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ABSTRACT

The purpose of this research is to determine the contact

potential difference of cuprous oxide, Cu20, with respect to

gold. band model for cuprous oxide is presented.

Single-crystal cuprous oxide is Prepared from Oxygen

Free High Conductivity cooper equi151-rated at 1020°C and at

atmospheric pressure. The contact potential difference of

cuprous oxide (using gold as a reference) is measured in a

bakeable ultrahigh vacuum system using a modified version of

Nelson's electron beam retardation method. Measurements

made at 10
-6

torr and at room temperature give a value of

0.1 ±0.05 eV for the contact potential difference of eanrous

oxide with respect to gold.

Photoelectric emission fro n th,e gold reference is

apprcxinately 4.9 eV. Eence, the Fermi level resides at

approximitely 5 eV belcr, vcuumi zero. This places the Ferri

level between the valence hand which t-as found to be at

approximately 5.1 eV and the acceptor levels which reside

somewhere between 0.3 eV and 0.6 eV above the valence band.

From optical exnerinents the hand l'idth has been deterr5ner,

to ha a Proximately 2.3 eV. If 5.1 eV is taken as the ton

of the valence band and 2.3 eV is the band gap, tl'en the

electron affinity of cuprous oxide is anproxately 2.8 eV.

iv
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INTP.OrUCTIOs7

Properties of Cuprous 0xide

.ince the 1920's cuprous oxide, Cu2O, has undergone

extensive investigation. Early interest stemme-3 from the

known rectifying and photovoltaic nroperties of cu7rous

oxide. Although the mechanisms of these phenorcna were

unknown, rectifiers and photovoltaic cells of cuprous oxide

were used long before the present theory of semiconductor

behavior was developed. In the 1930's, many studies were

undertaken on the photoelectric properties of cuns-ous oxide.

7owever, cunrous oxide presented mans, comnlexities absent in

simplier systems; such as, silicon and germanium.

early 1940's interest in cunrous oxide dirinished. 7-.fter

"orld Wlr I/ the interest in cunrous revitriAzed

and investigations , were begun on the optical and

conductivity properties of the material. In recent years

these interests have gros,7n to include studies of band

structure in cuprous oxide.

':uch of the urorl- on cuprous oxide, especially the early

investicaticns must be vie!Jed with sl-enticisr. The use of

-olycrystalline materials (materials composed of several

crystals senaratee: by grin boundaries) cast forhoding

shadows on many of the earlier investir--ations. Tod', the

important role that grain boundaries and surfaces play in

the properties of cuilrous oxide is recognileA 1

1

Anothes-
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shortcoming arises from insufficient precautions to raintmin

the samples within the temr,erature oxygen pressure

stability zone for cuorous oxlee. This he discussed in

more detail shortly. 'Tanv early researchers Oid not speci5,-

the exact sample enYironment; fcr eam,nle, the pressure

under which measurements were taken or the oxYcen pressure^

and temperatures used in growing the crystals.

The stability curve (Figure 1) of the copper - oxygen

system shows the oxycen pressure versus terperature zone for

which cuprous oxide is stable. It is intuitively obvious

that work cannot always he done in the cuprous oxie

stability region. Hoy-ever, if a transition to room

temperature occurs cuickly enouch the high terperature

composition is "frozen in", although oxygen diffusim "i/3

still produce surface imperfections. EN.nn thorch cuprous

oxide in air is not thermodynamically st70-1,,! at room

temperature, it reacts so t'-at cur,rous oxieo is

kinetically stable in air and thus sho,-t trr ara effects

can be neglected. At a temrerature range from 100 C to

500 r' the reacticn o-f cunrous oxide is toe slo,-Y to reach

equilibrium but too fast to he iancred. Consecuentiv, this

region must hr, avoide. Ficur,1 1 a?so slin,,s the

equilibraticn points used in this

cunrous is P 5r-,r‘r7 4i1 1.?Nr of

co.wlor atoms and a sinc-le r':" -'• As early as 1131,

the doperture of cuprous oxiec from the stoilorr,t,-ic r'at'e

of 1:1 in the direction of excess oxac,-n was 1771n!,,n. The



PHASE DIAGRAM FOR COPPER-OXYGEN SYSTEM,



4

excess oxygen in cuprous oxide crystals was motel to

increase with an increase in oxygen partial pressure. The

effect of increasing the excess oxygen on the electrical

properties of cuprous oxide was predicted bv Wagner 2 (1938)

to increase the conductivity as the one-eigth the pov,er of

the oxygen pressure. More recently, studies by Hogal-th3

and M. P. Zirin and Trivich 4 on the thermoelectric

Properties of cuprous oxide have verified Wagner's work.

Electrical conductivity in cuprous oxide depends on the

conduction of holes. Without exception, cuprous oyiee is

known as a P-type semiconductor. Wright 5 and Zirin and• •

•11

Trivich
4 

failed to produce '1-type cunrous oxide althoueh

Trivich suggests the possthilitv of N-tvne cunrous oxide at

very low oxygen pressures.

Figure 2 depicts the band structure of a P-4-vce

semiconductor. The heicrit of the Ferri level, rF, the.

valence band depends primarily upon the cr,ncent-atien and

distribution of accmntor levels. The nurber o ioni7ed

acce?tor states denc,nds upon the ternerature in accordance

with the Fermi-Dirac distrihution. 1:t room terrerature,

the Fermi level resides sorevhere between the valence bard

and the acceptor levels. The magnitude of the rerni energy

(that is the energy requiree to now an electron from the

re,-ni level to a rest position just e.,•terior to th
e surface)

is definca as the wov-R function of the materiel.
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The energy of acceptor levels in cunrous oxide has '-eon

6
investigated by several researchers. Fortin and Weichran ,

in extending the work of Wright 
5
, investicated the

dependence of hole mobility unon terperature (25
o
C to 8000C)

and, together with Hall-effect neasurements, lecatef/

acceptor levels at 0.3 eV to 0.6 eV, 1.0 eV, and 1.6 eV

above the valence band. The 1.0 eV and 1.6 eV levels do not

exist in the temperature range considered in this study.

