figure 21. The calculated activation

energies were very reproducible. Similar data for films sputtered

for four hours, to achieve greater thickness, are shown in Figure 22.

Again, the activation energies displayed very good agreement but were

slightly larger than those of the thinner films.

Pure CuO films sputtered in 10% oxygen for one and two hours

exhibited excellent agreement in activation energy at low temperatures

as shown in Figure 23. However, on approaching 200oC, each curve was

characterized by an upward curvature. Similar films sputtered for

four hours showed considerable Variation in their activation energies

which were greater than those of the thinner films. As can bg seen

in Figure 24, breaks in two of the curves occurred at low temperatures.

. In view of the fact that such breaks occurred in only four of the

eighteen specimens examined, they were assumed to be insignificant.

The temperature dependence of resistivity for the Cu0 films

sputtered in 50% oxygen are illustrated in Figures 25 and 26. A

similar range of activation energies existed in both sets of curves.

These values were less than those of the films sputtered in pure

argon or 10% oxygen. Each of the curves in Figures 25 and 26 deviated

from linearity above IOOOC.
l

The resistivity of the sputtered films increased after heating

to ZOOOC. No changes in resistivity were observed after several weeks

· exposure to the atmosphere at room temperature either before or after_ heating. -
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2. Annealed Films. Changes in room temperature resistivity with

time for three specimens, sputtered in different atmospheres and then

annealed, are depicted in Figure 27. The three films were simultane—

ously annealed in air at 300oC. The resistivity of each film increased

rapidly within the first several hours before approaching a constant

value.

After the annealing experiments were completed, the temperature

dependence of resistivity between room temperature and 200oC was

determined for each specimen. The film sputtered in pure argon

(Film 26) was highly resistive and only 10-7 ampere could be passed

through the specimen. Outside interference, caused by the temperature

controller on the test chamber, rendered accurate determination of this

film's resistivity impossible at elevated temperatures. However, the

films sputtered in 10% and 50% oxygen were conductive enough to permit

the measurements to be made. The results are shown in Figure 28.

The activation energies of these specimens were slightly larger

than those of similar unannealed specimens. The breaks in the curves,

which occurred between 50 and 750C, appeared in all other specimens

heated to 300oC, and also occurred during cooling to room temp-

erature. The results of annealing the sputtered films in air are

summarized in Table V.
O

·

3. Qg20 Films. The change in resistivity with temperature of

three Cu2O films prepared from sputtered CuO/Cu20 films is shown in
”

Figure 29. Breaks in the curves occurred consistently at 125oC. The
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Table V _
Electrical Properties of Films Annealed at 3000C for 100 Hours

Room Temp.R'°'Q— ..
Film

Bääijälvlty (Afägg Act1vat1on Energy (eV)
No. Thickness Annealing Annealing Low Temp. High Temp.

26 1500 359 ~ 2030 - ·
9 1200 36.4 V 611 0.13

l
0.24

12 800 4.50 447 0.086 0.17
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‘
room-temperature resistivities of the Cu20 films decreased slightly

after heating to 200oC as indicated in Table VI. All of the Cu20
films were p-type conductors.

l

E. Optical Properties

Originally, measurement of absorbance, transmittance, and

reflectance was to be carried out on the copper oxide films.

Instrumental difficulties prevented reflectance data from being

obtained for all but one copper oxide film and an uncoated substrate.

Since the fraction of radiation not transmitted was both absorbed and

reflected, discussion of film optical properties will be limited to4

transmittance data alone. For convenience, the optical data presented

in Figures 30 through 40 are summarized in Table VII according to

film preparation technique. The approximate thickness and room

temperature resistivity of each film is listed along with transmittance

data at 0.5, 1.0, and 2.0 u. Conversion of wavelength to photon energy
l

in electron volts is accomplished in Table VIII.

1. Sputtered Films. All as—sputtered copper oxide films were

brown in color, the transparency of which depended on film thickness

and composition. Films greater than 5000X thick appeared black or

very dark brown whereas those less than 1400X thick were highly

transparent.

