
Chapter 5 

Photoelectric Effect 

By R. J. MAURIZR, Universit,y of Illinois 

1. General Considerations [l]i 

The photoelccrric clìc<:t \\‘as discovxed by Hertz 
and II:~llxxhs in ISS7-ISSS. The eñcct consists of 
thc cjcction of clectrons from the surface “f n solid 
when clectromngnctic rndintion is incident upon it. 
Although the photoclcctric cffect occurs at, the sur- 
faces of semiconductors nnd insulators, met,allic sur- 
faces have been the chief ohjcct~ of invcsligat,ion. 

The number of photoelectrons produced per unit 
time is proportional ta ihe intensky of the incident 
electromngnetic rxliati”n; so the photoelectric vicld, 
vhich is the number of photoelectrons per inc-idcnt 
quantum of rndintion, is independent of intensity. 
The most important fsctors which determine the 
photoelectric yield nre i,he nature of the metal, the 
state of contsminntion of its surface by adsorbed gas, 
and the frequency of the wdintion. The state of 
polarization and the nngle of iwidcncc of rhe rndintion 
may nlso be of considcrabln importance in partiwlnr 
if the surfnce cxllibits speculnr reflection. BCXLWZ 
of the difficulty in prcpnring gas-free swfsces there we 
almost. no phot~oclwtric data availahle Ir-hich can be 
considerrd charncteristic of clean metal surfaces. 

5000 4200 3400 2600 

X lAngstroms1 

Flc. 5.1. The speetral distribution curve oi harium. (.4) 
Experimental; (B) theoretical. [R. J. .llourer: Phus. Rev., 
57: 653 (1940).] 

The typical dependence of the photoelectric yield 
“n frequency is shown in Fig. 5.1 for a barium surface 
121. A characteristic feature of the specrral distribu- 
t,ion curve is an apparent, t,hreshold frequency, a 
minimum frequency of radintian for which phot.o- 
clectric emissiolí is de:ectable. Since the photo- 

t Yumbers in brackets refer 1,” Referentes at end of 
chnpter. 
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electrlc yleld decreases ra;idly as the frequenc? of th? 
incident rndiation is dec:+-sed but does not become 
zer”, the nppnrcnt ilircsh::d frequcncy depends upon 
the sensitivity of I!W cx;~xiu~entnl appnrntus. Thc 
appnrent thrcshold &o +nds upon thc ~<w~l,crnt ure 
of the surfnce sincc- tl:e ;zotoclcct,ric yicld incrcases 
with incre3sing temperz: .:x for frcquencies ncnr the 
npparent thrcshold Th ;,holoelectric yield usunll~ 
eshibit,s a nx~simum 2: : frcqwucy some\\-hnt Icss 
t,han trice the np~nren; ~hresl~old frequency. Be- 
cause t,he appsrent ~hrerl:r’ld for the mxiority of the 
metals lies in the yicini1.v ~:i 4 CV, the n&imum of the 
spectrsl distribution c::I.-(2 ordinnrily occurs in a 
relntively inacccssible rt::un of the ultra\-iolet. Of 
thc purc metals, the a!kz:k and some of t,he a,lkaline 
earths possess apparen; íhrcsholds ût sufficientl> 
small frequencies ;” pexit thc masimum of the 
spectral distriburion c_:w to be convcnientl: 
obserred. 

The photoelectric >-iek “f pure metal surfares a,t 
the mnximum of the sperz 1 distribution curve is of 
the arder of 10-Z elxtroci ?er incident, qunntum. A 
few solids exhibit muc?. Inrger yields. Csesium- 
antimony is an outcran di::: esnmple with 3 mnsimum 
yield of approsimr:el>- Y-l electrons I)CT incident 
quantum. 

Speculsr surfsces usurl;~ eshibit a maximum yield 
for an angle of incidence oi the radintion nenr 60”. 
The vield mav be laxe: b-.- z factor ns much ns 10 for 
radiation polarized kb .13e electric vector in the 
plane of incidence rhzn --:Len l,hr &ctric \-rdor is 
perpendicular t,o t,he p!ane oí incidence and. therefore 
parallel t,o the surface. 

