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sample then gives obtains

j(t) = j,(x,t)dx (d—/dt)~o(t). (A2)
-(t) = (C./C. ) i(t)«. (A4)

The potential, V(t') is given by Equation (A2) for the current can now be written

V(t') = Vp —(1/Cd) J(t')dt''. (AB) j(t) = X j,(x,t)dx, X= Ca/(C, +C&), (A5)

Converting the right side of this expression to dimension- which replaces Eq. (17). The rest of the analysis is

less quantities by the prescription of Eqs. (8), one unchanged.
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The theory of small-signal current transients is applied to the study of electron trapping processes in

amorphous selenium. In the experiment, a 10 -sec light pulse illuminated one side of the sample and pro-
duced free carriers near this surface. The free electrons were drawn across the sample in an applied electric
6eld, and the shape of the current transients thus produced was studied. The shape of these transients in-

dicated that electron trapping processes in vitreous selenium involve three distinct species of trap: those

which control the mobility (m traps), a deep trapping level (d traps), and a shallow trapping level (s traps).
Magnitudes are given for the ratio of the m-trap density to the density of states in the conduction band

(N /N, ) and for the ratio of the s-trap density to the density of states in the conduction band (N, /N, }.
For a selenium film which has been evaporated onto a substrate held at 38'C during the evaporation, these

ratios are N /N, =5.2 &10 and N, /N, =2.4&10, respectively. It is further shown that the magnitude

of these ratios decreases as the substrate temperature at which the samples are prepared is increased. The

energy separation of the s level and the m level from the conduction-band edge depends also on the sample

preparation, the separation increasing as the substrate temperature is increased. For the 61m prepared at,

38'C, the levels are at B,=0.39 eV and E =0.29 eV, respectively, below the conduction-band edge. The

capture probability for both the s and d traps was measured and was found to increase exponentially with

1/T with a characteristic energy. It is suggested that the electron trapping processes in vitreous selenium are

closely connected with the structural properties of the material. This is strongly indicated by a decrease in

the shallow-trap density as the measuring temperature approaches the glass transition temperature.

I. INTRODUCTION

' 'N this paper, we present the results of an experi-
~ - mental investigation of electron trapping processes
in amorphous selenium. The theoretical basis for these

studies was given in the preceding paper. ' There it
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was shown that under certain well-de6ned and experi-
mentally realizable conditions, the equations governing
the transient fiow of current in an insulator with several
species of traps could be solved exactly. These conditions
are: (1) A small quantity of charge is injected into the
insulator such that the injected space charge 6eld
produces a negligible perturbation on the externally
applied electric field. (2) The time for injection is much
shorter than the free-carrier transit time across the
sample, so that in the absence of trapping, the current
induced in the external circuit is the result of the drift
motion of a thin sheet of charge along the potential
gradient in the insulator. (3) Blocking electrodes are
applied to the sample to prevent further injection of
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charge after the thin sheet of carriers is introduced. .
When these conditions have been satisfied, the observed
transient current pulse is here said to be in the small-

signal mode, to differentiate the technique from that
employing space-charge-limited, injection.

The parameters in the theory are the mean free time
for a free carrier between capture events T& and the
mean time-of-dwell for a carrier in a trap T„. In prin-
ciple, these quantities ca,n be determined for each
trapping species present from a single observation of the
small-signal current transient, although, in practice,
the method is limited to the detection of not more than
two or three distinct species. If both parameters are
known for a given species of trap, the capture probability
and trap density can be deduced. One purpose of this
report is to illustrate the application of the theory in
the study of electron trapping processes in vitreous
selenium.

We will discuss the trapping processes in vitreous
selenium in terms of the energy-band approximation.
This may be a rather poor approximation for a discus-
sion of transport processes in view of the low value for
the microscopic electron mobility which has been
reported for the several modifications of selenium
ps=1 cm'/V sec.' ' This value for the mobility repre-
sents a limit to the range of validity for the use of
extended wave functions to describe electron-lattice
interactions in solids. The self-trapping mechanism of
Toyazawa' may be more appropriate for vitreous
selenium, but neither the theory nor the energy-band
structure of selenium has yet been put on a sufficiently
quantitative basis to permit more than speculative
discussion of our results in terms of this mecharIism.