Transmittance at 0.5 p varied from 0% for the thickest films

_ to 30% in the case of the very thin films sputtered in 50% O2. Beyond

1.0 p the films transmitted greater than 50% of the incident radiation.
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F · Table VI F
l Electrical Properties of Reduced Films

Room

Room Temp.
Temp'

Resistivity afier
. (0-cm) .F11m E (ev) Heating

Film Thickness Before After a to 200 C
No. (X) Reducing° Reducing Low Temp. High Temp (0-cm)

27R 1500 850
”

264 0.35 0.21 182
CUZO 33R 1500 604 422 0.30 0.24 399
Fllms 34R · 1600 833 · 281 0.31 0.22 241

Cu 30R 1600 417 7.25 x 10-7
A

Métal 31R 1500 770 1.73 x 10-6
Films ·
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_ Table VII

Optical Transmittance Data of Copper Oxide Films

Room Fraction of Radiant
. Temp. Energy Transmitted

Film Thickness p Wave Length Figure
Film Type No. (X) V (9-cm) 0.50 1.00 2.0u No.

Sputtered in 6 1600 ß 255 0.20 0.50 0.65 301004 Ar 24 5100 790 0.00 0.42 0.80 31
Sputtered in 8 1500 ' 31.0 0.02 0.90 0.70 32

S 900 A6 104 O2
15 5500 130 0.00 0.65 0.57_ 33

Sputtered in. 13 800 6.4 0.30 0.74 0.82 34S04 Ar S04 02 22 1100 20.4 0.28 0.68 0.90 ' 35
Annealed 26 1500 2031 0.07 0.75 0.60 36
Fllms 9 1200 611 0.24 0.72 0.90 37

12 800 447 0.45 0.82 0.86 38

R?0“°°0 27R 1500 E 264 0.34 0.72 0.70 39Films - _
Uncoated Corning _
#7059 Substrate 0.02" 0.90 0.92 0.90 40
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_ Table VIII
4 Conversion of Wavelength to Energy

Radiant
Ä Energy

(M) (eV)

0.30
”

4.13

0.35 _ 3.54
V

0.40 3.10

4 0.45 2.75
_ , 0.50

l
2.48

0.55 2.26 ~
0.60

4
2.07

n
0.65 1.91

0.70 1.77

0.75 1.65

0.80 1.55

_ 0.85 1.46

0.90 1.38

_ 0.95 5 1.31
1.00

‘
1.24

1.50 0.83

4 2.00 _ 0.62 ·

2.50 0.50
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(
Very sharp drops in transmittance were observed in films greater

than 50002 thick. The drops occurred at approximately 0.7 u

(1.77 eV). Such films also displayed transmittance cut offs between

0.62 p (2.00 eV) and 0.5 u (2.48 eV).

2. Annealed Films. Annealing in air at 300oC induced changes

in the optical properties of the sputtered copper oxide films.

Although differences in visible transmittance were observed, infrared

transmittance remained very high such that no direct correlations

could be made in this range.

Annealing resulted in decreased transmittance at 0.5 u in the g
case of films sputtered in pure argon. Films sputtered in 10% and

50% 02, and then annealed, exhibited greater visible transmittance

than similar unannealed specimens.

3. QEQO Films. Cuprous oxide films displayed greater than 70%

transmittance beyond 1.0 p as shown in Figure 39. A sharp drop in

transmittance occurred at 0.5 p (2.48 eV). All the Cu2O films were

bright yellow in color. e
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· V. DTSCUSSION

A. Radio Frequency Sputtering of CuO

Radio frequency sputtering from a CuO target in pure argon results

in films composed of both CuO and Cu20. Vossen and 0'Neill(4l) have

found that oxides with dissociation energies less than 70 kcal/mole

are reduced when sputtered in pure argon. The reduction of CuO,

observed by Sachse and Nichols(3?) and this author, is due to the

low dissociation energy (37.1 kcal/mole)(5l) of the compound.

A mechanism explaining why only partial reduction of CuO occurs

is not readily appareut. Little or no thermodynamic data exists for
3

such partially reduced forms because the sputtered material may be

in the gas, liquid, or solid state.(4l) One or all of these states

may be present in the sputtering environment, thereby complicating

attempts at estimating the changes in stoichiometry which may occur.