The kinetic energies oi 7:~~ individual photoelectrons 
which are ejected bx a fkx‘;_? frequency and intensity 
of radintion are dk:rihzrr: “ver a rimge from zero to 
indefinikly large xlues. The form of the energ) 
distribut,ion functio3: +r If the rcla~tiw number of 
electrons “f energy t. p?r .~-i --.r cnergy rnnge; is sho~n 
in Fig. 5.2. The re!îrive z,:mher of fart elwtron is 

Fra. 5.2. The theorerical dk::ii,ut,i”n in enerpy of phoio- 
electrons from a meta?, accor:ing to DuBridge. 
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small and the original investigators concluded thst a 
maximum kinetic energy of emission, W, existed. 
As in the case of the photoelectric threshold, the 
apparent maximum emission energy is due to the 
finite sensitivity of experimental apparatus and the 
extremely rapid decrease in the number of fast elec- 
trons with increasing energy. A prime achievement 
of modern photoelectric research has been to give a 
definite and pbysical interpretation to the concepts of 
“threshold frequency” añd “maximum kinetic energy 
of emission.” 

The original experiments on the distribution in 
energy of photoelectrons showed t,hat the apparent 
maximum kinetic energy of emission was independent 
of the intensity but was a function of the frequency 
of the radiation. These results led Einstein to the 
hypothesis that. photoelectric emission was a quantum 
effect ín which the energy, hv, of a quantum of radiant 
energy was “absorbed” by a,n electron in the metal 
nbich thereby increased lts kinetic energy by this 
amount. The observed distribution in energy of the 
photoelectrons n-as assumed to result from energy 
losses suffered by the electrons in escaping from the 
metal. Einstein suggested that the maximum kinetic 
energy of emission is given by 

CM =hu - r$ (5.1) 

mhere 6, the work function of tbe met,al surface, is the 
minimum possible loss of kinetic energy by the 
escaping photoelectron. Despite the difficulties in- 
herent in the concept of a maximum kinetic energy of 
emission, hlillikan’s experimental confirmation of this 
equation in 1916 offered powerful support to the 
quantum theory of radiation and provided an inde- 
pendent value of Planck’s constant, h. It is to be 
noted that Eq. (5.1) implies a photoelectric threshold 
frequency y0 = @/h for Q, = 0. Further support for 
the quantum theory of the photoelectric effect was 
giren by the experiments of Lamrence.and Beams, who 
shomed that the time lag between the incidence of 
radiation on a surfa,ce and the appearance of photo- 
electrons is less than 10-Q sec. 

2. The Spectral Distrihution Function 

Within the framework of a general theory of the 
interaction of electronmgnetic ra.diation with a solid, 
photoelectric emission appears as a by-product of the 
process of optical absorption. The theory of photo- 
electric emission begins with an assumed model 
of the solid xhich specifies the allowed states of the 
electrons in terms of their mave functions a,nd energy 
levels; proceeds with a calculation of the optical 
transition probabilities connecting the initia,l and 
ercited states of the electrons; and concludes nith a 
cslculation of the probabilit,y of an excited electron 
esaping through the surfa.cr. An .excited electron 
rrhich possesses sufñcient kinetic energy to cross the 
potential enerpy barrier that cxist.s a,t t,he surface of & 
solid may be reflected bsck into the solid by the 
barrier. In the case of a typicsl metal, although the 
radiation penet,rates to a depth of approximately 
IO-” cm below the surfnce, the phot.oelectrons come 
from 5 much t.hinner surfscc layer because electron- 
Plectron collisions limit. t,he mean free pat,h of an ex- 

cited electron to a distance of the arder of lO+ cm [3]. 
In an insulator, electron-phonon collisions may linit 
the volume from mhich emission can be obtained. 

In the Bloch approximation the alloved oprical 
transitions of an electron moving in the pericdic 
potential of a crystal are restricted to transitions 
between states of the same reduced wave numbe: in 
different hands. This selection rule is illustrzte? in 
Fig. 5.3 for a one-dimensional metal by the vertical 

kx- 
Ro. 5.3. Energy ,‘crsus reduced x,x-e-number vecxr ier 
a ene-d&nsional metal n-ith lattice constant a. 

arrom connecting states A and B. If A represezrs 
a state lying at the surface of the Fermi distrihutia:.a 
of electrons in a conduction band, then Eg - 2% = 
hv' defines the threshold frequency for volume opticsl 
abs’orption by the conduction elect,rons. If Ti’. repre- 
sents the height of the surface potential energ- bE:- 
rier, the energy difference, Ti’. - E.4, is t,he thermiorlc 
vork function of the metal. In all cases where precise 
and comparable measurements have been msde it t-3 
been found that the thermionic work function and t:e 
photoelectric work function, hv,, of metals agree 
closely. It appears t,bat optical transitions occurrir: 
betmeen states such as .4 and C are t,he importerr 
ones for photoelect,ric emission near the threshoid 
141. 

