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ABSTRACT

The optical sbsorption of (-monoclinic selenium has been mea-
sured over the range in wavelength 1.154 to 0.27754. The data show
a well defined absorption edge at 2.25 eV with further structure
appearing as changes in dx/dE at 2.85‘eV and 3.75 eV. For comparison
the absorption of selenium in solutions in which it is believed to
exist in the same eight;membered puckered ring as in the crystal was
measured. This absorption is qualitatively different from that of the
crystal.

The existence of surface barriers on -monoclinic selenium
crystals has been demonstrated. Photometric measurements indicate
electron barrier heignhts of 1.05 eV and 1.3 eV, respectively, for
Ga and Au contacts. The mobilities of holes and electrons have been
measured oy a time-of-flight technique to be about 0.2 cme/ V=-sec and
1.6'cm2 /V-sec, respectively; st rcom temperaturce. The holc'mobility
.was found to be limited by traps 0.23 + .0l eV above the valence
levels, wnile the electron mobility is an intrinsgic mobility limited
only by scattering. 7Tt was found that in the region of low carrier
density (i.e. ro space charge effects) the number of carriers which
crossed the sample was determined by the interplay of the applied field
(carrying carriers across the sample) and diffusion (carrying carriers
into the metal contact where they'relax). The dielectric constant, K,

was determined to be 9.2 £ .6 over the range 100 kHZ to 100 MHz'
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GENERAL INTRODUCTION

The ¢-monoclinic form of selenium consists of molecules of
selenium which have the form of an eight-membered puckered ring.
These molecules are arranged in a crystal which has four molecules
per unit cell. This form was apparently first produced By Mitscherlich
in 1855.(1) Later crystalloéraphic studies were conducted by

(2) (3)

Muthmann, in 1890, and by Saunders, in 1900. The electrical and
optical properties were first investigated by a group at Gottingen
who, in 1926, reported measurements of index of refraction, dielectric

(L,5)

constant, and photoconductivity. Despite the incompleteness of
these investigations - for example, index of refraction and dielectric
constant were each measured at only one frequency - no further work
was done on the electrical or optical properties for over thirty years
until Prosser measured the optical constants in the region of the long
wavelength side of the absorption edge~(.876-.592u).(6) In this
interregnum of 34 years, the only reported work on Q-monoclinic
Aselenium was the x-ray determination of its crystal structure by
Burbank in 1950.(7) Capitalizing on Gudden and Pohl's discovery of

(5)

mobile holes and electrons, Spear verified the mobility of carriers

of both kinds and measured the mobility of electrons over a wide
temperature range.(8)
The investigation reported here extends measurements into new

areas in an attempt to provide a basis for thorough understanding of

this material. This thesis is divided into two parts. The first part



contains the results of measurement of optical absorption in both the
@-monoclinic crystal and certain solvents in which the Se8 ring is
believed to exist. The second part concerns itself with the processes
involved in a charge carrier entering a crystal from a metallic contact

and moving across the crystal under the influence of an external field.



PART I

Introduction

In order to investigate the structure of the excited states one
would like to extend the measurements of Prosser to considerably
shorter wavelengths. A technique has been developed to grow extremely
thin platelets of -monoeclinic selenium which has allowed us to
extend these measurements. To compare the optical absorption processes
of a molecule in the crystalline enviromment (in which it might be
considerably perturbed by the surrounding seienium molecules) with tha
of a molecule in a less perturbed condition, the optical absorption of
selenium dissolved in various solvents in which it is believed to

exlist primarily as 568 molecules was also measured.
CHAPTER I

a~-monoclinic Crystals
1.1 Sample preparation

Small platelets of a-monoclinic Se were grown on qQuartz optical
windows by controlled evaporation of a saturated solution of CSE' The
selenium solute was 99.99% pure while the ng was reagent quality.
From the numerous platelets grown on the window several were chosen.
These crystals were chosen because they were large (typical dimension
of 200u), of uniform shape and of uniform thickness as determined by
interference-contrast microscopy. Measurement of the angles formed by

the edges of these platelets showed that the platelets correspond to



those of the (101) face of the q-monoclinic crystal, as determined by
Burbank, to within better than 10 minutes of arcﬁ7’9) Figure 1 shows a
crystal which is typical of those used in these investigations. Finally,
an aluminum foil mask through which a hole of 100u diameter had been
drilled was cemented over the platelet to define the light path through
the crystal.