These levels are characteristic of sales heated above

1250C which causes a high-conductivity surface layer to

redistribute itself throughout the bulk producing an oxygen

rich layer beneath the surface. However, the 0.3 eV to

0.6 eV levels were found to be characteristic of fresh

samples subjected to low temperatures. If a sarnle wee

eposed to air for so-,e tire,  the electr4cal conr3uetivitv

becare a surface effsct quite indenenOent of the bun

properties. '!ore recent studies by Kuzel and ue4chv-en
7

are,

in agreement ceith the enerry of the acceptor levels. In

this research, the surface of cunrous oeiele is studied

rather than the hull, although at therral eauilibriur in the

absence of band benincT the properties should be ir7ertical.

The nosition of the tnp c,f the valc,nce hand with resr^ct

8
to the vacuum .7,2ro has been reasurea Konp usna valuer

obtained from the high-enerev threel!old of photonlectri(7

err:isrsion. She hiah-en,.rg7 ti corresPor te the

enere7 of direct tr=^-it4on with scatteri_nc of

photoelectronn from the valence hand. T'reel these
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reasurerents the ton of the ypieree bard 1-,e!? fr,urrl to be,

5.09 +0.05 (.17 +th renneot to vacunr 7ero. 2\71 irdenerdenee

this threshold unon surface band herdinv and urnr the

temperature an the ox -en pressure of sarrle nrenaratior

was ohservel.

Another measurerent of the photoelectr5o eriss!on fror

9
cuprous oxide was made kw Icffe in the early 1950's. At that

tire, Trffe's value of 5.15 eV was acc:enterl an the work

function of cunrous oxide. fro' the nrevions

-4iscussion, this value is known to he the h.ch-eneralr

threshnld of nhotnemissien hich given the ercrexY of the ter

of the Nralence 1-ana rather than the Nanr!-. functinn. 'Tote

that this value is ir gond anreerert with the va7.12 ob4-a5ner'

by nem,

with this knowledcr, t l+rite on ne 7err3 enernv can

be given numerically. Since the forri le+-el runt hn aboNrrt

the valence hand (C)th r-ise, it N.-nuld, rortrav metallic

rronerties), its racrnitude •-•

threshold, which is approxiratel-r 5.1

t',en the hr-',-enerny

n't r- . Urles the

accepter levels are cornletelv ion4.zod (a ccrdition

incompatible with the obsnrv2 te7,onrature ci9plIfir?rce of

conluctil'it,f), the 'ewer of the rnri.74 le-el CM" Pn

#?_xtrinc sericonenctor is tIle macnituec o the accertor

levros which ije at 0.2 eV to O. '17 tor of the

valence band. "hs the Ferri level hs the fo11c-N.7in,-
>

5.1 eV = 11.5
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Work Function

The magnitude of the Fermi energv (the minimum enercv

necessary to remove an electron from the Ferri level to

vacuum zero) is defined as the work function, 0, of cuornus

oxide. Physically stated, the work function is the

magnitude of the work required to rove an electron from the

interior of a metal to a rest position just exterior to the

surface. The magnitude of the work function is a few ev

(approximately 5 eV for cuprous oxide) and can he exoressed

as

0 = e CPD

where clan is the contact potential difference with vacuum

and e is the electronic charge.

If the work function of a substance such as gold can be

consistently determined, then the contact potential hetween

this standard and a sample (cuprous oxide) g 4Nres

eifference in their work functions. Thus, f-hr, wo+-1: functinn

of the material is related to the known wor* function of the

reference through the measurement of their contact potential

difference:

0 (sample) = 0 (reference) + CPT,

Tt ie; not necessary that the refercnce and the sarp1e_. be in

-hy-ical cnntact thug h their snr7v-ratien s'-nuld he rini7-17.nr'

and their environnent, an ultra hich vacuur.

'The difference in the yn,-'7. function o two ruhstnrces is

defined as their ccntact potential di5.rerence. Common
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rethods of measuring the contact potential difference are:

the Kelvin method, the ionization methoe4, and the Jelson

electron-beam retardation method. Here, the ionization

method is of little interest because in high vacuum no

ionization between the sample and the alpha-emitter takes

place. However, measurements made in ionized air are

accurate to 0.01 V.

In contrast, the Kelvin method is used. quite extensively

in ultra high vacuum systems. If a vibratina capacitor is

incorporated in the Kelvin method it is accurate to 0.01 V.

This method is sensitive to surface contamination anri

disorders but insensitive to interactions between electrons

and patch fields. This latter property is the criterion

upon which Andersonl° directly compared the Kelvin method

with the electron-hear retardation method. Anderson founA

that the measurements made on silver and barium 1-oth

methods were in aareement to within experirental error

limits. T-re noted that the electron beam methoA is sensitive

to patch interactions, and therefore the electron beam

method gives the average work function.

'7elson's electron bean retardation rethoe "as used in

thin Ttudy to determine the contact potential r3i.ffercnce of

cu7rous oxide with a cold reference. ,7%n electron bear with

an energy characterist3c of the t-Tun' rerl. _unction is

directed at a =ilo w:1 -A.e the potential ,c,t,,eon the gun and

the sample is variee. The sarp3e electron beam current has

a maximum when the potential of the gun filanent is slic,htiv
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negative compared to the samole. This potential is the sur

of both the contact potential eifference bet,leen the gun an'

the samole and the external

experirent in repeated on

identical shape results and

these curves is the contact

bias anpliee to the gun. If the

a reference raterial, a curve of

the horizontal dinplacement

potential difference.

Originally, Nelsonli developee the electron-am

retardation method to measure the electron affinity of

organic semiconductors. Electrons in covalent-bondee

naterials are localized to a single nolerrale so that the

number

organic

strikes

of free electrons present in the coneuction bane of

semiconductors is very small. When an electron bear

an organic semiconductor, the electron distribution

is altered drastically as the electrons enter the coneuction

hand. 'Co 12rp notes that sulfur and selenium exhibited a

space charge effect at beam currents hirt-or than 10-13 A.

Thus the retardationlpotential compared to a knol•-n reference

gives the energy of the conduction band relative to vacuum

zero; that is, the electron affinity.