A distinguishing feature of electron transport in
vitreous selenium is that the electronic drift mobility
(as determined by transit time measurements) depends
on temperature as pq" exp( —E /kT). It has been
assumed in previous work by others that the drift
motion of electrons in selenium is controlled by a level
of traps (hereafter designated as the m traps) variously
reported at E =0.25 eV' and E =0.28 eV ' below the
conduction-band edge. (k is Boltzmann's constant and
T is the absolute temperature. ) We have adopted this
view in the interpretation of our results, although our
principal conclusions do not depend. on the exact
mechanism responsible for the thermally activated
mobility. If the injected electrons must first be trapped
into and come into equilibrium with the m traps, one
might expect to see a high-current spike at sufFiciently
short times after injection, which would correspond to
drift motion of free electrons with a microscopic
mobility much larger than the trap-controlled drift
mobility. Such a spike was not observed within the

' W. E. Spear, J. Phys. Chem. Solids 21, 110 (1961).
3 J. L. Hartke' Phys. Rev. 125, 1177 (1962).' J. Dresner, J. Phys. Chem. Solids 25, 505 (1964).
~ Y. Toyozawa, Progr. Theoret. Phys. (Kyoto) 26, 29 (1961);j.Appl. Phys. 33, 340 (1962).

limit imposed, by the time resolution of our apparatus,
which was about 10 sec. One concludes that if the
drift mobility is a trap-controlled process, the injected
carriers must come into equilibrium with the m traps
in a time less than 10 ' sec after injection. Our experi-
ment provides no basis for supporting or questioning
this hypothesis.

TO
PREAMPLIF I ER

SAMPLE
CAPACITANCE,

c Vo

R(CI+ Cd)» TRANSIT TIME

I'"IG. 1. Diagram of the measuring circuit. C~ is the amplifier
input capacitance plus distributed capacitance; R is the parallel
combination of amplifier input resistance and large resistance
(8.2 MQ) in a series with sample and battery.

' W. E. Spear, Proc. Phys. Soc. (London) B70, 669 (1957).

II. EXPERIMENTAL TECHNIQUE

The experimental arrangement was generally similar
to that used by Spear' and others for drift mobility
measurements by the transit time technique. The
essential elements of the apparatus are shown sche-
matically in Fig. 1. The sample, in the form of a thin
layer of selenium, was placed between blocking elec-
trodes, and, a thin sheet of charge was injected by
illuminating the sample through one (transparent)
electrode with a short Rash of light. Because of the
high capacitance of the sample ( 100 pF in our case),
a direct observation of the transient current was not
possible, since the unavoidably large circuit time con-
stant distorted the current pulse. Therefore, the circuit
elements were chosen to provide a time constant much
greater than the transit time of the injected carriers.
This resulted in a voltage signal at the input to the
preamplifier which was proportional to the time integral
of the current. After arnplification, this signal was
differentiated electronically to produce a signal pro-
portional to the primary current in the sample. A
Tektronix Type O operational amplifier was used, for
the differentiation and provided a sensitivity sufFicient
to detect currents smaller than 10 ' A, with a time
resolution of 1 @sec.

Unsupported layers of selenium were prepared by
first evaporating selenium onto aluminum foil sub-
strates in vacuo and, then separating the evaporated
layers from the substrates. The adhesion of the selenium
to the foil was quite low, presumably due to an inert
surface layer of aluminum oxide, making the separation
easy. Before mounting the sample, the unsupported
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film was placed between two Pyrex Alms, about 1 p,

in thickness, and this assembly was then clamped
between the electrodes in the sample holder. The purpose
of the Pyrex films was to provide the required trans-
parent blocking layer at each electrode. The electrodes
themselves were Pyrex disks coated on one side with a
transparent conducting layer of tin oxide. Several other
methods of sample preparation were tried before this
technique was devised, all of which involved the
evaporation of selenium onto rigid substrates. These
proved to be unsatisfactory for measurements made
over a range of temperature because the selenium
tended to break up and separate from the substrate
in the vicinity of O'C.

