2 LONGITUDINAL MAGNETOACOUSTIC ABSORPTION

lem. The absorption in the presence of the magnetic
field is in general higher than for H=0 and it is a
function of H. (ii) For 7 as given by ionized impurity
scattering, the integrals of the transport coefficients
are too complicated to be evaluated analytically. The
absorption coefficient in the presence of the magnetic
field, with respect to its value without magnetic field,
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is lower at low frequencies and higher at high fre-
quencies.

In both cases the absorption coefficient in the pres-
ence of the magnetic field becomes smaller than for
H=0 before reaching the high-frequency limit, but
these frequencies are beyond those of interest in ultra-
sonics.

* Partially supported by Advanced Research Projects Agency
of the Department of Defense. .
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A concept of a field-dependent photoinjection process has been developed and applied to the low-energy
light data from photodischarge measurements reported by Pai and Ing, and by Tabak and Warter. The
model involves a field-dependent photogeneration of free carriers based on a Poole-Frenkel-type effect.
Comparison with data tends to support the idea that the intermediate states are excitons. It is shown that
the derived expression for the photoinjection efficiency fits the available experimental data on holes rather
well for the entire range of field at room temperature. Indications are that the expression is valid down to
about 250°K. The low-field data is shown to be highly dependent upon the mobility and the recombination
velocity. Based on the reported experimental data, the recombination velocity and the effective band gap

are found to be 200 cm/sec and 2.65 eV, respectively.

INTRODUCTION

In recent papers Pai and Ing! and Tabak and
Warter? have reported some measurements indicating
a field-dependent photogeneration of free carriers
in the photodecay process of amorphous Se. In both
cases they attempted to explain their results in terms of
the Poole-Frenkel® effect, but could not account for
their data quantitatively over the entire range of
field. In this paper it is shown that by a modified
interpretation which introduces the concept of a
photoinjection efficiency, their results for low light
energies can indeed be explained in terms of the
Poole-Frenkel effect.

In the second section, the concept of photoinjection
efficiency is developed, and in the third section the
Poole-Frenkel effect is introduced into the generation
efficiency for low-energy light. Comparison with the

reported experimental data is presented in the fourth
section.

FREE-CARRIER GENERATION RATE VERSUS
INJECTION RATE

The essential point of this paper is to make a distinc-
tion between the free-carrier photogeneration rate and
the free-carrier photoinjection rate. In view of this
distinction, the data reported by Pai and Ing! and
Tabak and Warter? directly represents the latter
rather than the former. It was pointed out by Many*
that even if the free-carrier generation efficiency is
unity, the injection current is dependent on the field,
recombination velocity, and the mobility. Here ‘the
concept of a field-dependent generation rate has been
added. It should be mentioned that Pai and Ing!
attributed the low-field behavior of their data to
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F1c. 1. Superposition of an applied field on a Coulomb potential
for the Poole-Frenkel effect.

recombination although they did not include it
quantitatively in their data analysis.

Neglecting the diffusion term and effects of trapping,
the equation for the conduction current density is

jc(x) t) =eyn(x, t)E(x: t)y (1)

where # is the carrier density, E is the field, e is the
carrier charge, and p is the mobility. For simplicity,
it will be assumed that all the light is absorbed at the
surface x=0. Since both holes and electrons are present
at this surface during photoexcitation, a recombination
process which is proportional to the free-carrier
concentration is also assumed. The constant of
proportionality is the effective recombination velocity
v, which represents both surface and bulk recombina-
tion processes. Outside this region, since only one
type of carrier is present, the recombination process
can be ignored. If a field-dependent generation rate
is assumed. to be linearly dependent on the absorbed
light, the boundary condition for the illuminated
surface can be expressed as

7:(0, 1) =e{ fg(E)—m(0,9)}, (2)
where f is the absorbed light in number of photons/cm?

sec, and g(E) is the free-carrier generation efficiency.
Substitution of Eq. (2) into Eq. (1) gives

E
'v/,u-l-Eg(E)’ (3)

where E= E(0, #). The injection efficiency y(E) is
then defined as

Jo(0, t) =¢f

00 __E
E)=——"= E). 4
yB= 1 = o e(B) @
POOLE-FRENKEL EFFECT AND GENERATION
EFFICIENCY

In considering what form the generation efficiency
might take we may expect intuitively that it must
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have a finite value less than 1 for zero field and at
most approach unity for high field. We may further
expect that at low fields, since we would expect the
injection efficiency to be linear with respect to the
field, the generation efficiency is more or less inde-
pendent of the field. The expression derived by Tabak
and Warter? from the Poole-Frenkel effect® satisfies
this condition.