1.2 Experimental Apparatus and Procedure

The monochromatic beam was provided by passing the light from the
source through a Spex model 1L00-11 double spectrometer using 600 line
per mm gralings blazed at 5000 A. Because this 1s a grating-type instru-
ment care must be taken to avoid second (and higher) order radiation.
This difficulty was avoided by employing as detectors vacuum photo-
diodes which had appreciabie response only over an octave in wavelength.

In this apparatus the light from the source was chopped, passed
through the monochromater, focussed onto the sanmple assembly by a 900
off-axis paraboloid, front surfaced, reducing mirror, and detected by
the aforementioned photodiode. The output of the photodiode was
"amplified, demodulated by a PAR model HR-8 phase lock ampiifier and
read from a digital voltmeter. For calibration purposes similar
measurements were made using a similar mask cemented to a clean quartz
window.

After the transmission measurements were completed, the masks
WereAremoved, the crystals were overcoated, and the thickness of the
crystals was measured using the Nomarski interferometer attachment of
a Reichert microscope. To resolve the ambiguity inherent to inter-

ferometric measurement of sharp steps, measurements were made at the



Th 5351 A line and the Na D lines. Consistency arguments were then
used to unambiguously determine the thickness.
1.3 Results

With this system it was relatively easy to cover more than 3
orders of magnitude in relative transmission with gbod reproducibility
and little scatter. TFigure 2 shows a plot of every second point from
a data run on sample SeOk. |

Figure 3 is a plot of -(4n T)/d for two samples of different thick-
ness, where T 1s relative transmission and d the corresponding
thickness. Sample SeOk was U102 A £ 61 A thick while Se09 was 1060 A
+ 48 R thick. The errors represent the 95% confidence limits of the
Student's test calculated from repeated measurements. Since the
relative transmission, and not the absoiute transmission, was measured,
the highest transmissién poiﬁt of S5e09 was set at unity and the level
of séoh was chosen to fit the two curves in the region of high absorp-
tion where reflections are unimportant. It can be seen that the fit
is quite good throughout the region of high absorption. There is a
.well—defined change in the slope at 2.85 eV and a less well—aefined
change in slope around 3.75 eV. The fluctuations in the high energy
region (above ~ 3.7 eV)are scatter, not structure. The measurements
were extended to 1.154 in the case of SeOY4, but no variations beyond
those which could be attributed to interference were observed.

The planes of the Se8 molecules are arranged approximately per-
pendicular to the (101} face. Since the angles formed by the edges of
the (101) face differ by 4°, the orientation of molecular plane within

the/crystal could be determined. Measurements were made in which the



electric vector was polarized approximately parallel and perpendicular
to these planes. No large difference was noted between the transmission

of the crystal for polarized and unpclarized light.

CHAPIER II

Solutions
2.1 Sample Preparation and Experimental Procedure
Transmission measurements were made of 99.99% pure selenium

dissolved in CS in toluene, and in trichlorethylene (TCE). The

2 B4
CS2 used was reagent grade. The TCE was reagent grade which was sub-
sequently distilled prior to use. The toiuene was spectroscopic grade.
Transmission measurements employed a Cary model 1L spectrophoto-
meter which uses a time sharing system to eliminate the effect of the
solvent and container. To check this, the transmission cells were
always filled with an unadulterated sample of the solvent to be employed
and a transmission spectrum was taken before the solution was placed
in the cell.
Concentration was determined by weighing the residue from
repeated evaporations of known quantities of the solution and sub-
tracting the weight of the residue from repeated evaporations of
unadulterated solvent. The weight of the latter was always small (<3%)
with respect to the weight of the former.
2.2 Results

In figure 4 is plotted the atomic extinction coefficient of an

approximately saturated, room temperature solution of selenium in CSQ.



Earlier workers have reported different resultsglO) 082 begins to

absorb strongly in the vicinity of 3.25 eV. It was found that because
| of this, special care had to be taken to obtain meaningful results in
this region. The same coefficient for a solution of 1/5 of that con-
centration is the same to within the limits of the error bar. This
demonstrates that there is no appreciable concentration effect. In
addition to the random error indicated by the error bar on the graph
there is a possiblé systematic error of * 7% with 90% confidence from
uncertainty in determination of the concentration.