In cuprous oxide the distribution of electrons is

relatively unaffected by a ben, current of 1C A. /f

electrons are projected at cuprous oxiee, then the

retardation potential compared to a kno‘rn rrference gives

the energy of the Ferri leve-1 relative to ”mculr, 17.,%ro; that

is, the work function.

Direct determination of the ...ork funct;cn of a ri^tal is

possible through erission experirents. Connon rethods of
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producing emission from metals are by thermal or Photo-

excitation or by producing large electric fields in thn

vacuum just exterior to the sarple. If the properties of

the solid are invariant to the temperature necessary to

produce a measurable saturation current (cumroes or5de in

not such a Traterial), the Richardson law yields the work

function since the work function is the only terr in the

equation that is characteristic of the solid.

Field emission gives the work function of metals but

does not give the true work function of semiconductors since

high fields produce degenerate surface states. By producing

a sufficiently large field just outside the metallic

surface, electrons are given enough energy to escape the

metal. The current is related to the wor% fnnction

accordinc to the Fowler and Nordhe5r relationship.

recently, field electron microscopes incorroratirrT the field

anissiontheoryten used to measure the work function

of r.ltals.

Contamination and Surface Effects in --Ietals

An 
13 14derson and Huber have investigated the e`feets of

contamination on the work function of metals. .r.nderson in

measuring the wnrIz function o7 gold found "erratic and

rarl:cd drifts in the contact notent5al. occurred on ar,4_ne for

a neriod of one to two days." Also, In an article on the

work function of copmer, Pneerson15 notes a "rnnle. drift
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towards lower work function on acira" arc "poor

reproducibility" due to absorbed casc!s. Huber 
14 studio(' the

effects of mercury contamination on the work function of

(-7old, silver, and aluminium. Hul-ser found that mercury

contanination affected the three metals differently.

lercury was extremely reactive with gold and had a hic-h

sticking coefficient" with the gold surface. Upon

comparing the work function of mercury-contaminated gold

with clean gold, Huber found a discrepancy of anproximately

0.5 eV. Mercury apparently lowered the work function.

Since most earlier studies were undertaen in rercurv

systems, his theory appears consistent because earlier

values of the work function of gold were lower by about 0.5

eV.

7._nderson
16 

also investigatee the effects of the doul-le

layer on the work function of lithium and sodium. Using the

equation

= 0 (volume) + 0 (surface)

obtained from the work of Wigner and Lordeen17 , Anderson

determined the contribution of the surface double layer to

be of the order of 0.3 eV. He conclude' that the surface

eoule layer is relatively unimportant in c7eterrininr, the

work function of monovalent metpls. The e -,Irt of tl,e

surface laver would 17e even less when us4nc! 40-c

l'eam retardation methc0.

0.7,-ctron-
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1

Photoelectric Frission from !!etals

/n the early 193I's, the basic theory of potoelectric

emission from metals w 
18

as developed by Fowler . Since then

this theory has been used extensively to find the worl-:

function of metals and the position of the valence band in

extrinsic semiconductors. When light of sufficiently high

energy strikes a solid, electron emission occurs. Fovever,

emission can occur w4th hic-h prohability only if hv (whPrP

h is Planck's colstant and v is the frecuencY) is greater

than or equal to t:1-: work function hecausP the enerc-v states

above the Fermi level are sparsely occupied.

For metals, the photoelectric threshold is ieenical to

the --mrk 411”c+- 4on. '''he photoelectric tIlrechold can 1;e found

comparing t,ro plots: hv/kT vercu the loc(Y/T2) "here,

Y is the photoelectric yield, k is the Boitzmann's constant

and T is the absolute tor—erltur-, 77,1 5(u) versus u. These

curves have the same accordinc, to Fm-lo,"s

theory log (17/T2) is equal to B + 6(u) where d(u) is a

universal funct;.on of u Cu = (h(v - v))/'') given by

6 (u) = log 10 (  - e 2u/4 ‘,3u/4  ) fr-r- u 6 0

71 2 -2u -3u
d(u) = loc ( .1_1 -(0-u - e 

- 10 6 2 4 9
  1) 'for u
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and is a constant, indepeneert oc v or T. Whore the

experimental and theoretical curve cnincide, the hv/:T value

on the experimental curve corresPonding to u = 0 (hv = hv )0

on the theoretical curve is rend directiv fro' the granh.

The theoretical curve and values of O(u) versus u are shown

in Figure 3.

Fewler
18
 in his article developing the photoe3ectric

theory, indicates another method to find ve When 6(u) is

observed in a region approaching zero fror the positive

sense, then the yield is

Y = C(v - vo) 
2

where C is a constant. A plot of
1/2

versus v is

straight line in the vicinity of the thresh_olel an' 7 an

extranolatinn to Y = 0 can used to calculate vo.

Photoemission and Scniconductors

As previously incl5cated, the photcelectric erissinn

threshold for extrinsic seniconductors is not, in general,

the work function. This is beceuse the Ferm4 level in

sericonductors is net at the care enerav as

available levels and, thus, no electrons in general exist at

the Fermi level. Tnsteae,, many eneray states enist from
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3

2

-1

0 5 10 15 20 25 30

log lul d(u) u log lui 6(u)

-5.0 0.699 -2.171 1.5 0.176 0.400
-4.0 0.602 -1.739 2.0 0.301 0.546
-3.0 0.477 -1.308 3.0 0.477 0.785
-2.5 0.398 -1.095 4.0 0.602 0.983
-2.0 0.301 -0.884 5.0 0.699 1.150
-1.5 0.176 -0.674 6.0 3.778 1.293
-1.0 0.000 -0.469 8.0 0.903 1.527
-0.5 -0.301 -0.268 10.0 1.000 1.713
-0.2 -0.699 -0.160 12.0 1.079 1.866
0.0 -00 -0.085 14.0 1.146 1.998
0.2 -0.699 -0.015 16.0 1.204 2.113
0.4 -0.398 0.055 20.0 1.301 2.305
0.6 -0.222 0.125 25.0 1.398 2.497
1.0 0.000 0.249 30.0 1.477 2.655

The values of Fowler's function ib(u) and the theoretical

curve are taken from DuBridge.13

Figure 3. Values for Fowler's Function, O(u), and Fowler's
Theoretical Curve, 15(u) versus u.
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which emission may come -- fran the top of the valence band;

from acceptor and donor irpurity states; fro"

surface states; and from the bottor of the conduction benfl.