Film stoichiometry is also affected by changes in the target

surface. Heat generated in the target by ion bombardment and dissi—

pation of r.f. energy may alter the surface composition of the
“

target(52). CuO is reduced to Cu20 at 700oC under nitrogen at normal

pressures(53), so it is conceivable that a Cu20 layer may be_present

on the target surface during sputtering in pure argon. Differences

in target stoichiometry from run to run may be responsible for the

varying amounts of Cu20 in the mixed films.

l The utilization of a small sintered CuO target requires that a

large target—to—substrate separation be employed to ensure uniform

83
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‘
film deposition. As shown by Vossen(al) (Figure 2D), a large separation

also results in a significant decrease in deposition rate. The CuO

deposition rates, obtained with a 10 cm separation, are less than

30 X/minute which is in good agreement with Vossen's findings.

The addition of oxygen to the sputtering gas further decreases

the deposition rate because a large portion of the sputtering power

is used to form 0+ ions(4l). The ionization energy of Ar is 364

Kcal/mole whereas the dissocation and ionization energies of 02 are
120 and 627 Kcal/mole respectively yielding a total energy of 747

Kcal/mole(5h). The decrease in the CuO deposition rate with increasing

_ oxygen content is linear between O and 50% 02.

Sputtering from larger targets would permit a much smaller

target—to—substrate distance to be employed. Increasing the area to

thickness ratio of the target would also allow higher sputtering

powers to be utilized since target impedence would be decreased.

Such changes would also increase the substrate temperature above

the 120OC observed during this investigation.

B. Structure and Properties of Copper Oxide Films

l. CuO/Cu20 Films. The diffraction peaks exhibited by the films

sputtered in pure Ar correspond only to CuO or Cu20. The lack of any

extraneous peaks or unusually large shifts in peak position indicates

that two separate oxide phases are present in the mixed films.

Integration of the diffraction peaks with a polar planimeter allows

a rough approximation of the film composition to be made. Such analysis
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” indicates that the Cu20 content of these films varies between 10 and
85 percent.

l
The dependence of resistivity on the Cu20 content of the mixed

films is illustrated in Figure 41. In spite of the scatter in the

data, a linear or nearly linear decrease in resistivity with increasing

Cu20 fraction is suggested. The phases present in the mixed films

must be nearly stoichiometric because the films have high resistivities

and thermal activation energies.4 However, the phase controlling

conduction must contain either interstitial oxygen atoms or cation

vacancies because the films are p—type conductors.

The presence of two oxides in the films causes the fundamental

absorption edge to be broadened over a range encompassing the band

gaps of both Cu20 and CuO. As shown in Figures 32 and 39, optical

excitation in Cu0 begins at 1.0u (1.24 eV) and that of Cu20 begins at

0.7u (2.07 eV). Films consisting of both oxides show a gradual

decrease in transmittance with decreasing wavelength as shown in

Figures 30 and 31.

Annealing the mixed films in air at 30000 oxidizes the Cu2O to

CuO. The structure of the resulting Cu0 films appears to be less

oriented than the films sputtered in the presence of oxygen, due to

the appearance of two large peaks in the diffraction patterns (Figure

ll). Although some randomness in the crystallite orientation must

be present, these CuO films are still strongly oriented with the (lll)

planes parallel to the substrate. The (lll) reflection possesses a

much higher intensity relative to that of the overlapping (OO2)—(ll1)
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reflections. In the powder diffraction pattern of CuO, these reflec-

tions are of nearly equal intensity.

The resistivities of the cuo films, formed from the mixed films,

are greater than those of the annealed CuO films which were initially

sputtered in 10% and 50% oxygen. It is possible that small differences

in orientation partially account for the difference in the resistivities

of the annealed films. Lattice defects, as such, contribute to the

scattering of charge carriers and therefore interfere with the con-

duction process. ·

Oxidation of the Cu20 in the mixed films, to CuO also decreases

their transmittance in the visible region. Thin films of CuO exhibit

a dark brown color and are nearly opaque in layers as thin as 1800X.

On the other hand, Cu20 films of similar thickness are bright yellow

and transparent. The smaller band gap of CuO (~ 2.0 eV) therefore

allows a greater portion of the visible spectrum to be absorbed than

does that of Cu20 whose width is approximately 2.5 eV.

2. CuO Films. the pure CuO films obtained by sputtering in 10%

and 50% oxygen show definite signs of preferred orientation. The

presence of only the (lll) and (222) reflections in the diffraction

patterns of these specimens is clear evidence that the films are

oriented with the (lll) planes parallel to the substrate surface.