Also shown in figure U is a plot of atomic extinction coefficient
of selenium dissolved in TCE. The low.solubility of selenium in TCE
results in a possible systematic error from the concentration determina-
tion of + 23% with 90% confidence for this curve. The data for toluene

were qualitatively similar to that for TCE.

CHAPTER IIT

Discussion

3.1 Using Prosser's valueé6)for n and k and‘equation (5) of
appendix 1 to evaluate the transmission for wavelengths in the vicinity
of .6p and selenium thicknesses of .1lp one finds that the transmission
of the selenium-quartz combination relative to clean quartz is about
.98." This implies that the zero of the absorption constant, alpha,

in figure 3, 1s correctly placed. Similarly’evaluating eq. 5 for a
sample of .Uy thickness one finds fair agreement with the baseline
chosen for SeO4. One can then interpret all of the change in transmis-

sion of Se09 as being due to absorption so that the curve in figure 3



does represent « as indicated. Absorption in SeOk begins at the

same energy as it does in Se09, but, because of the refiection.eorrec-
tion, has initially less effect until absorption dominates the loss
whereupon the curve merges‘with that of 5e09. Extrapolation of the
linear portion of the Se09 curve to zero intercept yields an optical
absorption edge of 2.25 eV at room temperature. This isAin good agree-

(6)

ment with Prosser. A plot of the square root of O versus photon
energy is linear over the range 2.1 eV to 2.k eV!u) The optical absorp-
tion may quite generally be taken to be the density of occupied lower
states times the density of unoccupied upper states times the square
of the matrix element for the transition between these states, inte-
grated over the energetically allowed transitions. Thus the breaks in
dot/dE probably represent changes in the group symmetry of either the
initial and/or the final states involved in the transition.

Turning to the_measuréments of Se in solution one might ask what
evidence exists for believing the predominant molecular species in the
solvent to be SeS. If one takes a saturated solution of Se %n CS2 and
places several drops on a microscope slide, the 082 will évaporate in
about one minute leaving behind platelets of (®-monoclinic selenium
with dimensions of the order of 50u. However, the thermodynamically
stable crystalline form at room temperature and atmospheric pressure is
the trigonal, which is composed of helical chains. The fact that one
Observes -monoclinic crystals precipitated from the 082 gsolution tends
to 1ndicate that this 1s a kinetlic process which depousils Llhe molecules
in the form in which they exist in the solution (i.e. Seg). The same

experiment with Se dissolved in TCE yields small & crystals. But a



much larger proportion of the selenium is deposited in what appear to
be amorphous globs than 1s the case with 082 solutions. This may
indicate that in the case of TCE the selenium exists in the solution in
other molecular forms besides Seg. On the assumption that Se8 is the
predomination molecular species; the molar extinction coefficient is
indicated on the right of figure 4.

Examining figure L4 one observes the extinétion coefficient, ¢ ,
to increase approximately linearly with increasing photon energy from
the onset of significant absorption in the vicinity of 2.7 eV to the
vicinity of 3.3 eV for both ﬁhe 082 and the TCE solutions. In the
vicinity of 3.3 eV the slope of ¢ éteepens for both solutions. Beyond
this point the absorption of the CS2 limits the range of measurement.
The TCE data show a peak at 3.8 eV, a valley at 4.0 eV followed by an
increase of undetermined extent.

The similarity of the shapes of the CS2 and TCE curves at lower
energies argues in favor of the same molecules in each while the
difference in amplitude argues for a .concentration difference for this
molecule species in the two solutions. One'possibility would be for
there to be a preponderance of Se8 molecules in the 082 while in the
TCE about one half of the selenium 1s in the form of other molecular
species. If a membrane which is permeable to the solvents, but not
to Se8 could be found, measurements of osmotic pressure could determine
the molecular fractions.