Each of these levels has its oTon corresponding eneraY but,

unless electrons reside at the Fermi level, they w511 not

produce the work function.

The position of the Ferri level is dependent on the

temperature and upon the amount of doping. Surface states,

which result from doping (acceptor levels in cuprous oxide),

nroduce a negative or positive surface charge givinc rise to

an electric field just outside the surface. From the theory

of Gaussian surfaces, it is known that the surface charge

distribution is compensated by a space charce underneath the

surface. An electrostatic double laver of potential

U = - e V00 is inferred fror Poisson's eauation. This

potential is responsible for the band bending at the surface

(c.ee Figure 4). In the case of the surface being more P-

type (figure 4a) than the bulk, the necative surface charge

is due to the ionized ace-tor states. If the snace charce

is large enough then the Ferri level right cut throuch the

valence hand (FirIure uh), resulting in an increase in the

conductivity and the probability of electrons at the Fermi

level. Siriliar arguments can he nee for N-type surfaces

19
which bend down,oard (riaure.e. 4c and 4,4)

Theories of photoelectric emissen fror semiconelicters

20 21
:resented by ;her, et al (1948) and ;Zane (1961) preeict

a power law for the yinld near the threshold

al•

4
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Y = C (hv E ) n

where the exponent, n, denends on the excitation and escape

mechanisms involved. Table 1 surmari7es the mechanisrs

studied theoretically by Kane using the law of conservation

of energy and momentum. Note that direct transitions occur

between identical wave vectors in different hands. Allen

22 23
and Gobeli working on silicon, Spicer worYing on alkali-

antim 
8

onides, and Komp working on cuprous oxide indicate

that several mechanisms coexist to produce a composite yield

Y = - E
o
) + }3(r. E ) +  

where one mechanism is likely to dominate. These

investigators an Fischer 19 agree that the high yield

threshold is due to direct transition of valence electrons.

Fischer also investigated the effect cr clean and of !1-type

surfaces contaminated with cesiun. For clean surfaces the

low threshold from impurity and surface states was 7.yr3 7_1

defined, but for contaminated surfaces, it was inecurate

due to band bending.

In studying c-Iprous oxide, Korn
8 foune the hich ererew

threshold to be quite insensitive to surface feats.

2ence, the hiah energy threshold value of 5,'" V for

cuprous oxide should be the result of direct ecitt5oy, wit!,

elastic scatterina from the to o the valence hand.

Yerlp indicates that the low eneray threshold after arror.
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- 4

bombardment approached a value between 0.45 eV and 0.50 eV

below the high energy threshold. This indicates the

position of

corresponds

by Wright5

to 0.6 eV ).

accentor levels above the valence bane an

closely to the values of acceptor energier cited

( 0.4 eV ) and by Fortin and Weichman6 ( 0.3 eV

Band 222. Width

The band gap of cuprous oxide has been measured

experimentally through optical investications. Cuprous

oxide has a characteristic absorntion edge at alanroxlmatrslv

6i.“11 S, which corresronds to a !,)and gap of 2.1 eV. Figure 5

shows the energy diagram for optical and thermal transitions

proposed by Carlick 24 . Reported values of t.e band width

of cuprous oxide range from 1.9 eV to 2.4 e1. Table 2 shr",s

the results of measurerents of the band gap w4 dth in cuprous

oxide. If 2.3 eV is accented as the band gap and 5.1 eV is

the energ7 of the top of the valence band, then the electron

affinity is 2.8 eV. The electron affinitY is the e4fference

bet—een the ionization potential and to erercr, apn;

is, the encry of the !-nttcr, of t1-1 con3uct5r,n !larA 1-(0tIvr,

to vacuur zero.
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Previous 7tuedes off the Vork Function of Currous Oxiee

Ioffe
9
 'lade contact potential reasurerents of eleven

cuprous oxiee sa-les with respect to a gold reference usine

the ionization method. His value for the contact potential

difference of currous oxided- with gold is +0.05 ±0.n4 eV

where the wo-k function of the gold reference was given as

4.76 eV without any reference to the enperimental error.

Thus, the work function obtainee Inffe was 4.F.!1 eV.

•'ore recent values of the work flInction of gold are al,o-Pe 5

eV 14.

uzel 32 has also measured the CPD of cunrous oxiee with

resnect to a gold reference. In usirc- the vil- ratira

capacitator method, Xuzel foun.:1 that the work function of

cuprous oxide is slicrhtly influenced hy pre-illumination and

by ore-heating of tie sannies. I11urinat5en temrorarilv

increases the -work function of cuprous oriep. If clinrous

oxide is illuminated by weal- eaylicrhf for 2 - 5 rirutes, the

CPD is increased !-v an much as 15 rV. However, after 30

minutes the value returned to its initial value. Schick and

33Trivich have recently studied the tranpire mechanisms that

are responsible for this "photor-ernry" effect in cuprous

oxide.

Yuzel found that heating cuprous

did not greatly affect its work

heated to 130°C, he measured the cPn

oxide sarrles to 250

function. ror sarnicls

to he 1.17 eV; saroles
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heated to 240 
o
C to 250 °C had a CPD of 0.07 to 0.09 eV;

samples heated above 250 °C had a CPT of 0.03 eV. At

temperatures above 250°C, the surface cl-aracteristics appear

to have been altered; thus, sarples should not be heated

°above 250C.



..arlple Preparation

THE EXPERrTsIT

Cuprous oxide is prepared according to the method

develooed by Toth, et al 34 (1961). Oxyaen free hiah

conductivity conner 99.909% pure, is cut to approxirate

dimensions of 5 cm x 2 cm x 1 mr . A one-eloth inch sunnort

hole is punched in one end. Just before oxieation, the

copper is etched in dilute nitric aciO, rinsed in de-ionized

water, and dried in air. While drying, a niece of Whatran

#1 filter paper is touched to the rater drop pende:at from

the bottom of the copper sheet.