Frey(43) has similarly observed that r.f. sputtered Ni0 films on

silica are oriented with the (200) planes parallel to the substrate.

· The (200) planes in NaCl type lattices, such as that in NiO, consist

. of a 1:1 ratio of nickel and oxygen ions in a close packed array.
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”
Evidently, nearly equal concentrations of nickel and oxygen species

are necessary to build up the Ni0 structure during sputtering.(43)
l

The (lll) orientation of the CuO films prepared during this study

suggests that film formation involves a deposition process similar to

that of NiO. The (lll) planes in the CuO lattice are composed of

copper and oxygen ions in equal concentrations. However, due to the

unusual coordination in CuO, the cations and anions do not lie in

exactly the same plane, as in the (200) planes of NiO. The oxygen ions

are slightly displaced above and below the single plane formed by the

copper ions.

It is surprising that CuO films sputtered onto glass are oriented

with the (lll) planes parallel to the substrate surface. The surface

of glass is largely composed of oxygen ions and it would seem logical

that a layer of copper atoms might be the first layer to form followed

by alternating layers of oxygen and copper. The (100) type planes of

CuO alternate in this manner. However, if the deposition of CuO

occurs largely by the collection of molecular species, then the (lll)

orientation would be more likely since it represents a stoichiometric

arrangement of the component atoms.

Further discussion of the orientation effect observed in sputtered

oxide films is complicated dué to the dependence of orientation on

substrate nature and temperature. Neugebauer(55) has indicated that

orientation of the closest packed planes parallel to the substrate

represents the most energetically favorable film structure, providing

that the substrate does not introduce any ordering effects. .The type
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of ordering is also a function of substrate temperature because totally

amorphous oxide films may result at cryogenic deposition temperatures

where the surface mobility of the deposited species is very
low.(43)

Substrate temperature during deposition also affects crystallite

size. It is well known that larger crystallites are formed at higher

deposition temperatures due to the increased surface mobility.(52)
l

Submicron sized CuO crystallites are obtained at deposition temperatures

of about 120oC. Subsequent annealing at 300OC results in an increase

in crystallite size as indicated in the SEM micrographs. The narrowing

of diffraction peaks during annealing of the CuO films is also

indicative of crystallite growth.

The lattice parameters of the CuO films sputtered in 10% and 50%

oxygen are greater than those of the target material or those listed

in the powder diffraction file. The density and film composition

data presented by Frey(44) for NiO films, and shown in Figure 3,

reveals that a large amount of excess oxygen is trapped in the film

lattice during sputtering. Density changes on the scale depicted in

Figure 3 would require at least one nickel vacancy per unit cell or

else large amounts of interstitial oxygen. Since the oxygen ion is

i
probably too large to fit in either the NiO or CuO lattice inter-

stitially, the major defects are probably metal ion vacancies. In —

either case, large numbers of such defects could conceivably result

in an expanded lattice due to the repulsive forces exerted by the large

oxygen ions. Therefore, the decrease in lattice parameter observed

after annealing the CuO films can be attributed to the loss of oxygen.
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Cupric oxide films, sputtered in the presence of oxygen, exhibit

extrinsic p-type semiconduction. Cation vacancies, resulting from

° the large quantities of excess oxygen in the lattice, introduce new

energy levels within the forbidden gap which are capable of accepting

thermally excited electrons from the valence band. The p-type semi-

conduction results from the motion of positively charged electron

vacancies or holes remaining in the valence band.

As the oxygen content of the Cu0 films increases, the acceptor

levels within the band gap broaden into an acceptor band. The decrease

in activation energy with increasing oxygen content indicates that the

bottom of the acceptor band approaches the top of the valence band.

· The greater number of defects in the oxygen rich CuO films increases

the number of holes in the valence band of these specimens and_therefore

brings about a decrease in resistivity.