Comparison of "e¢" for the casc of the solid to the casc of the

solution (see figures 3 and 4) shows that in the solid the absorption

edge has been shifted in energy by about 0.5 eV. However, de/dE in
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the linear regions of the two curves is approximately the same. This
- would lead one to believe that the intermolecular interactions in the
solid, while not small (certainly stronger than Van der Waal's inter-
actions), do not grossly perturb the density of states or the transition
matrix elements.
Summary

The optical absorption of selenium in the G-monoclinic crystal and
in soluticns of organic solvents has been observed. The absorption
‘edge is 2.25 eV for the former and 2.7 eV for the latter. The inter-

molecular bonding is stronger than Van der Waal's in this crystal.
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PART TI

Introduction

We discuss here the processes involved in carriers entering (¢-mono-
clinic selenium from a metallic contact and then moving through the
bulk. Although Gudden and Pohl, in 1926, noted‘the existence of both
positive and negative current flow and, also, noted the absence of
current flow in the &bsence of illumination, no onc has yct called
attention to the fact that if cafriers are mobile in the lattice and
yet no current flows between metaliic contacts applied to the material
if bias is applied, carriers must be blocked from entering the 1attice.(5)
In the study reported in the first chapter of this part, the nature of
the contacts was probed by observing the variation of current which
flowed through the sample under the influence of applied bias as the
wavelength of monochromatic light impinging upon'the sample was changed.
Examination of these results, with contact area and contact material as
variable parameters, allows the existence of surface barrigrs to be
demonstrated and allows their energy to be determined.

In the second and third chapters, we discuss the results of experi-
ments in which charges were photo-generated just under one contact
and drawn across the bulk under the influence of an applied bias field.
From the temporal variation of the integrated current arising from
this moving charge, information concerning the mobility can be deduced.
By examining the variation of this current as the sign and amplitude
of the applied field, temperature, and light intensity are varied, the

magnitudes of the electron and hole mobilities, the mechanisms control-

ling these mobilities, and the mechanism controlling the collection
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efficiency for carriers are educed.

CHAPTER I

Surface Barriers
1.1 Sample Preparation
The method of growing the crystals used in these studies was

(9)

reported earlier. Samples were prepared by lapping ¢-monoclinic,
single crystals to platelets of the desired thickness and then etching
.the platelets in spectroscopic grgde CSE in order to remove any surface
damage resulting from the lapping. The crystals were oriented prior

to lapping so that the large surfaces which received the contacts lay
in the (101) plane. Because the G-monoclinic form is thermodynamically
unstable at room temperature and pressure - converting to the trigonal

(13)

form in a period of a few years undér these conditions - care was
exercised throughout this procedure to avoid heating the crystals above
room temperature (20-25°C) in order to avoid thermal damage to the
crystal. The resulting platelets were 30 to 100 p in thickness and
‘had lateral dimensions of few mm.

Metallic contacts were made to the two sides of the platelets.
One side, which will be referred to as the back, was placed in contact
with a copper substrate. Back contacts were made of gold or gallium
whiie the front contact always consisted of a semitransparent gold dot
deposited by vacuum evaporation. A shutter was used in all evaporations
in order to minimize exposure of the crystal to the hot filament and

thus minimize thermal damage from this source. The gold back contacts

were vacuum evaporated and then cemented to the substrate with silver
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paste. The gallium back contacts were prepared by first wetting the
copper substrate with gallium. In the course of this process enough
copper was dissolved in the gallium to depress the melting temperature
to below room ambient (~ 2300). The selenium platelet was then pressed
into the liquid gallium. This rathcr uncrthodox proccdure for fabri-
cating the gallium contact was used because selenium reacts chemically
with most metals. The low tempefature encountéred in the procedure
described above restricts the reaction rate tc a low enough value that
the desired measurements can be made long before detectable reaction
occurs.
1.2 Experimental Procedure

As was remarked earlier, this study consisted of a series of
experiments in which monochromatic light was directed onto the [ront
of the sample and the current observed as a fﬁnction of light wave-
length. In experiments of this type, one expects essentially no current
until the photons can give the electrons in the metal enough energy to
go over the barrier into the insulator. Once this barrier threshold
is exceeded, one expects the current to increase with increasing photon
energy as more and more transitions which enable an electron to go over

(1)

the barrier become allowed. As photon energies increase, the thresh-
old for directly exciting free carriers in the insulator is exceeded,
causing a very rapid increase in current.