At the surface of a metal, the potential is nc: 
periodic and the optical transitions of an elertrcz 
moving in the íield of the surface potential energ! 
bsrrier are not restricted by the volume opticz: 
selection rules. The observed photoelectric eíiecr 
results from a surface optical absorption which i: 
ignored as negligihle in the conventional theor>* of tt? 
optical properties of metals [5]. Phot,oelectrir 
messurements on the high-vork-function metals, suc?. 
as tungsten, ha,ve probably not beeñ extended ic 
sufficiently large frequencies to observe volume emis- 
eion, while the alkali metals with their small n-o:2 
functions are optically transparent, the YO:U~S 
absorption being too small to contribute a. dereciabl? 
component to the observed surface emission. 

The theory of surface photoelectric emission ha< 
been dewloped with the use of the Sxnmerfeld modei 
of a metal (Fig. 5.4) which automatically enclud~ 
the possibi1it.y of volume absorption since the optic2.l 
t,ransition probabilities of an electron in a constan: 
potential vanish [U]. At the surfxe of the metal, on? 
may asrume a discontinuous rise in potential energ‘ 
of amount IV, or, more plausibly, n rapid but smoorhl>- 
increasing potential energy xhich beeomes the image 
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FIG. 5.4. The Sommerfeld model of R metal aith a dis- 
continuous potentinl step of magnitude W. at the surface. 
The Fermi energy is ir and the work iunction is 1p. 

potential, V = - (eP/4r), at a distance of the ordcr of 
lo-’ cm from the surfacc. 

Insidc the metal, the density of states, D(E), is 
givcn hy 

D(E) = b2 ($)“‘E”2 (5.2) 

where the zero of energy has been taken as the con- 
stant potential energy of nn elcctron inside thc metal. 
The populstion of t,he states hy electrons is determined 
by the Fermi function 

where p, the energy of the Fermi leve], rcpresents the 
kinetic energy of the most energetic electron in the 
metal at the absolute zero of tcmpersture. Because 
of spin each state may be occupied by two electrons. 
The position of the Fermi Icvel at. 0°K can be calcu- 
lated if the density of free electrons, 12, is known. 

The small tempemture dependencc of the Fermi 
cnergy mny be neglected. 

If the metal is assumed to estend indefinitely in 
the y, z and negstive z directions xith the surfnce 
at the plane z = 0, the init,ial unperturhed wave 
functions of the el&rons are 

#k = al-(esp (-ik,z) + (ik exp (ili.z)j 
cxp (ilí,y + il;,z) z<o 

$k = a& esp (-pz) esp (a,y + ik,z) z > 0 (5.5) 

where hr = 1 f ak, phi = ik,(l - oi), nnd p is a real 
const,ant. The waw-number vector k of an electron 
in t,he metal is relat,ed to its kinetic energy by the 
relation 

The cffect of the incident mdiat.ion upon the 
syst.em can be calculated by first,-arder pert,urhation 
theory. The character of the rndiation is defined 1~5 

the form assigned to its vector potentisl A, rrhich 
appears as the perturbation inthe Hamiltonian of the 
Schroedinger equation 

Here u is the perturbed wave funct,ion of an electron. 
.L plausible procedure for firing t,he form of the rector 
potenGa inside and outside the metal is to use hlas- 
~~11’s equations and t.he experimentslly determined 
optical constants of t,he metal. A stiil simpler pro- 
cedure is to ignore the optical constsnts and use the 
vector potenGa of a plane wave 

A = Ao cos Zr,, t + = ‘Os ’ + ’ sU? * c ) (5.8) 

vhere 0 is the angle of incidcncc. Rellection, refrac- 
tion, nnd absorption are ignored by this simpler 
procedure so t,hat t,he absolu[e yield ohtained in rhis 
mnnner is not. a~ccurnte. 