The Poole-Frenkel effect, also called the internal
Schottky effect, was initially derived by a simple
one-dimensional analysis of the effect of an external
field on the Coulomb potential of a fixed point charge.
As shown in Fig. 1, if a charge carrier is bound at
an energy level —u,, the lowest potential barrier it
must overcome to be ionized is decreased under an
applied field E and is given by

Up= us_ﬂ\/Ey

where 8= (e/mee)’?, e being the dielectric constant
and the energy is in eV. Frenkel postulated® that
“if, in the absence of the electric field, the number of
free electrons due to the thermal ionization of the
atoms is proportional to exp(—us/2kT), where u, is
the ionization energy, the electrical conductivity in
the presence of the field will be proportional to
exp[— (us—Au) /2kT).” We quote this statement
since in many papers which discuss the Poole-Frenkel
effect™! the 2 in 2kT is often omitted, and considered
as the distinction with the Schottky emission.!?'8 We
interpret the factor of 2 to enter from Fermi statistical
consideration in the limit of large donor density or
low T as discussed with thermal ionization of donors."
If the Fermi level is affected by the presence of other
states this can be altered. Simmons® proposed a
particular model of levels which kept the 2. Thus the
incorporation of a Poole-Frenkel-type phenomenon
in a solid should be considered not by itself but in
context of the rest of the solid.

Pai and Ing! proposed that an effect similar to the
Poole-Frenkel effect may apply to the exciton created
by light. They were able to explain the high-field
data for Se at low-energy light by assuming that the
current is proportional to exp(8'\/E/kT—us/kT)
and found 8’ to be roughly 38 and %,=wug—u,n, where
us=2.47 eV and up; is the energy of the incident light.
Tabak and Warter assumed a steady state for the
exciton density and derived an expression which
they called 5. It is this expression which has the property

TasBLE I. Parameters for initial computation.

A Uph B=¢
A=v/u=1.25X108 (R)  (eV) Xexp[(sg—1upn)/2kT]
B=(e/mee)1/? 6200 2.000 6.61X10¢
=3.0972X10™¢ 6000  2.066 1.49X10¢
5800  2.138 5.32X10°
T=300°K 5500 2.254 7.91X10?
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we might expect for the generation efficiency. We have
used the expression

g(E) = {1+0 exp[ (uc—upn—B/ E) /2T ]},

where B= (¢/mee)'?, upy is the light energy, wug is
some effective band gap, and 8 is a dimensionless
constant. In terms of the steady-state model of Tabak
and Warter, this assumes that the ratio of the rate
of non-ionizing decay to the rate of ionization of the
excitons is given by 6exp(—u/2kT), where w=
ug—upn—pB/E. The factor of 2 in the exponent
is justified from experimental data as will be shown
later. Combined with Eq. (4) we get for the injection
efficiency

Ug— uph—B‘\/E>}—l.

2%T ®)

y(E)= 1_)/METE {1+0 exp(

According to the data reported by Spear,'® the mobility

of holes in amorphous Se is given essentially by the
relation

pu=235.8(T/300)%2 exp(—0.14/kT). (6)

COMPARISON WITH EXPERIMENTAL RESULTS

The results reported by Tabak and Warter? in Fig. 9
of their paper, where “quantum efficiency” is plotted
against the applied field, can be directly compared
with our results. We have interpreted their “quantum
efficiency” as the injection efficiency. First we tried

104}

103}

10+

20 2.2 24 26 28 30

Uph (eV)

F16. 2. 0 exp[ (#g—upn) /2kT7] obtained from initial curve fitting
plotted against uyy. The straight line has a slope of —1/2kT.

