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Electron-Hole-Pair Creation Energies in Semiconductors

R. C. Alig and S. Bloom
RCA Laboratories, Princeton, Neu Jersey 08540

(Received 16 September 1975)

The rule that the electron-hole-pair creation energy is 3 times the semiconductor band
gap is extended to include a large group of insulators. It is used, together with the free-
particle approximation, to describe cathodoluminescent phosphor efficiencies and the
escape probabilities of secondary electrons.

When a semiconductor is bombarded with high-
energy radiation, electron-hole pairs are creat-
ed. The average energy required to create a sin-
gle pair, called the radiation ionization energy
or pair-creation energy, e, is empirically' about
3 times the band gap energy E, of the semicon-
ductor. The measured values of e for several
semiconductors are plotted versus E~ in Fig. 1.
Many of these data points lie close to a straight
line and the slope of this line is consistent with
that predicted using a free-particle approxima-
tion.

We have used this linear relation between e and
E to describe the efficiency of cathodolumines-
cent phosphors and to describe the probability
that a secondary electron escapes from an insul-
ator. The efficiency of a cathodoluminescent
phosphor is expected to be inversely proportion-
al to e; thus it should be inversely proportional
to E~. We find this to be true for a number of dif-
ferent phosphor hosts containing the same acti-
vator impurity. The probability that an internal-
ly excited secondary electron escapes the solid
upon reaching the surface is related linearly to e

through the experimental secondary-emission da-
ta. These probabilities lie between zero and uni-
ty and are consistent with predictions obtained
using a free-particle approximation. These ex-
amples confirm the existence of a linear relation
between e and E for a large group of insulators
and they support the use of the free-particle ap-
proximation to describe electrons and holes with
kinetic energies in excess of an eV.

Shockley, ' Klein, ' and others have explained the
empirical relation between c and E~ illustrated
in Fig. 1 using the free-particle approximation
and conservation of energy' and momentum. ' It
is assumed that the energy of the ionizing radia-
tion goes to create excited electrons and holes.
When one of these particles reaches a final state
where it can no longer excite another electron-
hole pair, i.e. , its energy is below a threshold
energy E~ needed to create another pair, it ther-

malizes by phonon emission. Each available
state is assumed' equally likely to be a final
state. In terms of the particle kinetic energy E
above the band edge, the density of these states
is proportional to v'E. Thus, since e must be the
sum of the band gap and the average kinetic ener-
gies of the final electron and hole,

e =E +2f "EWEdE/ J "WEdE

=E +6E~/5.

By momentum conservation, the momentum P of
the ionizing particle before creating a pair must
equal the sum of its momentum afterwards plus
the momenta of the newly created electron and
hole. If the ionizing particle initially has energy
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FIG. 1. The measured pair-creation energies ~ of
several semiconductors, versus the fundamental semi-
conductor band gap E~. A straight line has been fitted
to selected points on this plot.
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FIG. 2. The measured cathodoluminescent energy
efficiencies q of several phosphors, versus the recip-
rocal of the fundamental band gap F~ of the phosphor
host. The phosphor hosts are indicated at the top of
the figure and the activators are indicated by the sym-
bols shown at the right of the figure. Straight lines of
slope parameter S, calculated using photon energy
E

p Q have been fitted to selected points associated
with the same activator.

E„, then in the free-particle approximation, the
momenta of the final particles must be collinear
and of magnitude 3P to be consistent with the def-
inition of E„. Then, energy conservation requires
3(E„/9)+Ec=E„orE~=3E /2; thus e =2.8E
This agrees well with the line

e =2.73E, +0.55 eV,

drawn through the data4' points of Fig. 1; the
constant energy represents the energy lost to the
lattice by particles with energies greater than E~.