Special high-purity (99.999+%) selenium was ob-
tained, from the American Smelting and Refining
Company. Evaporation was made from alundum
crucibles at a pressure of about 10 ' mm Hg, and the
temperature of both the crucible and the substrate was
monitored during evaporation. The substrate was
maintained at constant temperature to within +2'C,
and was shielded from the crucible until all the selenium
had melted and reached a temperature of 320'C. This
crucible temperature was maintained until all the
selenium had evaporated, .The initial charge of selenium
was such as to produce layers about 60 p thick.

Flash illumination of the sample was accomplished

by focusing a magnified image of an air spark onto the
pie Between 10' and 10'0 photons were delivered

to the sample by the spark. in about 10 sec over an
area of about 0.25 cm'. The total light output from the
spark varied by as much as 30% between consecutive
Gashes, resulting in a similar variation in the magnitude
of the current pulse. By the use of a quartz beam-
splitter between the spark and the sample, a small
fraction of the light was rejected to a photomultiplier
which monitored the relative light output of each Gash.
This was recorded for each current transient observed.
As will be shown, the magnitude of the current pulses
was directly proportional to the total energy in the Gash.

By monitoring the Gash, the current pulses could be
normalized to a single Gash energy, a procedure which

helped to reduce the scatter in some of the data.

VOLTAGE PULSE

]~
l CURRENT

PULSE

I'10. 2. Appearance of the oscilloscope trace of the voltage and
current for electrons injected into a 64 p layer of viterous selenium
in the small-signal mode. The electrode area was approximately
0.25 cm'. The top trace is the voltage signal; the bottom trace is
the derivative of the voltage signal and is proportional to the
small-signal transient current. The sweep speed was t gsec/cm
for both traces and the difterentiating time constant was 1 @sec.
The time of collection of the injected electrons is clearly indicated
by the rapid drop in the current.

abruptly to zero. The tail is due to the late arrival of
electrons at the collecting electrode, these electrons
having been captured and released one or more times by
shallow traps.

It was shown in the previous paper that the magnitude
of the initial current in the small-signal mode should
be directly proportional to the number of photons
absorbed by the sample. This is verified by Fig. 3,
which shows that the linear relation holds for currents
as large as 10% of the maximum current which can be
passed by the sample, in agreement with the theoretical
prediction. The ordinate in thehgure is the initial current
(before appreciable trapping occurs) normalized to the
theoretical value of the trap-free, space-charge-limited
current for this sample. The abscissa gives the relative

IO'

III. GENERAL CHARACTEMSTICS OP SMALL-
SIGNAL CURRENT TRANSIENTS

The appearance of the oscilloscope trace for a typical
electron current transient in selenium is shown in the
lower part of Fig. 2. The upper trace is the voltage pulse
which was differentiated to give the lower trace. The
rapid, change in slope of the current trace at the center
of the figure marks the transit time for the leading edge
of the injected carrier distribution. Rapid electron
trapping is indicated both by the shape of the current
pulse prior to the transit time and the long tail there-
after. If there were no trapping, the current would be
constant up to the transit time and then decrease

IO'

4

IO'
IO Io-4 IO IO. IQ '

RELATIVE LIGHT FLASH INTENSITY

Fio. 3. Logarithm of the ratio of the initial current to the trap-
free, space-charge-limited current versus the logarithm of the
relative light Rash intensity for one of the samples. The linear
relationship is satisfied for currents as large as 10% of the maxi-
mum current which can be passed by the sample. The theoretical
expression is shown as a dashed line.
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energy in the light Aashes which produced the transient
current pulses. Because of the rapid trapping of the
injected electrons, the peak of the current transient is
not a good measure of the initial current, since its
magnitude depends on the response time of the dif-
ferentiating circuit. A better measure of this quantity
is given by the initial slope of the voltage pulse, and
the data for Fig. 3 were obtained by measuring this
slope on voltage pulses displayed with a fast sweep
speed (0.2 @sec/cm). The traces rose linearly from the
base line for about 1 psec, and when the rate of rise
was corrected for the variation in spark intensity,
reproducible values for the initial current were obtained.