Haying obtaincd the perturbcd vave functions for 
the region z > 0, the current den&! pw clectron, 
j,, is calculated 

and aummed over all initial states mhich after absorp- 
tion of a quantum, hv, can contribut,e to t,he current. 
If this t,otal photoelectric current density is divided 
by the rate at which quanta of radistion energy are 
incident upon the surface, the photoelectric yield 
results. 

The theoretical spectral distribution curve for 
barium, n-hich is shown in Fig. 5.1, was calculnt.ed bu 
this procedure. A discontinuous rise in potentizl 
nxs assumed at the surfnce of the met,al. The 
magnitude of the potent,ial jump W, xas fised bu 
addition of t,he obserred work funct,ion, 2.4s ev, 10 
the calculated Fermi energy. It was assumed that 
barium cont,ained 1.8 free elect.rons per arom. The 
simplest, form for the veci~or potential, Eq. (5.8), n-as 
taken. The absolute yield as shown in Fig. 5.1 vas 
fixed by a procedure which is dewribed lnter. 

The J-ield is given by 111e foilowing integral, the 
integrand of vhich is mnde up of thrce easily inter- 
pretable terms. 

xhere lira = hv,, ,,Y = S,?m./h, E = hP/,?, sn’d p is 
the Fermi energy. The integrntion is ext,ended 
over all electrons in the metal whose wave-number 
\‘ect0re, L, normal t,o the surface are sufficient to 
enable them to escape after absorpt,ion of a qunntum. 

The first. term in the integrnnd is t,he Fermi func- 
tion; the exponentinl factor in it can be neglected at 
room remperature for (JJ - E) greater than a fea. 
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hundredths of an electron volt; the limits of integra- 
t,ion being fixed in this case by taking P as the energy 
of the most energetic electron in the metal. This is 
equivalent to treating the electron gas as if it mere 
at 0°K. The t.emperature is therefore unimportant 
except very near t,he apparent threshold frequency. 

The third term in the integrand is the t,ransmission 
coefficient~ of a discontinuous potential step. For a 
simple continuous step, such as the image potential 
bsrrier, t.he transmission coefficient is almost unit.y 
for practically all electrons having sufficient cnergy 
to escape 17, 81. The theory is improved, therefore, 
by discarding the third term of the integrand. This 
was done in calculat,ing the theoretical curve of 
Fig. 5.1. 

The second term in the int,egrand is a product of 
the probabilit,y that an electron in a state of energy E 
will be excited to a st,ate of energy E + hv and the 
probability t,hat an electron, in the state of energy 
E + hv, ni11 escape through the surface. 

Only the component of the vector potential parallel 
to the plane of incidence giws rise to photoelectrons 
with the ideall? plane surface which has been as- 
sumed. For thls reason, i,he yield is zero for normal 
incidence of the radiation. 

Mitchell has cnlculated absolut,e yields for the 
case of an image potential barrier and a rough surface 
which is composed of elements small compared to the 
wavelength of the radistion but large compared t,o 
the elect,ron wavelength [G]. In addition, he has 
included the variation of the opt.ical constan& with 
wavelength for rhe case of sodium. With these 
assumptions the effect. of the state of polarization 
and the angle of incidence of the radiation can be 
observed. The theory is only moderat,ely successful 
in reproducing t.he esperimentally observed spect,ral 
distribution curves. The calculated frequency de- 
pendence of the yield is not in verg good agreement 
with experiment in the case of sodium and the absolute 
magnitude of the yield is t,oo small by a factor of 
about 50 for both sodium and barium 121. The 
extent to which the experimental data can be con- 
sidered representatire of the behavior of clean metal 
surfaces is, of course, alx3ys open to question. 

Schiff and Thomas have given a quantum theory 
of reflection and refraction at a metallic surfxe and 
shovn t,hat the component of the el&ric vector 
which is perpendicular to the surface oscillates with 
large amplitude near the surface 191, It must be 
concluded that t,he use of classical optical t,heory in 
photoelectric theory is of dubious validit,y. Makinson 
has given, however, a semiclassical t,reatment of 
photoelectric emission from a t,otally reflecting metal 
which approximat,es the procedure of Schiff and 
Thomas and compared his results with data from 
potassium [lo]. The agreement is not very good 
and the results serve io emphasize the difficult~ies 
faced in attempting a realistic t.heory of the spectml 
distribution curve. 