Then the sample is dry, it is lowered into a preheated

vertical furnace. Three prongs protrudina horizont;illy Yeen
1

the sample and the three thermocouples (nlatinum -Platinum

+ 13!; rhodium) centered in the mullite furnace core. The

three thermocouples are positioned at the center of the

sample, 5 cm above and helm.? the center, respectivelv. They

are renitored manually usino a selector s—itch or a Leees-

'!orthrup noacl 8G91 potontior2ter. The furnace is soanner'

vertically until the center thermoco,171e re.,!chen hiahest

temperature. t this te7nerature the tom ane bottor

thermocouples should read an7;roxirately the se ternerm.ture

and should be 'within 10°7 of the center therrocounle. It is

25
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improahle that the temperature gradient across thP sarnle

approaches this value because of the scanning tecbsicue

used..

oxidation of copper at 102n °C and at atrcsnheric

pressure recuires about 5 hrs. To insure corplete oxidation

the sarple remains in the furnace t,,elve hours. The

temnerature is then increased to 10r.5 ° C to 109n °C (the

copper-cuprous oxide eutectic po!nt is 1065° 0) ane the

crystal grows for three days.

The tennerature of the furnace is ronitored by a

Hone,rwell strip chart recorder. The furnace and control

erc desirnee and constructed in this la (see apnenrlix 1

and 2). 7o deviations greater than 3 C at 1090°C were

recorded in a twenty-four hour period.

After three days the te-nperature is lowered to 1020° C

and the sample is eauilibrated for two hours. Finally, the

sanple is witb-Irawn quickly to freeze in the proper

stoichiometrv. ,t.e that sales annealed at_ 1n20°C and at

atmospheric pres-zure are within the cuprous cpx 4 ee

region (Figure 1). Upon renoving the sarple cron the

furnace, it nust pass through the cupric oxide, CuO,

stability region. If this transitior occurs auichly enough,

only the surface (17hich can he rerovee) !s affected.. ;Naar

the cupric oxide layers are rcrow,d, the diffusion of oY.,grn

into the cuprous o:ciee occurs so slcwlv in n!r short

tern aging effects are neclicible.

JP
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C. 4 conrer ions diffu-e 'ror to center to the

surfaces, vacancies occur near the center o the sarnle.

This tnperfect recien is reroved by erindinrr through to the

center with f320 grit alurdur and finisl,e-2 with f600 wet or

r'ry silicon carbide paper. 'ethyl alcohol is user' -s a

lubricant. The other surface is likewise ground parallel to

the first until the cupric oxide layer is reroyer3. The

sample is then cut to apnroximate dimensions 3 cr x 2 cm

with an X-acto knife. Finally, it is etched in 0.5 molar

potassium cyanide and rinsed in de-ionized water. The

sarple is now nlaced in the vacuur system ‘,.ri.theut further

clean inc.

Thal sis ^f ':77%rroles

X-ray techniques, the powder method and the Laue method,

were used to confirr the corpositinn o and to orient thn

crystals, respectively. Photoricrocraphs of the crystal

surface were taken with an optical microscope usinc

transmitted light. Figure 6 cives the results of the powder

method. The sannle is indeed cuprous oxide. Figure 7 is a

transmission Laue pattern showinc that the crystal.

orientation of the saroles is alonc the 3-fold axis, the

(111) direction. The rincs in the picture are

eharacteristic of the anwatus; th7.t is, ident5cal rircs

wern produced when no sarnln was us'. The photoricroaraphn

(Figures 6 and P) show the tynical surface conditions of the

cu,)rous oxjde sem:Nies. Crain l-oundaries are prorinent. The
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FIGURE 9. PHOTOMICROGRAPH OF CUPROUS OXIDE SAMPLE (593 X).
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slanted pyramids on the surface are faces of the cr”sta/

that are particularly resistive to attae- by corpleY4nr,

etchantr, KCV.

TIEFERENCE PREPARATTON

Gold is evaporated on a glass microscope cover slide

using a vacuum metalizing apparatus, CVE-14, constructed by

the Consolidated Vacuum Corporation. This svster, nurped by

an oil diffusion purp and a mecnical rouahinff fore Pump,

attains pressure of magnitude 10 -6 to 10-7 torr. The gold

is evaporated on one side of the slide only. After

depositing the gold on the glass slide, it ie. placed in tIle

vacuum syste-1.

Daratus and Inmtrume.ntation

Vacuur System

CPD measurements as well as p!"otorrinnion mearurnrIents

r-ust be undertaken in an ultra hich yaeuur because 4,:e

nt;sor7tin of gases effects tse reasurenents. In

addition, the oneratien of the electron gun rermires a

vacuum. The bakeable, all-metal ultra higll vacuur system
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(r4ffures 11a and Int-) is eauipne', with a sta^dardsize

1Tacflorb zeolite molecular sievr, forepumn and a V1r4mn

model 921-0013, eiaht liter VacIon pump. Figure 11 shows a

si-nplified cross-section of the vacuur svster throuch the

center line of the ports.

'our stainless steel sample holders approximatell, 3 cm

x 2 cm (Figure 11) arc suspended and electrically insulated

from the grounded system by a pyre:: glass tuhe. The glass

tube is connected to a Varian model 954-5120 nositive drive

rotary feedthrough which is capable of manually rotating the

sample through angles greater than 3600
 
in vacuo by reans of

an external "wobhle stick". During exnerirents, two cuprous

oxide samples and a gold reference are clipped in the

holders. The fourth holder remains empty. A single wire,

common to the four sar'le holders, leads to the exterior of

the vacuum syster throuah an insulating seal. This lead is

connected within a netic-conetic shielded box to a coarial

cal•le which is passed through a (*rounded connnr tube tn a

Victoreen model 475 nynemic Canacitator Electrometer. The

copper tube not only acts as a shield but also keeps the

cable staticnarv. The i-"nedance of the electroreter is
10

adjustable: in ohms is use,: for contact pote-itial

12
eiffercnce measurem?nts and 10 ohrs is us-.!ri for

.-lotonmission e,:nerinonts. The voltage eron a-.7rrr:rz the

1n3,1t is ccnnensated for !-17 a feel-ac% eireu4t

within the nJc,ctroroter.