Monochromatic light, for these experiments, was provided by pas-
sing a chopped light beam through a Spex model 1L00-11 double grating

monochromator. Second order light, a phenomenon inherent to all grating

monochromators, 1s especially deleterious for these experiments because
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of the much greater efficiency of light of shorter wavelength as a
generator of free carriers - as noted above. Problems from this source

were avoided by utilizing polished crystals of the series CdSXSe as

1-x
filters of the beam exiting from the monochromator. The exact compo-
sition of the filter crystals depended upon the range of wavelengths
desired. If the absorption edge of the filter lay at Ea,.then the
photon energies used in the experiment would lie in the range 0.5 Ea
to Ea° In no case was it possible to detect light emerging from the
monochromator on the short wavelength side of Ea'

The light emerging from the monochromator was focussed by means
of a front-surfaced, reducing mi?ror onto the front of the platelet.
The light imaged on the sample in a spot which covered the crystal.
Bias was applied to the crystal by applying voltage between the copper
substrate and a .002" gold wire pressed against the front contact.
The photocurrent flowing in this circuit was amplified, synchronously
detected, and read from a digital voltmeter. Reversing the polarity
of the bias allowed the current from the front and back contacts to
be investigated separately. Some measurements were made employing
guard rings to assure that the current flow was predominantly through
the crystal and not along its surface. |
1.3 Results and Discussions

- In Figure 5 is plotted the logarithm of the photocurrent versus
photon energy for two polarities of bias for a sample which had both
front‘and back contacts of gold, but for which the ratio of the areca
of the front contact to that of the back contact was about 1:13. The

high energy portions of the two curves are quite similar, as would be
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expected for bulk free carrier creation in a crystal in which both
carrier species are mobile. The energy at which the current beéins
to increase quite rapidly, 2.3 eV, is in good agreement with the
earlier reported value for tﬁe optical absorption edge for (~-monoclinic
selenium.

Below about 1.8 eV, the current is‘increasing as would be expected
from injection over a barrier, but the ratio of the currents for the
two polarities is ~ L40:1. Simple considerations of area of contacts
accounts for a difference of 13:1. The higher efficiency of the back
contact relative to the front is accounted for by recalling that the
optical absorption length in gold for the wavelengths of interest is
in the range 130 A to 150 R and that the range in gold for hot electrons
of the energies involved in this experiment is about 350 R.(15’16)
Taking the thickness of the front contact to be about 900 K, one sees
that the electrons are essentially all generated‘at the front surface
of the gold and then relax as they diffuse toward the selenium so that
those which reach the selenium surface with enough energy to surmount
the barrier are down to abou.t-l/e2 of those which initially had enough
to do so. On the basis of these considerations the rear contact should
be about 10 times as efficient at injecting electrons into the selenium
as the front contact. It will be shown later that about 70% of the
photons of these energies which enter the selenium are absorbed before
reaching the rear contact leaving the rear contact more efficient by a
factor of ~ e and bringing the observed values into good agreement with
expectation. It should be remarked in passing that the polarities of

the bias involved in this experiment argue strongly for the carriers
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injected over the barriers being electrons.

The only seeming discrepancy from expectation is the sharp dip
that occurs in the electrons coming from the back contact at photon
energies between 1.9 eV and 2.1 eV. Prosser's work, however, shows a

+ -
sharp increase in the optical absorption constant of from .166 x 10 3cm .

at 1.9 eV to 1.805 x 103 crh"l at 2.1 cV. (6) Sincc this p;I.atclct was
measured to be about 100 u thick the percentage of light entering the
selenium crystal which reaches the back contact is about 30% at energies
< 1.8 eV, 19% at 1.9 eV, 0.18% at 2.0 eV and 1.4 x 10'6% at 2.1 eV.
Since it 1s clear that this absorption must account for a decrease in
photocurrent, the electron which absorbs the photon must make a
transition between two localized states (e.g. a bound exciton). As
the energy of the photons increases, the energy which separates the
absorbing localized states from the conducting states decreases and it
becomes increasingly likely that a phonon will supply the energy
neceésary to allow the electron to become mobile and contribute to
the current. At about 2.1 eV, the current from this process‘dominates
the current coming over the barriers for both polarities and continues
as the dominant process until the photon energy is increased to the
threshold for photogeneration of free carriers.

' Tufning to Figure 6, one sees the square root of the normalized
photocurrent plotted as a function of energy of incident photons for a
‘sample with gold front contact and gallium back contact. This plot is

linear over a large range of photon energy. The zero current intercept

for the case in which the gold contact was biased negatively is about
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1.3 eV, as it was for similar plots of cases in which both contacts
were gold. However, in the case in which the gallium is biasea negatively,
the zero current intercept is 1.05 eV. This clear cut difference of
thfeshold with differing contact materials demonstrates that this is
indeed a contact phenomenon.