10+

102

Y(E)

104F

1
103 104 108
E (V/em)

F1c. 3. Comparison of theory and experimental data for low-
energy light. The curves are the injection efficiency calculated
from Eq. (8) versus the field for 7’=300°K for different wave-
length and the data points were taken from Fig. 9 of Tabak and
Warter’s paper (Ref. 2).

to obtain a good fit using Eq. (5) in the form
y(E)=[E/(A+E)1{1+B exp(—Bv/ E/2kT) },

where A=uv/p and B=0 exp[ (#a—upn)/2kT]. The
values of the parameters obtained as a result of this
fit are given in Table I. The value of v/u=1.25X103
(V/cm) with Spear’s’® results for 300°K for the
mobility gives the recombination velocity to be »=200
cm/sec. The value of » may vary from sample to
sample, but is of the order of 102 Such variations will
alter the low field values but will not affect the over-all
shape of the curves. Note that this seems to be in-
dependent of the wavelength and suggests that no
distinct recombination process occurs at the surface
compared to the bulk. This value is also smaller than
the values obtained by Many* for CdS. The fraction
E/(v/u+E) is similar in form to E/(E;+E) derived
by Caywood and Mead!® recently, but their E; involves
the absorption constant which would be wavelength
dependent. Thus we must conclude that for these
low light energies where the absorption coefficient is
changing appreciably, the mechanism discussed by
Caywood and Mead is not important.

Figure 2 is a plot of B against %,y on a semilogarithmic
graph. The slope of the line being —1/2kT confirms
that the denominator of the exponent is 2T and
gives

0-exp(ug/2kT)=4.17X 102,
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F1c. 4. Plots of pulse height taken from Figs. 2-4 of Pai and Ing’s
paper (Ref. 1) at /E=4X10? (V/cm)'2? against 1/2kT.

Equation (5) can now be written as

E
Y E) = 5% 10+ B

-1
X{1+4.17X1021exp<—— %)} G

In Fig. 3 we present a comparison of the data taken
from Fig. 9 of Tabak and Warter’s paper and Eq.
(7) presented in solid curves. The computation was
done at T=300°K and the four curves were generated
by varying just one variable u,,. Except for the
case upn=2.254 eV (=5500 &), the fit is rather good
and supports our interpretation. The dashed curve
which is a better fit to the data for A=5500 A was
computed for #,,=2.23 eV.

In order to establish 6 and #g we now refer to the
temperature-dependent data of Pai and Ing! Based
on our interpretation, for 7<300°K, #,n<2.4 eV, and
E<2X10° V/cm, it can be concluded that

6 exp (ug—upn—BV E) /2T T>1.

Therefore for a given wavelength and electric field, the
data should be proportional to exp(—ug/2kT) if
E>>v/u. Figure 4 is a plot of the pulse height versus
1/2kT taken from Figs. 2-4 of Pai and Ing’s paper
at v/ E=4X10? (V/cm)2, where v/u<<KE. The dashed
lines represent slopes for #g=2.645 eV which was
obtained from the A\=5800-A data. This value is
larger than the value obtained by Pai and Ing. The
corresponding value of 8 becomes 0.2524. Hence the
temperature-dependent injection efficiency for amor-
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phous Se can now be expressed as

E

Y= 0/t E

X {1+o.2524 exp<2'645_“""_ﬂ‘/E )}_1, (8)

2kT

where u is given by Eq. (6). For comparison, calcula-
tions based on this equation have been normalized
to the room-temperature data at /E=4X10% (V/cm) /2
of Figs. 2-4 of Pai and Ing’s paper and are presented
with their data points in Figs: 5-7. As can be seen
for room temperature the fit is quite good over the
entire range of field. The fit for the lower temperature
is fair and the general features are in agreement.
Equation (8) assumes v, 8, and #g to be tempera-
ture independent, but this may not necessarily be
the case. If the transport of carriers is due to a hopping
process and the longer duration of carriers in localized
sites accounts for the lowering of the effective mobility
at low temperatures, then since recombination will
be less likely to take place if enough carriers of both
polarity are in such sites, the recombination velocity
may be effectively decreased at sufficiently low
temperatures.

It can be seen that due to the effect of recombination
the slope of the apparent linear region becomes greater
for lower temperatures. Pai and Ing! assumed 8 to
vary with temperature and determined this from the
slopes and subsequently obtained #g. This procedure
accounts for the difference in their #g and ours.
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Fic. 5. Comparison of Pai and Ing’s data for A=5800 & with
Eq. (8) for various temperatures (°K).
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Our final comparison is with the electron transport
data given in Fig. 7 of Tabak and Warter’s paper.?
If the intermediate states in the photogeneration
process are indeed excitions the expression for the
generation efficiency should be the same for the
electrons as well as for the holes. The recombination
velocity should also be unchanged. In Fig. 8 we have
reproduced the above data normalized to the unity
gain value for A=5500. The continuous curve was
computed from Eq. (8) with T=300°K, p=6X10"3,
and #,,=2.254 V. The fit is not as satisfying as the
ones obtained for holes but we feel it is significant

A=5600 A
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F16. 6. Comparison of Pai and (Isrsg’s data for A=5600 A with
Eq. .

that the calculated values are within about a factor
of 2 of the data. A more detailed analysis taking into
account the effects of trapping and detrapping may
resolve the difference between theory and .experi-
ment but the difference in mobility between the hole
and electron seems to account for the major difference
in the magnitude of the respective injection efficiencies.