If the theory of the spect,ral dist,ribution curve is 
rest.ricted to a calculation of the relative yield for a 
narrow range of frequencies near t,he appa,rent 
t,hreshold, Mitchell’s equat,ion (5.10) can be sub- 
ject,ed to a number of approxima,tions. As beforc, 
the transmission coefficient of the barrier can be 
omitt.ed. The frequency dependence of t,he second 

term of t~he integrand can be ignored and thís t,erm 
taken proportional t,o k,. The relstive yield is t.hen 

y(v,T) _ J-1 k. dkz dk, dk. 
1 + exp (E - @<)/kT 

(5.11) 

The range of integmtion is over al1 initial states oi 
energy E xhich a,fter ahsorption of a quant.u-; 
poseess sufiicient kinetic energy associat,ed with tke 
component of the propaga,tion vector lì,, normal ío 
the surface, t,o escape. These are st,ates for whicb k, 
is greater thsn [(Wm/h*)(IF~ - hv)]‘/*. The relatire 
yield of Eq. (5.11) is proportional to the number of 
electrons xhich strike unit area of surface per uti: 
time and escape. In this approximation, the problen 
of photoemission is reduced to that of thermionic 
emission from a Sommerfeld metal with a nonreflecr- 
ing bzrrier of magnitudc II’, - hv inst.ead of TV,. 

The theory, in this forro, is DuBridge’s modificatior. 
of Fon-ler’s theor>- which v-as published befox 
~hlitchell attempted a complete theory of the spectrs! 
distribution curve [ll, 121. The Fowler-DuBridge 
t,heory is estremely useful because it, qua,ntitativel> 
accounts ior rhe t,eml>erature dependence of the 
yield near the apparent threshold and provides CC. 
unambiguous nnd physically meaningfnl definit,ior. 
of a photoelecrric t~hreshold frequency. The yielC 
l’, 8s given by Eq. (5.11), can be espressed as 

1- = aAP‘#+) 

where O(Z) is the series 

(5.12, 

d(Z) = [ pz-$=+g-. 1 Z<O (5.13: 
b(Z) = [; + ; - (e-z - !g + g - .) ] 

5 2 0 
The parameter z is 

Z= 
hu - (W, - P) 

kl’ 
(5.S9 

and Fowler d&ed the photoelectric threshold fre- 
quency: YC; b> 

hvo = W’. - fi (5.15) 

so t,hat hvo is, by definition, equal t,o t.he t,hermionie 
work function. The constant A = 4rm??/h3 and is 
closelv related to the universal constant of t,herniionic 
emission theor)-. The theoretically undetermined 
constanr CI is the fraction of electrons thnt, arrive 
st. unit, area of the surface in unit Cme, absari, 3 
quantum, and escape, vhen the incident radist,ion 
intensit?- is unit-. 

Ext,enzive measurements by DuBridge, bis co- 
~orkers: sud oìhers have amply verified that the 
abow theory gires an adequate account of the tem- 
perature and irequency dependence of the relat,ive 
yield nesr the threshold 1121. Theory and experi- 
ment sre convenient.ly compared by using Eq. (5.12) 
in the form 

1. 
log F = log (4 + log +(d (5.16) 

and plotring log (Y/P) VS. z. Since log (Y/P) is x 
universal function of z, if the experiment.al data are 
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(6 + TI’. - hv)l/2 dt 
exp [(e - c,v)/kT] + 1 (5.20) 

The term (1 - [(Ti’, - hu)/(c f (Va - hv))]‘/?) is 
the probability that an electron of energy E inside the 
metal has its velocity vector directed so that the 
normal kinetic energy, +maz2, is greater than or equal 
to ll’, - hv. If $nu,’ is set equal t.o TV. - h., an 
approrimate form of Eq. (5.2Oj is obtained 

c de 
@) dr = exp [(c - r.,,)/kT] + 1 

(5.21) 

where e,w = hv - (TV, - ,L) = hv - c,o (5.22) 

The energy CDI is the maximum kinetic energy of 
emission of photoelectrons from a surface nt 0°K. 
At, higher temperatura, a masimum kinetic encrgy of 
emission does not erist. The energy distribution, 
according to DuBridge’s equstion (5.21), is shown in 
Fig. 5.2. 