.1.



FIGURE 1)A. THE VACUUM SYSTEM AND INSTRUMENTATION.
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Ii
4

The bakeable vacuum system is bolted to a
 transite table

with the absorption pump protruding benea
th the table ton.

In order to clean the absorption pump, it
 is heated by a 260

watt heater cartridge for a twenty-four hour p
eriod with the

pump open to the atmosphere. This treatment expells much of

the absorbed gases, especially water vapo
r (a polar molecule

that will influence the properties of the surface). Then

the system is closed to the atmosphere and 
the valve bet,.,een

the sample chamber and the roughing absorption pump is

opened as the absorption pump is cooled with liquid

nitrogen. Generally, at this point, the 
sample chamber is

heated with a heating tape wrapped around the system. A

variac maintains a temperature below 1
00°C. "lote that the

cuprous oxide sample is not thermally insulated from the

system and therefore, the system cannot be heated above

100 C . At temperatures above 100 C the stoichiometric

ratio changes andthus the properties of cunrous oxide

change. Realizing the possible effects of heatinc cuprous

oxide to this temperature, the last two samples were not

subjected to this treatment. When the absorption •••

desorption process reaches an equilibr
ium (usually in the 10

torr region), the valve betwcen the absor
ntion pu-p and the

sample chamber is closed and the VacIon pimp is starter%

The system is r1101,eel to hala-, for tA•elve hours. In the

throat of the port lecdino to the 
VacIon puon is a nrounded

screen which re:c'.uces the ion currrnt reaching the sample.

-2

ad•
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TYpical pressurer ?roclucP,' in thir nprne-r arP pc the ordev.

of 10
-7 

torr.

rlec+-ron (7un
••••111.m.,

cross-section of the Oectron gun is shown in Firiure

1') anJ a schematic of the gun control is sholfm in Appendi.x

1. aun contro3 panel an the X-Y T).Pe!orAPr arf s%ir, in

Ar:cendix 4. The PotentiAl of the filarnt that is

aligned 141.th a n.003 in. collirate orifice in the

herisoherical anoee is

rotentioretcr.

austed to gur Potential by the

r/ectrors rlitted fro' tbe tungsten filarent

orated at 1.5 V a.c. and 40 r:\ are accelerated to,.,ards t1-_e

anode by a 2 V field. The ccl'rjc-11 shr-7-:" is npirned

at a nec.atiye 5 " ,,ith respect to tt-e 71r notentie]. The

gun potential is varied T-!.th resrect to the serple 1,” a

nodel LS-511 10 17 e.e. Precisin” Power Source. The

entire sar:lle gun are sh4elec," at-inst ,nagnetic

fields by netic anf ctic shields. 2s^relriourlY

5ndicatee, the current t iq ronitoree by r

”ictoreen electrometer. output (0 to 3) V

full scale) of the electroneter is feA into the Y-1--4s of a

mnenl 7(v147!. y-Yrrcoracxr.

-,-nitors the gun Potntill; that ir, r,c T.mr+Pyt

;'or su?nly.

A space charge around thn res1,7t fi-or

orerating the anode at a posit5ro 2 • This tonAs to



44
4,
4 0
m
4

;
r"
.•

1 70" ..- 7
4
1
1
0
1
.
0
.
1
1
M
M
I
M
M
I
M
M
I
I
I
I
N
f
t
 

11111
.1

11
.0

11
•6

1•
11

.0
1•

••
••

11
11

11
11

01
, 

10
 V

 P
0/
ER
 S

UP
PL
Y

LI
VL
DA
 M

OD
EL
 L

S-
51
1

• 
FI
LA
ME
NT

  
-5
 V

 
SH
IE
LD

+2
 V

 

X

a. 1

HE
WL
ET
T-
PA
CK
HA
RD

Y
70
04
A 

X-
Y 

RE
CO
RD
ER

AN
OD
E

VA
CU
UM

SA
MP
LE
 
:

VI
CT
OR
EE
N 

MO
DE
L

47
5 

EL
EC
TR
OM
ET
ER

FI
GU
RE
 1
2.
 

EL
EC
TR
ON
 G

UN
 C

RO
SS
-S
EC
TI
ON
 A

ND
 I

NS
TR
UM
EN
TA
TI
ON
.



40

,

lower the apparent work function of the filament and

nroduces a work function characteristic of the gun rather

than of the filament. The advantaae of operating the gun at

space-charge limited potentials is that the non-uniformity

in the field produced between the sample and the anode, is
11

negligible. If the anode is operated at 15 V (Nelson )

then a more non-uniform field results.

Photoelectric Fmission From Gold

The work function of the gold reference is found by

photoelectric emission exneriments undertaken witli the

annaratus shown in Fiaure 9. Licht from a Hanovia medium

pressure mercury lamp is passed through a 150 mn Hilger and

atts monochromator. Since the work function is known to be

in the range of 5 eV, the wavelength of light with

sufficient energy to cause emission would be less than

2500 A.

In order to calibrate the monochromator, light from the

monochromator is projected on a sodium sclicylate v,ineow.

Tilen ultra violet lirYht shines on sodium sa/icylate it

fluoresces in fl-J- visible with an intersitY nroportional to

the number of photons that str::_he it, inflenendent c° t!,e

wavelength (in that region of the uv). The viri,,M light

sianal is detected and arn14 fie?d by a 7.CA 1P21

01.
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Photomultiplier, operated at 400 V 0.c. supplied by a Kepao

supply. The output is amplified and input in the Y-axis of

the Fewlett-Packard X-Y recorder while the X-axis monitors

the wavelength. A gear rechanicr and a 500 ohm, 10 turn

potentiorenter are used to produce a voltaae proportional to

the wavelength. The monochromator is calibrated by

comparing the wavelenath and the intensity of the peaks with

the published, standard mercury lines. Appendix 5 shows the

calibration curve.

In the experiment, light from the monochromator is

collimated by two aluminium sheets with a one-eigth in hole.

The light emerges from the sapphire w4now; traverses the

vacuum; passes through the hole in the collector ane stril-es

the sample (Fiaure 13). The collector, operate( at a

positive 100 V, is a spherical class sh 11, sorewl-at larger

than a hemisphere. Its interior is coated with alca day.