In the mathematical analysis of the small-signal
currents in insulators, ' it was shown that the current
could be expressed as a sum of terms, each of which
decay exponentially with time. The number of such
terms is equal to the number of distinct species of trap
in the material. The electron current transients in
vitreous selenium are best described in terms of two
trapping species, which we shall call the s and d traps,
for shallow and deep, respectively. The s traps are
characterized by a high probability for thermal release
of a trapped carrier in a time interval shorter than the
transit time, while the probability for thermal release
from a d trap is low in this same period. The expression
for the transient current for this model is given by

J(t) =A exp( —nt)+8 exp( —Pt),

with n+p=1/Tt. +1/T~d+1/2'-, no=1/(T-T'td)

nA+P&= Jo/&~ +&o/Tid, &o=A+& ~ (2)

In these relations, T&,, and T&q are the mean times for
capture of an electron into the shallow and deep traps,
respectively, T„, is the mean time of dwell for an
electron in an s trap, and Jp is the initial current which
Qows immediately after injection and before any
trapping occurs.

In Fig. 4, the logarithm of the current is plotted
against time for a selenium sample in which the electric
fieM was adjusted to give a long transit time. Under
these conditions, most of the injected carriers have a
chance to interact with the traps and are eventually
captured into the deep traps before reaching the collect-
ing electrode. The resolution of this curve into two
exponentially decaying components is shown in the
figure, along with the values for T&„T&d, and T„,. These
quantities were computed from Eqs. (2), using the
values of A, 8, n, and P obtained from the curve.

To demonstrate that the trapping parameters so
obtained do, in fact, characterize the trapping process
and can be reliably extracted from the current tran-
sients, we have replotted three current pulses in Fig. 5.
These were obtained from the same sample with dif-
ferent voltages applied to the electrodes. All the curves
have been normalized to the initial current Jp. The solid
line is a plot of Eq. (1), with the constants (A,B,n, and
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FIG. 4. The logarithm of a typical current transient is plotted
as a function of time. The resolution of this curve into two
exponentially decaying components is shown along with the values
for T)8& Ttdp and Trs.
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FIG. 5. Comparison of the experimental current transients in
vitreous selenium with the theoretical expression. The experi-
mental points were obtained for the same sample with different
voltages applied to the electrodes. The solid line is a plot of Eq. (1),
with the constants (A,B,a,P) obtained from an analysis of the
current transient when 300 V was applied to the sample. The
arrows indicate the approximate transit times with higher applied
voltages.

P) obtained from an analysis of the current obtained
when 300 V was applied to the sample (giving a transit
time greater than 20 psec). At this voltage, most of the
carriers end up in the deep traps and never reach the
collecting electrode. Since the carrier-trap interaction
was allowed to go to completion, the most accurate
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values for the trapping parameters should be obtained
for this case. The agreement between the theoretical
prediction and. the experimental curves obtained with
different values of applied voltage is seen to be good.

An attempt was made to observe the decay of the
injected carriers into the m traps (i.e., the traps which
control the drift mobility) by examining the shape of
the leading edge of the voltage pulse. By displaying the
pulse with a sweep speed of 0.02 @sec/cm, an initial
high rate of rise was observed, which lasted for less
than 0.02 @sec, after which the slope decreased abruptly
to the linear rise we have associated, with the initial
current. We attribute the fast initial rise to the 6nite
duration of the Gash from the spark, which is on the
order of 0.02 @sec. During this period, the number of
carriers in the sample which can contribute to the
current is increasing. The temperature dependence of
the slope of the linear portion of the voltage pulse was
found to be the same as that for the drift mobility,
exhibiting the same activation energy. The conclusion
is that the drift motion of the electrons is controlled
by the m traps for times as short as 10 ' sec after
injection, so that the electrons must have come into
equilibrium with these centers well before this time.
Hence, our experiments can give no information about
the m traps, other than their position in energy. How-
ever, the time spent by the electrons in the m traps
must be taken into account if a correct interpretation
is to be given of the slower trapping process.