The distribution in energy of photoelectrons is 
ususlly investigated by obsewing the photocurrent 
as a function of npplied potenkl in a spherical photo- 
cell, as illustrated in Fig. 5.û. The small photo- 

C 

s M 

e 

-hv 

VO 

FIG. 5.û. Photocell lar energy distribu:ion measurements. 
M, emitter; S, support; C, collector: V,, zp;>lied potential. 

sensitive surface M is placed et the center of the 
spherical collecto’r C, which is ordinarily a film of 
graphite or metal on the inner surface of the glnss 
envelope. Wth this geometry, the relocity vectors 
of the photoelectrons are radinlly directed along t,he 
lines of force of the electric field between emitter and 
collector. Only the photoelecrrons with kinet,ic 
energy t > eV reach the collect~or C when :lre rctarding 
pokntial difierence V, is applied berween emit,ter and 
collector. Because of the contnct difierence of poten- 
tial, V, = -(p< - p.~)/e, t,he porential difference 
betveen points just outside i,he surfsces of Sl snd C 
is V = 7’. + V,. 

According to DuBridge’s theory rhe current- 
voltage curve i(V.) is given by tbe integral 

i(V.) = 
1” fdc -a(Vo+V,) esp ((f - f.U),;k~‘j -t 1 

(5.23) 

The form of the current-voltape cure is shown in 
Fig. 5.7. For a surface at the absolute zero of tem- 
perature the enponential cun be neglected and the 
upper limit of inkgrstion replaced by L.\,. The 
current,-voltnge curve is then a parabola. The 
obserred photocurrent is zero for B retarding potential 
T’~such that -e(VC’o + V,) = c.,,or T’o = - (hu - qJ/e 
since <,u = Iw - pdl. qc is thc v-ork function of the 
collector. The current rises to a s;aturntion xxlue i, 

FIG. 5.7. Theoreticzl cur:+nt-voltage curve according to 
DuBridge’s theory. i,. saturation photocurrent; V,. 
saturation potential; YS z:opping potential at O’K. 

for an applied potenriti V’. = -V,. If Vi, and Vo 
are determined from t?.e observed curra&voltage 
curve, the work function of the emitter surface can be 
obtained 

(“II = f.v - e(V. - Vo) (5.24) 

For temperaturcs ofFr than O”R, the photocurrent 
decreases asymptoticzli:: to zero ns t,he retnrding 
potential is increased. Xe integral of Eq. (5.23) can 
be evaluated in terms oi the series 

i = uAT= ($ -; (2’ - r.“*) 

+ z In [l + exp (5 - ZM)] - 
i 

erp (2 - ZM) 

exp [2(2 - z.z>: exp l3(2 - Z.M)l - 

22 - li> ir:. < z.,, (5.25) 

i = aAT* 
( 

~(z.,, - I) f f In [l + esc (z - z,,,)] 

+ { exp ,-(z _ zw)] - eyp 1-2;; - z.tf)l 

+ .}) for z > z.,, 

Here 2 = c/kT and z.,r = r.,r/kT. For z.,, , 10,and 
z > z.v, Eq. (5.25) ma‘- be approximated hy 

log -& = log (c-4) + X(2 - Z,&,) (5.26) 

mhere x(z - I.,,) is the anI-xrsal function of (z - z.+,) 

x(x - ZM) = log (exp ;- z - Zn,)] 
- (i, txp [-2(x - z,,,)]) (5.27) 

The experimental currez:-voltage curve can be 
plotted as log (i/zT?) 1.5. z, where z = e/kT and 
c = -e(V. - Va). The stift parallel to the z axis 
necessnry to bring rhe espcrimentnl curve into 
coincidence v-ith the throxticsl curve (5.27) deter- 
mines ZN and W. Afrer CY is found in this ~nanner, 
V, can be obtained from t.v = -e(l’o - V.). In this 
manner, 1’0 can be deterrincd from currcnt-roltage 
data obtained at any ter?erature. DoBridge aud 
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FIG. 5.8. The current-voltage curve of polycrystalline 
tungsten. The solid curve is DuBridge’s theory. 
T = 300,‘R: hv = 4.89 ev; Z(I = (hv - q)/kT; 

Vo = +o.z1 volts 

v. = iO. volts. IL. Apker, E. Taft, ami J. Dickey: 
Phua. Ra, ‘73: 46 (1948)J 

Applied PolentiaI,V(Volts) 