A cathodoluminescent phosphor is a host semi-
conductor containing impurities or defects called
activators. When the phosphor is bombarded by
high-energy electrons, electron-hole pairs are
created and these pairs recombine at activators
to yield optical photons of energy Ep„. Thus the
energy efficiency g of the phosphor should be g
= SE&z/e where S may depend on the host and ac-
tivator. ' Hence, we expect q~SE „/2.8E, for
phosphors with E ~ 1 eV. In Fig. 2 the efficiency
q is plotted' versus E,"' of the phosphor host for
many of the efficient phosphors. For a given ac-
tivator the photon energy E h is nearly indepen-
dent of the host and so a linear relation between

g and E~ ' extrapolating to the origin is expected.
This relation, heretofore unnoted, is seen from
Fig. 2 to be roughly obeyed by many phosphors.

B = 2.55~a/Eo (2)

From Ecl. (1) and data for 5, E, , andE, from
the literature, "the values of B shown in Fig. 3

This supports the existence of a linear relation
between e and E, for these phosphor hosts. Also
S, which can be extracted from the slope of these
lines, should be less than unity since it repre-
sents a probability. The slopes of the lines shown
in Fig. 2 yield values of 9 between 0.5 and 1.0 in
accord with this expectation. This observation is
therefore consistent with the empirical rule that
e~ 3Eg.

When a solid is bombarded by high-energy pri-
mary electrons, secondary electrons' are emit-
ted. Phenomenologically, the probability that an
excited electron becomes a secondary can be sep-
arated into two factors, the probability that an
electron created a distance x below the surface
reaches the surface, and the probability that an
electron reaching the surface escapes. The for-
mer probability is frequently written 8 ", where
n is a constant, and the latter by the constant B.
It is shown below that B/e, where e is the aver-
age energy needed to excite an electron internal-
ly, can be extracted from measurements of the
secondary-electron emission with the aid of this
phenomenological theory and Ecl. (1).

The secondary-emission yield 5 is the number
of secondary electrons emitted per incident pri-
mary electron. This yield will, of course, be a
function of the primary electron energy E,. The
yield is the product of the number of electrons
excited internally, E,/e, the probability e ""
that these electrons reach the surface, and the
probability B that they escape from the surface. '
The distance x below the surface that the elec-
trons are excited should be given by the range R
of the incident primaries. We expect R to be re-
lated to the primary energy, i.e. , R =E,/A. Then
5 =Be " E,/e = (BA/ne)+Re ~ . Since 5 =0 when

E, =0 because no secondaries are generated, and
5 =0 when E, approaches infinity because no sec-
ondaries reach the surface, at some primary en-
ergy E, the yield is a maximum 6 . Since BA/
ne is a constant of the material, E, is defined
by the value of o.R for which +Re " is a maxi-
mum, i.e. , nR =1. Hence 5„=BA/nee=s 'BE, /
e and 5/6„=e(E,/E, ) exp(-E, /Eo ) This las. t
equation is called a reduced, or universal, yield
curve. The use of better range-energy relations
and more realistic descriptions of 5 gives val-
ues near 0.4 for 5 e/E, ~ instead of e ', so we
have taken
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FIG. 3. The escape probabilities B for secondary
electrons extracted from the measured secondary-
electron-emission data, versus the measured ratio
of the electron affinity g and the fundamental band gap
E~ for several insulators. The solid curve was calcu-
lated using the theory discussed in the text.

were calculated for 28 insulators. The values
range between zero and unity, consistent with
the concept of B as a probability.

It is also possible to develop a simple theory
to calculate B a priori if it is assumed that the
excited electrons lose energy solely by electron-
hole-pair creation, i.e. , if losses to the lattice
are ignored. Since these electrons must sur-
mount the energy barrier defined by the electron
affinity X to escape the solid, and since e is re-
lated to E by Eq. (1), the escape probability B
is expected to be a function of y/E, By defini. -
tion the escape probability B is the probability
that an electron inside the solid escapes into the
vacuum upon reaching the surface of the solid,
that is

B=J P(E)f(E)g(E)dE/f f(E)g(E)dE, (3)

where P(E) is the probability that an electron of
energy E reaching the surface escapes from the
solid, f (E) is the distribution of electrons in
states of energy E, and g(E) is the density of
electronic states Classic.ally" P(E) = 0 for E ~

y
and P(E) = 1 —(y/E)"' for E& y. In the free-parti-
cle approximation, g(E) is proportional to gE.