IV. TRAPPING PROCESSES IN VITREOUS
SELENIUM

The trapping parameters T&,, and T„, for the s traps
and T,,~ for the d traps were measured as a function of
temperature for three samples of selenium over the
range —30'C(T&30'C. The samples were prepared
at different substrate temperatures during evaporation,
but all other preparation conditions were the same.
Since the qualitative behavior of the trapping param-
eters was found to be similar in all the samples, the
data from only one of the samples will be presented in
detail. The quantitative differences resulting from the
different substrate temperatures during sample prepara-
tion will be discussed later. The results for one sample
are shown graphically in Fig. 6, the substrate tem-
perature in this case having been maintained at 38'C
during evaporation of the selenium. Measurements of
electron transit time as a function of temperature gave
the activation energy for the drift mobility as E =0.29
eV, with a room-temperature (20'C) drift mobility
pq

——5.8X10 ' crn'/V sec. (All energies are referred to
the conduction edge. )

Both T&,, and T« include the time spent by the
electrons in the m traps and must be corrected for this
to obtain the true trapping times. The fraction of time
spent by an electron in the conduction band before
beingcapturedintoansord trapis given by 0 =ref/e,

IO

c3 T (p.sec)

+ T (psec)
o T, (p. sec)

I

IOR

—IO

I

3.2
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FIG. 6. The temperature dependence of the observed trapping
parameters Tf,„Tfq, and T„, in a viterous selenium film. The
substrate of this sample vras maintained at 38'C during the
evaporation of this sample.

Pd/Ii 0= em/ (1+em) ~ (4)

Note that if 8„(1,Eq. (4) states that the temperature
dependence of 0 should be essentially that of p~, i.e.,
0 o:exp(—E /kT). This assumes that po varies only
slowly with temperature. Therefore, if Eqs. (3) and

(4) are to be consistent, 1V,/1V„cannot change rapidly
with temperature.

Dressner has determined a value for the electronic
mobility at room temperature by measuring the photo-
Hall voltage in evaporated layers of selenium. He found
p=0.32&0.1 cm'/V sec. H this value is identified with
the microscopic mobility, one Ands 0„=1.8&(10 ' at
room temperature, which yields the ratio 1V,/1V
=1.9&(10'. With these values, the observed trapping
times can now be corrected, to obtain the true trapping
times.

In Fig. 6, the observed trapping time for the s traps
is seen to be essentially constant for temperatures
below 20'C. In this time interval, the electron spend. s
T&,

' ——0 Tt, sec in the conduction band, from which it
can be captured by an s trap. The capture probability
C, associated with these traps is given by C,= (1V,T&,') ',
with N, being the density of the s traps. On substituting
for T„' into this expression and using Eq. (3) for 0,

where mf is the free-carrier density and e is the density
of carriers in the m traps. The true trapping times are,
therefore, T&,'=8„T&,, and T&d,'=8~T&q. In terms of the
density of states in the conduction band N, and the
density of m traps N, 0 may be expressed as

0„= (1V,/1V ) exp( —E„/kT). (3)

The quantity 8 is also given by the ratio of the drift
mobility to the microscopic mobility po by the relation
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the capture probability becomes Ios
I

Ip'

1/T„,=N./(N, T~,') exp( —E,/kT), (6)

where E, is the depth of the shallow trap below the
conduction band, . On substituting T&,

' ——8 T&, and using
Eq. (3) for e, one obtains

T„,= (N, T„)/N expL(E, E)/kT j—. (7)

From Fig. 6, the value of E,—E is found to be 0.&0

eV, and since E =0.29 eV, this places the s level at
0.39 eV below the conduction-band edge. The pre-
exponential factor in Eq. (7) yields the ratio of trap
densities, N, /N =4.6X10—'. On using the previous
result for N,/N, the ratio of the shallow-trap density
to the density of states in the conduction band in
N./N. = 2.4X 10-s.

For the deep level, only the trapping time T]g could
be determined and this is seen in Fig. 6 to increase
exponentially with 1/T with a characteristic energy of

IO

T~(p. sec)

+ T&&(p sec)
o T~s (p sec)

4l IO
0~ IP

C.=N /(N, N, T&,) exp(E„/kT).