The sign of the bias indicates that the carriers being injected
are electrons. The barriers‘to the injection of electrons from gallium
and gold into Se are 1.05 eV and 1.3 eV, respectively. The electro-~
negativity of gallium is 1.6 and that of gold is 2.4.(YT) Thus, tne
ratio of the change of‘barrier height to the change of electronegativity
is considerably less than one. Earlier authors have associated this
condition with surface states in the middle of the zone of forbidden
energy arising out of the large overlap of the wavefunctions in cova-

(18)

lently bonded crystals. The present results seem to support thesc

views.

CHAPTER II

Transient Measurements.
2.1 Experimental Procedure

Samples used in these experiments were prepared as described in
the previous section. In all cases, both front and back contacts were
of gold. As mentioned previously, the measurement consisted of gener-
ating carriers at the front surface with a flash of light and drawing
the generated carriers across the crystal with an externally applied

bias field. The light flash for these measurements was provided by a
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theta pinch discharge lamp (Fischer Nanolite) with a half width of
about 10 nanoseconds. This light was focussed onto the sample by a
front surfaced mirror. A #5-60 Corning glass fillter limited the light
reaching the crystal to those wavelengths which are strongly absorbed
by at-monoclinic selenium. (The filter passes light in the Wavelength’
range 0.33 p to 0.52 p. The sbsorption length in a—monoc:linic selenium
for light of these wavelengths ranges from 0.2 u to 0.02 u.) The
intensity of light reaching the sample could be controlled by neutral
density filters of metal screen (in some cases mechanically supported
by ultrasil fused silica) placed in the light beam. The density of the
neutral density filters was calibrated with a Cary model 1U4 spectro-
photometer.

The sample was contained in an electrostatically shielded box
which was electrically integral with the amplitfier. 'his shielding
was to isolate the measuring circuit from the r.f. pulse produced by
the plasma arc coincidentally with the light. Provision was made for
hermetically sealing this box after putting dessicant in it in order
to avoid condensation of water on the sample while making low temperature
measurements. The box contained & copper block whose temperature could
be controlled by passing gas through a hole drilled through it. Plastic
tubing connected the hole through the block to copper tubes which
pierced the side of the box. The copper substrate, on which the
seleﬁium crystal was mounted, was held firmly pressed against the copper
block. The temperature of this assembly was monitored by a thermocouple
affixed in intimate thermal (but not electrical) contact with the copper

block.
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The external bias was applied between a .002" diameter gold wire
pressed agaihst the front electrode and the copper block. The current,
which arose from the optically generated carriers cross%ng the crystal,
was integrated by a passive RC integrator with a time constant of about
800 p sec (very much greater than any measured transit time), amplified
by a Kecithlcy model 105 pulse amplifier, and displayed or; a high speed
oscilloscope. The datawere photographically recorded from the oscillo-
‘scope screen. Since the carriers were generated in a distance very much
less than the thickness of a platelet (typically ~ U0 p), the applied
field pushed carriers of one sign almost instantaneously into the front
contact while drifting carriers of the other sign across the platelet
to the back contact. Because of the extremely small ratio of genera-
tion length to sample thickness (~ 1/500), the current arising from the
charges going to the front contact contributed a negligible amount to
the integrated current which can, therefore, be considered as arising
from'a unipolar sheet of charge drifting across the crystal as long as
the generation time (i.ew duration of the light flash) is mu;h less than
the time for the carriers to drift across the platelets - a condition
which was met in all of these experiments. The sign of the carriers
composing the charge sheet could, of course, be changed by changing
the'polarity of the applied bias. In order to insure that the bias
field was not distorted by trapped charge, the sample was shorted and
illuminated with ten light pulses before each measurement.

2.2 Transit Time
The simplest model for these experiments treats a rigid charge

sheet which drifts across the sample at a uniform rate. In this case
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the_current is constant and the integrated current increases linearly
with time until the charge reaches the back contact, beyond whiéh
point the current drops to zero and the integral remaineg congtant.
Trapping, diffusion, and space charge effects can all affect this
simple model, as éhall be discussed. It, nevertheless, is a good
approximation in many instances and serves as a convenient starting
place for introducing modifications. In this model, one defines a

transit time, T as the period from the beginning of the increase in

£
integrated current (i.e. the time of the charge generation) to the end
of the increase in integrated current (i.e. when the carriers reach the
back contact). Utilizing this definition and the definition of mobility,
one arrives at

ho= % (1)

e

where 4 is the mobility, d. is crystal thickness and E 1is the field
applied across the sample. In figure 7 is shown a typical oscillograph
ol lnlegraled currenl, Q(L), as a funcltlon of Lime. The cha;ge (i.e.
integrated cufrent) can be seen to increase reasonably linearly with
time. There is some rounding at the corner and a slow tail. If the
experiment is performed without the Corning filter, the magnitude of
the slow tail i1s greatly increased. The transit time is defined for
this experiment as the time between the onset of the current and the
time ét which the extrapolation of the linear portion of the charge
increase reaches the level of the total charge transferred.