Tlhen light of sufficent energy fails on the gold, the

omitted electrons arc acc3lerat tov,-ard tlle collector ane

the electrometer indicates a current.
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117prRiriErTAL RrsuLTs

Te Procedure

Four currous oxide samples were subjected to a sirniliar

experimental program which is outlined below. 7ach of these

samples, dnsicnated by ND", 11 (,-;11

1085 C and equilibrate at 10200t.

and "S", grc-m•nl at

The VacSorh pump is cleaned by heatinc overnt.

Then it is isolated from both atmosphere and thn samnle

chamber.

2. The sa77ple is placed in the vacuur syster. The

first set of ex- orients was underta!:en with two sar.711es (D

and Z) And two :gold references; the seccnd set 04

expnrients was undertaken vith t- o sarnles (( And S), one

cold reference, and a stainless steel control. All contacts

were ohmic.

3. vacuum system 5_s closed to the atrosrhere and

the valve betnnn the sarple chaTher and the 7acSor1 prm2 is

opened. he pump is cooled vith licuid nitrocen, ,nr an

e-uiltr!.u;1 resur,3_i rnach (z.nr;roximAteiv 10
-2 

torr)

this valve is closed and the vacIon nnmr is turned On.

-7
P,-essures of 10 torr rental:.

43
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'

4. At this nnint the sample chawter is heated in the

first exT)erirent ( sarnle-: anA 7) 1-,ut not for the second

exneriment ( sample ( na S).

5. Mr. preliminary nrocedure is the fol1ey4 nr.:

-he gun control is turned on. The filament is

-6
adjusted until the anode current reads 10 A. A fc,w

minutes is al/owed for the armee current to stabili=e.

Initially, the anode current drifts erratically hut it

becomns stable after a few minutes. When the anode current

is stable, one of the samples is turned by the wn1-1-;30

stick" until it is aligned with the run.

6. yr17e experirent proceeds as folo!-s:

a. A point plot of the cunrous oriee sp.-7n1e

electron beam current (Y-xis) versus the (-Tun potential

(vario‘l manually) is,ra07,e by nanually deprersinr the pen bAx

At no 1.7 intervl/s.

b. Similarly a point plot of the arOd reference is

superimposed on the syrte. graph. Since the two plots are

almost identical they are offset vertically.

c. The horizortal shift IletT.,eon the two nlots;

that is, the C n, is found aranhiraily by deterr;ning the

ncten4'ial difc!er.:nee letc-een the to

7. fter the CPr` m-asurrents are conreletc6, the war%

function of the gold reercnce jc fnune l'ctoelr!c1-.r3r
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.7*

emission experiments. These measurerents are conducted as

follows:

a. The Hanovia lamp is allowed to warm Up. During

this period the X-axis is connected across the center of a

10-turn potentiometer. The potential is variee pronortienal

to the wavelength by a gear mechanism. The Y-axis records

the 0 to 30 V full scale output of the electrometer wh
ose

12
input impedance is set at 10 ohms.

b. The room is then darkened; the slit of the

monochromator is opened,

versus the wavelength (2000

c. The plots are

theory.

niscuscion of the Ilsults
4.10•111.M.

and a plot of the sannle

A to 3000 A) is ra,:le.

current

analyze0 accoriling to Fowler's

Preliminary experinents showed that cu7rous ox4_ee ani.

gold had approxirately the same 1,,nrY. function. In the

preliminary experiments, it was noted tt thP 
anor7e current

drifted. This did not shift the plot hor57ontally 
althouah

thc, slicht vertical drift, when it occurs E"t the real!, rPY0s

it difficult to locate the naxira. Tf 4-11c e:!perirents are

.nerformr,.d auicl-Ay enouah; that ir, w4t1-in a fo,i voltr of the

peak, theF;e drias could u7ually 1- '17inateri a
n0

peak would result.

srooth
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.7':(2 data taken is consistently reproducihle. CPD data

curves for the four sarples are riven in rirures 14 throuah

17 and Table 3 sumrarizes the results. The limits on the

error were assigned a value of ±0.35, one-half the

horizontal interval between points on the curve.

Several differences in the early measurcments on samples

D and Z fror the measurements made on samrles S and G are

observed. First, the electron bear current of thr? lttor

exnr2rinents is an order ragnitude greater than that of the

earlier exnerirents. This is attributed to a better 

alignrent of the fila--ent with the orifice in the anneo. Tf

the sarrle "sees" a part of the filar-lent other than the tin,

then the electron could come from the srace charae aronn,7

the tip or fron another part of the filarent which vculd he

at a lower potential than the tip. Hence, the annerent wor7:

function of the gun will vary wits different filarent

alianments. However, as long as the vork function of the

gun remains constant during the meas-Ircrent, CP,,

although shifted relative to gun 7,otc-1, will be a

constant.

Tn the first experirents, the Position of the peek T.7ith

respect to the aun potential occur& at a potertial of

greater than - 1.0 v; the position of the p5,et!': in the latter

experiments was apormiratelv - 3.0 V. If the '7ork flIrrt7 n

of the gun is a constant during the exDerirents, it not

enter into the calculation of the CPD because ' cA- h the

sample curve and the reference curves are s bv the
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4

SAMPLE CPD WITH RESPECT TO GOLD (ell)

Cu20 (D)

Cu20 (G)

Cu20 (S)

Cu20 (Z)

0,05 ±0.05

0.1 ±0.05

0.1 ±0.05

0.08 ±0.05

TABLE 3. CPD MEASUREMENTS FOR THE FOUR SAMPLES.
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t:#

sane ccnstant potential. As the data sholeg, the

rePs,irenents are within exrerimental error of each other.

-be fact t',it the second experirents ma,le on sar,,les S

anj .3 are consistently hic,her is attributee to band bene4na.

w-ount of band bendina, and conseenentiv, the work

function, denenes on the concentration of the absorbed

:noecies. In general, the greater the contamination, the

lower the work function will be, because the rermi level is

s'-lifted upward relative to vacuum zero.