If one makes the reasonable assumption that the mean
free time between m-trapping events is not strongly
temperature-dependent, and also assumes that S.
is independent of temperature, the observed constancy
of T~, (Fig. 6) implies that the capture probability for
the s traps increases exponentially as the temperature
decreases, with a characteristic energy equal to the
activation energy for the drift mobility.

The activation energy for the s traps can be deter-
mined from the temperature dependence of T„, in

Fig. 6, noting that 1/T„, is the rate constant for thermal

emptying of these centers. If e, is the density of elec-
trons in the s level, the principle of detailed balance in
the steady states that r4/T„= n~/T„', and this leads to

T, (p.se c)

+ T& (psec)
T (p sec) ~++~

+

UJ IP

l-
IO

I
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I I I
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FIG. 8. Same as Fig. 6, except the substrate of this sample was
maintained at 58'C during the evaporation of this 61m.

I

3.8

E&'——0.1 eV. If it is again assumed that the density of
the d states does not depend on temperature, the capture
probability for these traps may be expressed in the
form of Eq. (5) with a characteristic energy E Ez'—
=0.19 GV.

The results for the three 6lms investigated in detail
are presented graphically in Figs. 6, 7, and 8, and
summarized in Table I. As indicated above, these
samples were prepared with the substrates at diferent
temperatures during the evaporation of the selenium.
For all the Alms, the m.easured value of T&,, was constant
in the temperature range below O'C. Kith sample No. 3
(58'C substrate temperature, Fig. 8), T„ increased
at temperatures above O'C, becoming almost double its
low-temperature (constant) value at about 25'C. A
similar but smaller increase is seen to occur with sample
No. 3 (Fig. 7), beginning at about 15'C. The changes in

T&. were reversible over the temperature range used in
these experiments, and the values were reproducible as
the temperature was cycled from low to high and back
to low.

Examination of Table I shows some interesting trends.
The activation energy for the electronic drift mobility
is higher and the density of the m traps is lower, the

TAmE I.Experimental results for the three selenium 6lm samples.

I

3,2
I

3.4
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Fro. 7. Same as Fig. 6, except the substrate of this sample was
maintained at 48'C during the evaporation of this 61m.

Sample
Temperature of substrate

in preparation

pqi0'Cl cm'/V sec
E ev
e.(o'C)
E /X,
E, eV
N, /N,
X,C, (0'C) sec '
(Z„—Z, ) eV

No. 1
38'C

2.4X 10-&
0.29

7.5X10-s
5.2X10 4

0.39
2.4X10-s
2.7X101s

0.19

No. 2
48'C

2.4X10 s

0.31
7.5X10 '
2.4X10 4

0.44
3.6X10 7

1.7X10"
0.18

No. 3
58'C

1.7X10 s

0.33
5.3X10-s
1.4X10-4

0.48
6.0X10 s

2.3X10'4
0.19
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higher the temperature of the substrate during sample
preparation. This behavior of A has been examined in
detail for several 6lms by a careful measurement of the
temperature dependence of the drift mobility. It was
found tha, t E increased, linearly with sample prepara-
tion temperature from 0.25 eV for room-temperature
evaporation, as reported. by Spear, to 0.33 eV for the
61m prepared at 58'C. Concurrently, the m-trap density
(S„/S,) decreased by a factor of about 4 over this
range. This behavior is rejected in Table I. A second
trend, worth noting is the rapid decrease in the shallow-
trap density as the sample preparation temperature was
increased. This is largely compensated, by an increase
in the capture probability, so that the true shallow-
trapping time does not vary by more than a factor of
2 in the three samples.