DISCUSSION

We have proposed that it may be useful to interpret
the transport behavior of photoexcited carriers through
a layer of photoconducting sample in terms of a
photoinjection efficiency which in turn is proportional
to a field-dependent photogeneration efficiency. This
approach was applied to the data reported by Pai
and Ing' and by Tabak and Warter? on amorphous
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F16. 7. Comparison of Pai %nd (In)g’s data for A=5400 A with
q. (8).

Se films. Expressions were developed for the generation
efficiency by assuming a Poole-Frenkel-type effect
for the photogenerated excitons. The results indicate
that there is a continuum of energy levels in these
excitons. The model indicates how the mobility and
recombination affect the injection efficiency. They are
significant in the low-field range. And in the case of
amorphous Se they play a very important role at low
temperatures because of the rather drastic reduction
of the mobility with temperature. The main difference

A=5500 A

Y(E)

103}

103 104 108
E (V/ecm)

Fic. 8. Comparison of the electron data at A=5500 & taken from
Fig. 7 of Tabak and Warter’s paper (Ref. 2) with Eq. (8).
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in the injection efficiency for electrons as compared
to holes can be attributed to the difference in their
mobilities. With this relatively simple model we have
been able to quantitatively describe the essential
features of the experimental results for low light
energies. .

Based on a simple interpretation of the results
obtained so far the generation efficiency could be
expected to be unity for energies greater than wug.
However, the data presented by Tabak and Warter?
for A=4000 and 4300 A (Figs. 1 and 6 in their paper)
show a rather striking kink at about E=10* V/cm
from roughly linear to square-root dependence on
the field which clearly indicates that the generation
efficiency is not unity and is field dependent at these
light energies. Actually in comparing the data of Pai
and Ing! and Tabak and Warter? for high-energy light
we are faced with a conflict. The data for A=4500 A
in Fig. 8 of the former’s paper shows the log of the
pulse height to be proportional to 4/E in the high-
field region but the latter’s data for A=4300 A indicate

SEKI 2

the peak photocurrent to be directly proportional to
A/ E in the same region.

At this point we can only speculate on the processes
involved for light.energies near the effective band gap
ug and greater. This will be an interesting area for
further investigation. The exact relevance of the
effective band gap #¢ in our model and how it may
be related to the activation energy involved in the
expression for the mobility is an interesting question.
We feel that the distinction between the photoinjection
process and the photogeneration process will be
useful in further investigation of the photodischarge
process.
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The electron paramagnetic resonance of a center consisting of four phosphorus ions in ZnSe is reported.
The paramagnetism is localized primarily on one phosphorus, and a smaller superhyperfine interaction
with the other three is observed. The observed spin Hamiltonian parameters are g;|=1.997, g+=2.034,
4)1=591X10™* cm™, 41=445X10"* cm™, K};=19.0X10~ cm™, K1<2.5)X10~* cm™. The center has
trigonal symmetry with a (111) axis, and the phosphorus ions are located at the points of a regular
tetrahedron.

INTRODUCTION observation by electron paramagnetic resonance of a
cluster of four phosphorus ions in ZnSe.
Th iati t s
_The association of two or more atoms of the same EXPERIMENTAL PROCEDURES
kind in a compound semiconductor has been observed
in several cases. Six fluorines can surround an iron

in CdTe.! Four noble metals associate with an inter-

ZnSe powder was compounded by allowing molten
6N pure zinc to react with a flowing stream of H,Se

stitial rare earth in CdTe? and ZnSe.? Rare-earth and
3d transition-metal fluoride molecules can be in-
corporated in ZnS.* Centers consisting of three as-
sociated lithiums have been observed in GaP,® and
of two associated silicons in GaAs.® This paper reports

gas. The powder produced was then sublimed in
vacuum . to a higher-density mass of more uniform
stoichiometry. A small amount of phosphorus dopant
was added, and single crystals were grown in a sealed
ampoule by a gradient-freeze technique.” The volatility