FIG. 5.9. Current-voltage curves of polrcrystalline 
tungsten. T = 300°K; hu = 4.S9 ev and 5.80 ev; 
v-, = -FO.62 Volts. LL. Apker. E. Taff, and J. Dickeal: 
Phys. Reo., 73: 46 (194s).] 

bis con-orkers have shown that the high-energy tails 
of experimental current-voltsge curves are in excellent 
agreement wit,h this theory [12]. Figure 5.8 shows a 
comparison of t~heory with data obtained from poly- 
crystalline tungsten by Apker, Taft, and Dickey [lG]. 
Figure 5.9 shows complete current-voltage curves 
for thi? surface. As predicted by DuBridge’s theory, 
t,he current-rolta~gc curve is pnraholic except for the 
high-energy tail. The work function of this surface 

uvas determined as 4.46 i 0.03 ev from t.he analysis 
of the energy distribution data. Spectral distribution 
curves and isochromstic curves analyzed by the 
Fowler-DuBridge procedure yielded identical work 
functions of 4.49 L- 0.02 ev. 

Mitchell has extended his treatment of the surface 
photoelectric effect at rtn image potential harrier to 
include the energy distrihution of the photoelectrons 
161. For electron energies near c.,,, his energ? distribu- 
t,ion function is the same as DuBridge’s. Mitchell’s 
theory predicts relatively fewer slow electrons than 
DuBndge’s theory because the probability of ahsorp- 
tion of & quantum depends upon the initial state of the 
electron. 

Experimental energy distrihutions usually have for 
small exiergies the general form predicted by Mitchell’s 
theory. Apker has shown, however, that energy 
distributions are, in general, untrustwxthy at small 
energies becausc of distortion of the electric field in the 
phot,ocells as a result of contact differences hetmeen 
the emitter and its support. Extreme care v-as 
exercised to remove this difñculty in oht,nining the 
data shomn in Figs. 5.8 and 5.9. 

Berglund and Spicer 117, LS] have inwst,igated 
photoemi&ion from copper and silva excited by 
photons of energy considerably greater than the 
threshold energy. The band structure of the metal 
is of primary importance for this ~11ume emission. 
Figure 5.10 shows the energy distribution of photo- 
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Frc. 5.10. Energy distribution of photoemitted electrons 
from copper. [C. N. Beqdu,nd atad TV. E. Spicer: Phys. 
Re*., 136: Al044 (1964).] 

emitt,ed electrons from n copper surface nhose thresh- 
old has been reduced to 1.55 er hy n surfsce layer of 
cesium. The lnrge, lou-energy pe:tk in t,he energy 
dist,ribution that is observed with exciring radiaLion 
of photon energy hv = 3.9 ev is attributed to exci- 
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tation of electrons from the d baud lying 2 ev below 
the Fermi level. The energy-distribution curve 
obtained with 3.7-w photons shows only a trace of 
slow electrons excited from the d baud. The photo- 
emission is due to indirect optical transitions of the 
type illustrated by the arrow AC of Fig. 5.3. Direct 
transitions n-ere observed for photon energies greater 
than 4.5 ev, but indirect transitions dominated the 
excitation process. The reason for this breakdown of 
the selection rules of the Bloch approximation is not 
understood [19]. 

Electron-electron scattering is of majar importarme 
in copper for photon energies greater than 6 ev, pro- 
ducing a large, low-energy peak in the energy distri- 
bution of the photoeleetrons at about 0.5 ev. A 
low-energy peak in the energy distribution of the 
photoelectrons from silver, which appears for photon 
energies greater than 4 ev, can be attributed to a 
contribution to the photoemission from the Auger 
effect. For both silver and copper it was possible to 
deduce the density of states and the location of impor- 
tant symmetry points of the energy bands from the 
photoelectric data. 

4. Semiconductors and Insulators 

The distribution in energy of electrons in semi- 
conductors and insulators is so different from that in 
metals that, for this reason alone, quite different 
photoelectric behavior is expected 120, 211. Figure 
5.11 compares the energy-leve1 scheme for a typical 

Frc. 5.11. The electronic energu lev& of met,als snd 
insulators. 

insulator and a metal of the same work function, 
9 = TI’, - P. The Fermi leve1 ~1 of the insulator 
lies whhin the forbidden energy region and a,pproxi- 
mately midrr-ay between the most energetic leve1 
of the filled valence band and the louest leve1 of the 
empty conduetion band. The energy levels in the 
vicinity of the Fermi leve1 P in the case of a metal are 
filled with electrons and furnish the most energetic 
photoelectrons. In the insulator the electrons of 
largest energy have an energy 6 less than ,,. The 
distribution in energy of photoelectrons from an 
insulat,or may be expected to contain few fast electrons 
as compared with t,hat, of a metal of the same thermi- 
onic work function. The temperature dependence 

of the energy distribution will also be quite unlike that 
of a metal. 