The main results of these experiments may be sum-
marized, as follows: (1) Electron-trapping processes in
vitreous selenium involve three distinct species of
trap. Two of these (those which control the drift
mobility and the deep traps) have been recognized
previous/y. These experiments have shown that there is
a third level (s traps), distinguished here for the first
time, lying between the other two levels and which acts
as a shallow-trapping level in the sense de6ned above.
(2) The density of these states is less than that of the
rn states by a factor of 10 '—10 '. (3) The energy
separation of the s level from both the conduction-band
edge and the m level depends on the sample prepara-
tion temperature, the separation increasing as this
temperature is increased. (4) The capture probability
of both the s and d traps increases exponentially with
1/T with a characteristic energy. (5) At sufficiently
low temperature, the shallow-trap density is inde-
pendent of the temperature of measurement but tends
to decrease rapidly as the measuring temperature is
increased beyond a critical value. This critical tempera-
ture depends on the temperature at which the sample
was prepared. This is a reversible effect, .

Comparison of our results with previous measure-
ments made by Hartke' and Spear' is dif6cult for the
following reasons: (1) We have shown that the density
and energy depth of the m and s traps depend on the
temperature of the substrate during sample prepara-
tion. Previous investigators only estimated this tem-
perature. (2) Measurements on the mean free drift time
for electrons have been made by Hartke. ' His results
are based on an analysis which is valid when only deep
trapping occurs; that is, no thermal release of the
trapped carriers occurs during the time of the experi-
ment. This we believe is not a valid assumption.

Realizing the above limitations, a quantitative com-
parison can be made: (1) Spear' determined the ratio
X /E, =1.6)&10 ', while Hartke' obtained, E /S,
=4&&10 '. Here we have taken the liberty of recalcula-
ing Spear's and Hartke's results using pe ——0.32 cm'/V-
sec as measured by Dressner. ' These ratios are in good,

agreement with the vahies given in Table I. (2) Hartke
found that the mean time for capture of an electron
into a deep trap is strongly temperature-dependent.
This result is in agreement with our results as shown in
Figs. 6, 7, and 8,

V. DISCUSSION

Our results on electron trapping processes in amor-
phous selenium suggest that the traps we have observed
are closely connected with the structural properties of
the materia, l. It seems unlikely that impurities are
responsible for either the m or s traps for the following
reasons: (1) The density and energy depth of both sets
of traps has been shown to depend on the conditions
existing during sample preparation particularly in the
temperature of the substrate during sample preparation.
(2) The density of the s traps changes in a reversible
way above a critical temperature of measurement
(below which it is constant) which depends on the
sample preparation conditions. (3) The exponential
increase of the capture probability with 1/T for both
the s and d levels is not suggestive of trapping by im-

purities. In view of these observations, it seems to us
that the traps are associated primarily with the struc-
ture of amorphous selenium.

Srieglieb" has estimated the relative proportion of
Se6 rings and many-membered chains in selenium
samples prepared by vacuum evaporation onto sub-
strates held at various temperatures. The two corn. -

ponents were distinguished by the difference in their
solubility in CS2, He found that the proportion of
selenium chains increased at the expense of rings as the
temperature of the substrate during 61m preparation
was increased. X-ray studies by Richter and Herres

have indicated that the atomic distribution in samples

prepared at the temperature of liquid N~ were essentially
different from that in films prepared. at room tempera-
ture. In the latter case, small regions of hexagonal
symmetry were observed which Richter and Herre
attributed to the presence of many-membered chains,
while in the former case there was a prepondera, nce of
ring formation.

Kisenberg and Tobolsky' have calculated the degree
of chain polymerization in amorphous selenium as a
function of temperature and predict a maximum
polymerization at a temperature well below the melting
point. They argued that the behavior of selenium should,

be qualitatively similar to that of sulphur, which

exhibits a maximum degree of polymerization above the
melting point (as manifested by a maximum in the vis-
cosity-versus-temperature curve). On the basis of the
chem. ical thermodynamic properties of selenium, the
same formalism. was applied to selenium to predict that
the maximum chain length should occur in the neighbor-

G. Brieglieb, Z. Physik Chem. (I,eipzig) A144, 321 (1929).
H. Richter and F. Herre, Z. Naturforsch. 13a, 874 (1959).

s A. Kisenberg and A. Tobolsky, J. Polymer Sci. 46, 19 (1960) .
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hood of 83'C. Below this temperature, the chain length
decreased rapidly until approximately 310'K according
to this mod, el, thereafter d,ecreasing more slowly. This
calculation predicts that the average chain length
should decrease by about an ord.er of magnitude as the
temperature goes from 331'K (58'C) to 311'K(38'C).
In Table I, the shallow-trap density is seen to be greater
by a factor of 40 in the sample prepared. at 38'C over
that prepared at 58'C. This suggests that the shallow
traps are associated with the ends of chains, the length
distribution of which is characteristic of the sample
preparation temperature and is "frozen-in" at the tem-
perature at which the measurements were mad. e.