Resistivity may be expressed as

D = l/Nqu

where N is the carrier concentration, q is the electronic charge, and

u is the carrier mobility. Carrier mobility, regardless of con-

ductivity type, decreases with increasing temperature due to the

increased thermal scattering of the carriers.(56) Therefore, the

exponential decrease in resistivity of the Cu0 films with temperature

is due entirely to an increase in carrier concentration governed by

the extrinsic activation energy. The presence of two activation

energies, in each of the resistivity curves shown in Figure 28,
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l
indicates the possibility of two sets of acceptor levels or perhaps

the ionization of defects which would free extra holes in the Valence

band.(57)
1

The increased resistivity and activation energy observed in the

annealed CuO films is primarily due to the loss of oxygen in the

films. However, changes in film orientation, indicated by the

appearence of additional diffraction peaks, also occurred during

annealing. The effects of reorientation, combined with those of

crystallite growth,on electrical properties cannot be fully evaluated

at this time. The fact that the resistivities and activation energies

of the films sputtered in 10% and 50% oxygen remained different after

annealing, is important. Structural Variations might be responsible

for the retention of different amounts of oxygen in these films. It

is evident that the 300oC annealing temperature is not high enough

to fully overcome the effects induced by the sputtering environment

even though the films begin to lose oxygen at temperatures below 200oC.

Optical transmittance of the CuO films sputtered in 10% oxygen

decreases with increasing film thickness throughout the wavelength

region between 0.3 and 2.5 u. These films exhibit sharp drops in

visible transmittance which correspond to the absorption edge of CuO.

From the transmittance curves in Figures 31 and 33 the band gap of

CuO can be estimated to lie between 1.77 eV and 2.00 eV. This is in

fair agreement with the results of Stecker(l3) who determined a band

gap of 2.22 eV from conductivity data.
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5
In contrast to the films sputtered in 10% oxygen, those sputtered

in 50% oxygen display very poorly defined absorption edges. Because

these films contain a larger amount of excess oxygen, and therefore a

greater number of charge carriers to interact with and absorb radiation,

they are expected to be less transmitting than CuO films containing a

lesser amount of oxygen.

However, the CuO films sputtered in 50% oxygen are the thinnest

specimens prepared during this investigation, and this fact explains

their high transmittance. The transmittance of a 5000X thick CuO

film sputtered in 50% oxygen can be estimated from the Lambert Law(59),

1 =
1oe'°“ .

where Io is the intensity of the incident radiation, and I is the

intensity after traversing a medium of thickness t. The term a is

defined as the absorption coefficient and may be regarded as a material

constant. Rearrangement of the above relation yields the transmittance

CT) such that

T = I/Io =
e—at

„

The absorption coefficient for CuO at 0.5 p may be calculated from the

transmittance data in Table VII, taking into account that the glass

slide is only 90% transmitting at this wavelength. After calculating

the transmittance of a SOOOX film alone, the net transmittance of

such a film on glass is only about 0.005 as compared to 0.28 for an

llO0X thick film on glass.
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V The optical properties of CuO films are also dependent on film

stoichiometry. Cupric oxide films sputtered in the presence of oxygen,

and then annealed, exhibit much higher visible transmittance than

similar unannealed specimens. Annealing removes oxygen from the films

and thus reduces the number of charge carriers available for optical

excitation.

A more dramatic, but similar, change has been observed in NiO

fi1ms.(44) Highly nonstoichiometric NiO films (oxygen excess) are

black and highly absorbing as sputtered, but take on a translucent

green color after annealing at 400oC. Changes in the color of the

g CuO films after annealing are not as apparent. The band gap of CuO

is approximately 2.0 eV, and therefore, most of the visible radiation

between 1.5 and 4.1 eV is absorbed. Near—stoichiometric NiO films

transmit visible radiation due to a large band gap of about 4.0 eV.(2S)

3. Qg20 Films. Cuprous oxide films can be successfully prepared

by reducing previously sputtered CuO/Cu20 films in a 5% CO — 95% CO2

atmosphere at 300oC. Thermodynamic analysis of the reduction reveals

that control of the co/602 ratio, to yield Cu20 only, cannot be

accomplished in a practical manner. However, reduction of CuO to Cu

involves the formation of Cu20 as an intermediate step and the desired
oxide can thus be obtained through control of the reaction time.