Figure 5.12 show current-voltage curves for 
amorphous arsenic compared uith a metal of ihe same 
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FIC. 5.12. The currcnt-voltape curve oi amorphous arsenic 
and of a metal with the sume work function, 4.66 ev. 
T = 300%: hv = 6.il ev. The nriom mîrks Iro. the 
stopping potential for OOK. [E. 7’a.o a& L. Ipkm: Phye. 
Rec., 75: 1181 (1949).] 

work function 1y = 4.66 ev, ‘hich szrtisfies DuBridge’s 
theory 1221. As expected, the arsenic energy distri- 
bution contains few fast electrons and the current 
becomes~ unmeasurable at a retarding potential of 
-1.5 volts. The stopping potential, VO, for a metal 
of the same work function was -2.05 ev in this 
esperiment~. The top of the ~Jcnce band in arsenic 
appears to he below the Fermi leve1 bg sn amount 
6 = 0.5 ev. Simila,r beha,vior is obserred n-ith 
tellurium, germanium, and boron surfaces 1233. 
There is evidente, however, that filled suriace states 
vhich lie betueen the Fermi leve1 and the top of the 
valerme band ma,y contribute some photoernission of 
fast electrons. 

The absence of filled energy lerels in the gap ò 
beta-een tbe Fermi leve1 and the top of the filled 
valence band a,Kect,s the form of t,he .spectral distribu- 
tion curve. The photoelect.ric t,hreshold energy hvo 
of sn insulstor or semiconductor is not equal to the 
thermionic work funct,ion (W, - P) but ie giren by 
(IV, - JJ + 6). Figure 5.13 show spectral distribu- 
tion curves of tellurium, germanium, and platinum 
surfaces of the same vork function;v = 4.i6 ev 1231. 
The decrease in photoelectric response for quantum 
energies less than hv = TV, - F is clea~rly risible; the 
photocurrents from the tellurium surface vere not 
measurable for hv < 5.0 ev. 

The spectrnl distributions of the quantum yields 
of atomically clean surfaces of silicon, germanium, 
gallium arsenide and nntimonide, and indium arsenide 
and antimonide are approsimntely proporcional to 
(hv - hv,)’ near ~1, the photoelectric threshold fre- 
quency 1241. This emission is probahlg due to inl 
direct optical traneitions associsted \\-ith the surfsce. 
A few tenths of an electron volt ahove the photo- 
electric threshold, volume optical ahsorption becomes 
more important than the surface sbsorpt,ion, and: 
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FIG. 5.13. Spectral distruhution curves oi platinum, 
tellurium. and germanium. The solid curve through the 
platinum data is Fowler’s theory. T = 300°K. The 
three suriaces have rha same thermionic work function, 
4.7û ev. [L. Apker. E. Taft, and J. Dickey: Phys. Rec., 
74: 1462 (1948).] 

in agreement with the theory of Kane, the yield 
increases linearly mith hv - hv’, where V’ is the 
threshold for direct optical transitions 125, 261. Both 
the spectral-distribution curves and the energy- 
distribution curves have yielded important informa- 
tion concerning energy-band structures. The band 
structure of lead telluride has been investigated in 
this manner [2i]. Brust has made’a detailed band- 
theoretical investigation of t~he photoelectric effect in 
silicon and obtained qualitative agreement with the 
results of Spicer 126, 291 and of Gobelli and Allen. 

Allen and Gobelli 1301 have compared the photo- 
electric thresholds and work functions of system- 
atically doped p- and n-type silicon samples. As 
the Fermi leve1 approaches the conduction or va- 
lence bands, the surface-state charge changes, with 
accompanying bending of the bands as they approach 
the surface. The resulting changwin the photo- 
electric threshold and work function make it possible 
to deduce the concentration of surface states and 
draw limited conclusions concerning their distribu- 
tion in energy. 
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