The gold references were plated and the sales Z ane D

- -ere grown more then six months prior to experirents. Th.c,y

were subjected to air for several nonths and were not re-

etched before measurerents were tal:en, frhe sanples S .inc G

were grown a few weeks prior to use and were etche' only

before Lcsing placed in the vacuur s7ster. This, t

yould be expected that the samples S and would exhibit a

higher work function. Since the same cold reference is usee

in all the exceriTr.ents, the CPO of sarples S anC G should

be greater.

As shown in Table 4, the CPD of the contaminated samples

and the fresh samples are within exper5rental error of one

another. Pence, it is conclurW that cunrons oxide is not

greatly affc.cted hv aging.

Tn n and heated to

approximately 1:10 c; sFriplelq G en& 2 '7'r rc heatee above

room temperature. Kuzel's neasurnrnntc are accurate,

then the variation of the CPD to temperature effects
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•-5

would be within the exnerimentpl error of this experimert.

This experiment can only ineicate that the denendence of the

work function on the therro-history o the sarrle 5s within

the experimental error (0.05 eV) for temneratures less than

100 C.

The CPD of cuprous oxide with resnect to gold is on the

order of 0.1 ±0.05 eV. Therefore, the work function of

cuprous oxide is greater than that of gold. The CPT of the

stainless steel control is aprroximatelv -0.1 ±0.05 eV with

respect to gold; its work function is less than the work

function of gold. If the work function of the gole

reference were known, the work function of both the

stainless steel and the currous oxide coulf4 he calculated.

Because of the low yield at short wavelengths from the

150 r7 monochromator and the Hanovia 1 -tr^o photrerission

experiments failed to produce the exact values for the work

function of gold. The weak photoericsion obsrved at

2300 A coupled with the absence of photoerission from the

strong 2536 mercury line indicates that the work function

of the gold reference is above 4.9 eV. This means that the

work function of cuprous oxide is arproyirately 5.0 ±0.1 eV.



CrT!CLU7I0'.7

.rom the ork presentecl here, it can be concluclea that

the work function of cuprous oxide is larger than tl,e work

function of gold by 0.1 ±0.05 eV. This value agrees well

,lith the CPn measurements presented by Ruzel (0.17 eV) and

by Ioffe (0.05 ±0.04 eV). Since photoemission exnerirents

indicate that the gold reference has a work function of

about 4.9 eV, then the work function of cuprous oxide would

be approximately 5 eV. This places the Fermi level at 5 eV

above vacuum zero.

According to the measurements of the high energy

threshold of cuprous oxide made by KOMD (5.09 ±0.05 eV) and

by Toffe (5.15 eV), the position of the top of t!le?, valence

band is about 5.1 eV above vacuum zero. In additien, the

position of the accentor levels above the valence band in

cuprous oxide has been invostigated by f.lright (0.4 eV), by

Yomp (0.45 - 0.5 eV), and by Fortin and 1.*eichran (0.3 - 0.6

eV). Thus, as predicted, the Ferri level resides between

the valence band and the acceptor levels.

From optical measurements, the )land gap has been

determined to be 2.3 eV. Therefore, the electron affinity

of cuprous exit:1.e is anproi,,ately 2.2 ev. 7ignre 18 shows

the propon2d energy level diagram for cuprous exie.
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The number of carriers in cunrous oxide is given by

Kotsyumakha, et al.
35
 to be of order the magnitude of

10
12

holes/cm
3 
. Sirce the conductivity varies as the one-

eigth power of the oxyaen Partial mresslre, the number of

carriers will vary little from samnle to sarple if

precautions are taken to maintain the stoichioretry.

12 3
there are 10 holes per cm , then the number of acceptor

sites in cuprous oxide can be found by

N (holes) = N (acceptor states) exp(-(EA - 0)/kT)

If

where .1 (holes) is the hole concentration; N (acceptor

states) is the number of acceptor states, and EA is the

energy of the acceptor levels relative to vacuum zero. From

Figure 14, the difference ( EA - 0 ) is 0.3 eV. The value

of the exponential term at room terTerature (300 K) would

-6 17
be 9.1 x 10 . This indicates that there are 10 copper

vacancies (acceptor states) per cm . From known values of

the molecular weight of cuprous oxide (143.08 g/mole) and

3
the density of cuprous oxide (6.0 g/cm ), the number of

22
molecules per cm is is calculated to be 2.5 x 10 cuprous

oxide molecules /cm
3 
. Since there are tv,o copper ions per

cu?rous oxide molecule, there are 5 x 10
22 

conr-r ions per

3
cm • 1-11re 2 ppm copper veca7cicq. This

calculation corpares well with estimates proposed hv Eloem.
24
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,.1

'reed for Further Study

Although the aging of the samples and the heating of the

samples to 100 
o
C did not appear to influence the work

function, more rigorous experiments are necessary to verify

these conclusions. Also, since the cleaning of the sample

in vacuo was ignored in this work, future studies should

encompass a method of cleaning the sample in vacuo; such as,

argon bombardment. By studying a sample before and after

bombardment with argon, the effect that surface

contamination and band bending have on the work function

could be measured.

Even though all of the contacts were ohmic, there exists

a contact potential difference at every contact. In this

study, no attempt was made to determine how these contact

potentials effect the experirental results. If the metallic

contacts on the sample holder were renlaced with metals of

different work functions, the effect of these contact

potentials on the measurerents could be observe& Future

studies should include such a study.
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APPENDIX 1, SINGLE-ZONE AND TWO-ZONE FURNACE, FURNACE
CONTROLLER, AND 1ILLIVOLT POTENTIOMETER.
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APPENDIX 4, ELECTRON GUN CONTROL PANEL
AND RECOREER.
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LIGHT SOURCE STANDARD PHOTON

WAVELENGTH (R) MERCURY LINES (R) ENERGY (eV)

2505 2482 4,993

2560 2536 4,887

2675 2654 4,644

2820 2814 4,426

2910 2893 4,284

2990 2967 4,177

3040 3025 4,1

3150 3131 3.96

STANDARD LINES TAKEN FROM CRC HANDBOOK iViD FROM KOMP 
8,

APPENDIX 5. LIGHT CALIBRATION.
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