X—ray diffraction patterns of the Cu2O films show no peaks

corresponding to CuO or Cu. The films appear to be polycrystalline

due to theVpresence of both the (lll) and (200) reflections in the

diffraction patterns. Orientation of these films is not likely because
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the ratio of the peak intensities_is very similar to that observed in

powder patterns.
h

Reduction of the mixed films to Cu20 decreased their room

temperature resistivities and thermal activation energies. As shown

in Figure 29, the electrical characteristics of three Cu20 films

formed in this manner display good reproducibility. Breaks in the

resistivity—temperature curves at l25°C have been observed in previous

studies and correspond to the initial ionization of neutral copper

vacancies.(3l) The decrease in resistivity exhibited by each of

the Cu20 films after heating in air to 200OC must be the result of

- oxygen uptake from the atmosphere. Evidently, the Cu20 films prepared

by reaction of CuO with CO are in a reduced state and readily absorb

oxygen on heating. Excess oxygen in the lattice increases the number

of copper vacancies and therefore the hole concentration which brings

about a decrease in resistivity. Had the Cu20 films been oxidized

to Cu0,their resistivities would have increased markedly.

As mentioned previously, the Cu20 films exhibit a bright

yellow color and are transparent to the eye. The sharp decrease in

transmittance at 0.5 u (2.5 eV) indicates the presence of an absorption
9

edge. Radiation of energy less than 2.5 eV cannot excite electrons

across the band gap of Cu2O and is therefore transmitted or reflected.

This observation corresponds well with the data of Wieder and

Czanderna(35) who determined the band gap of Cu20 films to be about

2.3 eV.
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VI. CQNCLUSIONS

— From the results of this investigation the following conclusions

have been reached.
4

V

1. Radio frequency sputtering of Cu0 in pure argon yields films

composed of both CuO and Cu20. Addition of oxygen to the sputtering

gas results in pure CuO films.
7

2. CuO films, when sputtered in the presence of oxygen, show definite

signs of preferred orientation with the (111) planes parallel to

the substrate surface.

3. Both resistivity and thermal activation energy decrease with

increasing oxygen availability during deposition in accordance

p _ with the band theory of oxygen excess semiconductors.

4. All copper oxide films display p-type semiconduction. This includes

CuO, Cu20 and all mixtures thereof.

5. Films sputtered in 10% and 502 oxygen begin losing oxygen at

temperatures as low as 125oC.

6. Annealing Cu0/Cu20 films in air at 300oC oxidizes the Cu20 to Cu0

and results in resistivities greater than 103 0-cm.

7. The increases in resistivity and visible transmittance, as well as

the decrease in lattice parameter, encountered after annealing CuO

films in air, can be attributed to the loss of excess oxygen.

8. The optical band gap of CuO lies between 1.8 and 2.0 eV. That of

Cu20 lies at approximately 2.5 eV.

l 95
l ”



96

1
9. As a consequence of the large band gaps, both CuO and Cu2O

transmit greater than 50% of the infrared radiation between 1.0
V

and 2.5 u. These films would not be useful as heat reflecting

coatings on architectural glass.

10. CuO films prepared on glass by r.f. sputtering display excellent

adherence and long time stability on standing in air at room

temperature.

ll. Thin films of Cu20 on glass can be successfully prepared by

reducing previously sputtered CuO films with co/002 mixtures.

The resulting films are stable up to 2000C. To be useful in

A photovoltaic devices, however, Cu20 films must be prepared with

much better reproducibility. .
h
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· VII. FUTURE WORK

4

. Much remains to be learned about the properties of CuO. The lack

of published data dealing with the preparation and properties of CuO

films makes further studies especially significant. Future work

should include the following:

l. Studies of the phase relationships between CuO and Cu20 in order

to better understand the structure and properties of films

containing both oxides. V

2. Crystallographic studies of CuO and other oxide films which

possess unusual orientations. By observing the effects of the
4 y

various deposition parameters on crystal structure, a more accurate

description of the deposition process might be obtained.

3. Growth and characterization of CuO single crystals. Such work is

necessary if the electrical properties of CuO are to be fully

understood.

4. Characterization of the optical properties of CuO films, including

the effects of dopants, nonstoichiometry, and thickness on absorb-

ance, transmittance and reflectance. This information would be

useful in optimizing the performance of flat plate solar_collectors.

5. Studies of Cu20 films prepared by reactive sputtering of Cu onto

various substrate materials such as metals or n-type semiconductors.

Promising candidates for photovoltaic applications could be selected

for further investigation.