To define the electron distribution function, we
shall assume that the only energy-loss mechan-
ism available to the electrons is electron-hole-
pair creation. Since electrons with energy E &E„
= 3E~/2 above the conduction-band edge cannot
create an electron-hole pair, all energy-loss
mechanisms for these electrons are ignored and

f(E) =1 for O~E&3E, /2. Since electrons withE
~ 3E, /2 lose energy in units of e, the probability
that an electron is scattered to a lower energy is
unity over an energy range e, i.e. , Bf/BE = —f//e,
or f=f,e ". If f(E) is continuous, then fo=e&
where y= 1.5/2. 8, assuming E is 0.5 eV or
more.

With these definitions of P(E), f (E), and g(E)
and Eq. (1), the dependence of B on )(/E, can be
calculated from Eq. (3); this dependence is illus-
trated by the solid curve in Fig. 3. The values
of B obtained from Eq. (2) are also plotted ver-
sus X/E, in Fig. 3; the values of )( and E, were
taken from the literature. '" Although, as ex-
pected, these values of B lie below the calculated
curve, they exhibit a dependence on y/E, similar
to that calculated.

In addition to the understanding of the cathodo-
luminescent efficiency and of secondary-electron
emission provided by these examples, they also
provide support for the extension of the empiri-
cal rule relating e to 3E to a group of insulators
larger than that on which direct measurements
of e have been made. These examples also pro-
vide support for the use of the free-particle ap-
proximation to describe electrons and holes with
kinetic energies of an eV or more. The applica-
bility of this approximation may be a consequence
of the de Broglie wavelengths of these particles
(10 A or less) being commensurate with the lat-
tice spacing.
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Measurements of the temperature dependence of the carrier capture cross sections for
ten deep levels in GaAs and GaP give strong evidence for nonradiative capture by lattice-
relaxation multiphonon emission. A simple one-coordinate theory which takes into ac-
count the breakdown of the adiabatic approximation gives a good quantitative fit to the
data.

The understanding of deep levels in semicon-
ductors is a problem of both great fundamental
and technical importance. Qne of the principal
ways in which such deep levels affect semicon-
ductor properties is as an efficient path for non-
radiative recombination of nonequilibrium minor-
ity carriers. There is to date, however, almost
a complete lack of understanding as to how large
amounts of energy (over 1 eV) can be efficiently
dissipated in a rapid nonradiative capture yro-
cess (capture cross sections as large as o -10 "
cm'). The only possible known nonradiative
mechanisms are the Auger effect' and lattice-re-
laxation muliiphonon emission (MPE).' ~ A third
mechanism, cascade capture, ' is applicable only
to relatively shallow centers with closely spaced
excited states between which single phonons can
be emitted in a "cascade" of electronic transi-
tions. Only Sinyavskii and Kovarskii have at-
tributed large capture cross sections observed
at deep levels in Si and Ge to MPE. The com-

monly held view in recent reviews of the sub-
ject" ' is that MPE recombination is of little
importance. This Letter describes experimental
and theoretical work mhich shows that lattice-re-
laxation MPE is a mechanism which can account
for the large capture cross sections observed
for some very deep levels and is in fact a fre-
quently occurring mechanism in GaAs and GaP.

We have used various techniques of capacitance
syectroscopy" " to measure directly the carrier
capture cross sections of a variety of deep levels
in GaAs and GaP as a function of temperature
and, in two cases, carrier concentration. Many
of these crass sections can be described by the
theory of MPE capture to be presented here; oth-
ers are due, perhaps, to a different mechanism.
The data supporting MPE are shown in Figs. 1
and 2. Figure 1 shows the capture cross sections
in GaP of holes at 0-state 1 and 0-state 2, and
of electrons at Zn-0; in GaAs the cross sections
shown are for electrons at 0, the E3 radiation-
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