Amorphous selenium has many of the characteristics
of a glass. In particular, selenium exhibits a glass
transition temperature which may be associated with
a second-order transition. For example, the slopes of
the volume and entropy-temperature curves suffer a
sharp decrease with decreasing temperature at the glass
transition temperature T,. For T& T„amorphous
selenium is considered to be supercooled liquid, while
for T&T„ it is a glass. Kisenberg has determined
T,=31.0'C for selenium for a study of its visco-elastic
properties.

The physics of the glass transition is not completely

understood, but it is generally thought to involve a
rapid. change in the number of configurations available
to the components of the glass (in this case, the selenium
chain molecules). As the temperature decreases through
T„ the number of available conhgurations for the
molecules should d.ecrease abruptly. Hence, if a sample
prepared at a temperature T&)T, is rapidly cooled
below T„we would, expect the chain-length distribution
in the quenched sample to resemble closely that
corresponding to the temperature T1. Our samples
were cooled to room temperature in a matter of a few
minutes after the completion of the evaporation, and
all trapping measurements were made at temperatures
T& Tg.

The decrease in shallow-trap density as the measuring
temperature approaches the glass transition temperature
may be understood in terms of the linking of chains.
This shows up as an increase in the observed trapping
time in Figs. 6, 7 and 8. As the temperature was raised,
an increasing number of configurational degrees of
freedom became available to the chain ends, improving
the chances for linking up. This is to be expected from
the increase in polymerization predicted. by Eisenberg
and the experimental observations of Briegleb and
Richter and Herre.
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Computer simulations of ionic motion in 3-dimensional potassium chloride and sodium chloride crystal-
lites have been undertaken to investigate the effect of the regular lattice in influencing the energy spread in
the crystal from a primary event such as might be caused by an incident energetic charged particle. Focusing
of energy has been found to occur in several low-index crystallographic directions, including those where
successive collisions involve oppositely charged ions. The neighboring assisting lines of ions exert considerable
inliuence on the rate of energy loss along the focusing line, on the solid angle in which focusing occurs, and
on the threshold energy for permanent ionic displacement from a lattice site, which was found to be a mini-
mum of 25—30 eV in the (110) directions of potassium chloride. The feasibility of some mechanisms of F-
center formation through ionic displacement is discussed in the light of this value of displacement threshold.
The computations reveal a new concept of focusing, for which there is a lower energy limit for propagation
of a focuson. This limit can be as high as several hundred electron volts for higher-order focusing through
asymmetric assisting ionic "lenses. " At energies above the lower focusing-energy limit, the momentum
transfer of the moving ion to its neighbors between focusing collisions is sufBciently small compared to its
forward momentum for its trajectory to be altered only slightly by collision with different parts of the
assisting lens. At lower energies, asymmetric collisions with lens ions result in defocusing.

I. INTRODUCTION

'N the past few years the influences of the crystal
~ - lattice on the motion of energetic charged particles
and on the dissipation of energy in a crystalline material
during irradiation have become topics of major interest
to investigators of radiation damage in the solid state.
Anisotropy of the lattice has the effect of enhancing

the processes of energy transfer in some crystalline
directions over that which we might expect if the atoms
of the irradiated material were randomly distributed
in the solid. An important example of this is the
phenomenon offocgsieg, ' ' in which energy is transferred

' R. H. Silsbee, J. Appl. Phys. 28, 1246 (1957).
s M. W. Thompson and R. S. Nelson, Proc. Roy. Soc. (Londonl

A259, 458 (1961).