_97
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l
6. Development of a device sensitive enough to measure the Hall

effect in oxide thin films of low electrical conductivity. The
V

carrier concentration and mobility could thus be directly

determined.

7. Studies of stable oxides in which the outermost occupied energy

levels of the cation are completely filled. The high carrier

mobilities associated with Cu2O, ZnO, and CdO indicate that a

definite trend might exist. ·Further examples of potential high

mobility oxides are Ag2O, In203, and Hg0.
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· APBENDIX

Reduction of CuO to Cu2O: Thermodynamic Considerations

The thermodynamics of the reduction of CuO to Cu20 can be derived

V from a table of standard free energies of reaction compiled by .

Kubaschewski and Evans(5l). The reactions and free energy expressions

are listed below. All the free energy terms are expressed in cal/mole,

and the symbols [ ] and ( ) signify solids and gases respectively.

a. 2[Cu0] = [Cu2O] + %(02)
·

AG0
= 34,950 + 6.1 T log T — 44.3T

b. (CO) = [C] + %(02) AGO = 26,700 + 20.95T

c. [C] + (O2) = (CO2) ‘
AGO = -94,200 - 0.2T

d. 2[Cu0] + (CO) = [Cu20] + (CO2) AGO
= -32,550 + 6.1 T log T -23.55T

A second reaction, the reduction of Cu20 to Cu metal, may also

take place. Using equations (b), (c), and (e)

e. [Cu20] = 2[Cu] + %(02) AGC
= 40,500 + 3.92 T log T -29.5T

one arrives at the following relation.

f. [Cu20] + (CO) = 2[Cu] + (CO2) AGO
= -27,000 + 392 T log T - 8.75T

The free energy of reactions (d) and (f) may also be expressed as:

Ac° = -RT log p Pe CO2 CO

where R is the universal gas constant equal to 1.98 cal/moleOK, T is

the absolute temperature, and P refers to the partial pressure of a

particular component. At 300oC (573oK) the values of AGO for reactions

(d) and (f) are .
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AG; = -36,400 cal/mole .

AG; = -25,800 cal/mole

Solving for.the P /P ratio in both cases yieldsCO2 CO
_ 13

(PCO2/PCO)d 8.6 x 10

(P /P ) = 7.5 x 109
CO2 CO f

Obviously, such control of the gas mixtures to prevent formation W

of Cu metal is impractical. Between room temperature and 400OC

equilibrium lies far to the right in the case of reactions (d) and (f).

Similar results are obtained where hydrogen is used as the reducing

agent. _ ·
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l
~ SEMICONDUCTION IN COPPER OXIDE THIN FILMS

bv
l

Andrew J. Wnuk

l
(ABSTRACT)

Copper oxide thin films were prepared on glass substrates by

radio frequency sputtering of a sintered CuO target in various argon-

oxygen atmospheres. Films sputtered in pure argon consisted of both

U
CuO and Cu20 due to partial dissociation of CuO during deposition.

Sputtering in l0% and 50% oxygen afforded films composed entirely

of
cuolg.Allthe sputtered films exhibited extrinsic p—type semiconduction.

Both resistivity and thermal activation energy decreased with increasing

oxygen content of the sputtering atmosphere. The resistivity of the

CuO/Cu20 films decreased with increasing Cu20 content.

Annealing of the CuOl+x films at 30OOC in air increased their _

resistivity, activation energy, and visible transmittance, while

decreasing the lattice parameters slightly. These changes were

attributed to the loss of excess oxygen trapped within the film

lattice during sputtering. Annealing of the CuO/Cu20 films under the

same conditions oxidized the Cu2O to CuO and increased film resistivity

to values greater than l03Q—cm.

A high degree of preferred orientation was observed in the films

sputtered in the presence of oxygen. These films were oriented with

the (lll) planes parallel to the substrate surface and remained so



A even after annealing in air at 3000C. The (lll) planes in Cu0 are

composed of equal concentrations of copper and oxygen atoms and were

identified as the most densely packed planes in the lattice.

Films consisting of Cu2O only were prepared by reducing previously

sputtered films in a mixture of CO and CO2 at 300oC. The technique

proved to be a convenient means for obtaining Cu20 films with

reproducible properties which were useful in explaining the behavior

of the CuO/Cu20 films. n
V
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