One factor which affects the simple model previously introduced

(19)

is trapping. Trapping has been treated by a number of authors.
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Only two limiting cases will be discussed here: the case of 'deep"
trapping in which the trap release time is very much longer than the
transit time, Tt’ and the case in which the trap release time is much
leés than the transit time.

For deep trapping, the probability of a carrier being trapped
between t and t+At is just p(t) = BNt(l—f) where B is the‘ probability
that one empty trap will trap in one second a single free carrier which

has been released in a unit volume of material, N_ is the trap density,

t

and f igs the probability that the trap is occupied. If one agsumes
that f is constant and that the release time is infinite, the number

of free carriers at time, t, (t<T_, the transit time) is given by

.t.’
n(t) = Q, exp(—BNt(l-f)) where Q_ is the initial number of carriers.

Under these conditions one can define a trapping time T = l/BNt(l-f).

tr
Since the current, i(t), is ‘given by i(t) = uEn(t)/d where, as before,

d is the crystal thickness, the integrated current

nEQ T .
t o [heap(-t/r, )] s, (2a)
Q(t) = | uEn(t')at' =
° T, MEQ
_______trd O[l-exp(-Tt/Ttr)] BT, (2b)

(20)

The . latter equation is, of course, just the Hecht result.
In figure 8, eq. (2) is plotted for various ratios of Ttr/Tt' Note

that for T I‘>>'l'

N the pulse shape 1s essentially undisturbed and the

t

measured transit time, as defined earlier, would agree with the true

(i.e. untrapped) transit time, while for T r<KWr the pulse shape is

t
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considerably distorted and the measured transit time would approximate
the trapping time, not the true transit time. Measurement allows one
to determine whether the transit time is greater or less than the trap-

ping time for deep traps. Equation (1) shows that in the case T r> T

.b.’

l/Tt varies linearly as a function of E. However, as noted above, the

t

measured (l/Tt) is independent of E for the case Ttr<¥?t and follows a

yp Dears Tt. Flgure 9 shows a plot of

(l/Tt) vs. E for a typical sample biased such that holes were the

"non-linear relationship as T

carriers traversing the crystal. This linear behavior was observed
for both polarities on all cases in which space charge did not play
a part. Thus, one can conclude that deep trapping played little part
in the measurements reported here.

The limit in which the trap release time, is much less than

'TR,
the transit time is in some ways simpler than the opposite limifs In
the short release time limit, one can distinguish two cases: either
the trapping time is very much greater than the release time or the
trapping time is near or less than the release time. If theitrapping
time is much greater than the release time, the carriers are essen-

tially always frée and the measured mobility is equal to the micro-

scopic mobility. If the trapping time is near or less than the release

time, Tefft has shown that one measures an effective mobility, Hopp?
given by the equation
.
tr
Here = Mo (T""T’r ) (3)
r R

t

where Ho is the miéroscopic mobility.(l9) He also shows that the shape
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of Q(t) as displayed on an oscilloscope is essentially unchanged from

the case of no trapping. It is clear from eq. 3 that if T r<<¢

t R’

Hopr = BoTey T

several kT above the Fermi level, where Et is the trap activation

¥ L, Since ?i a exp (-Et/kT) as long as the traps are
R

energy'(i.e. the energy difference of the trap and the conducting

states)

Mo pe® HEXD (-Et/kT). (%)

In this case, the measured mobility varies exponentially with l/T, but
the microscopic mobility cannot be determined unless the sample can be
taken to a high enough temperature that TtT becomes comparable with TR.
- Another factor complicating the simple model presented so far is
space charge, the effect upon one carrier of the fields from all the
other carriers. This problem has been treated in detail by S. Z. Weilsz
et al for the case of carriers generated by a sﬁort pulse of light.(2l)
As long as the carriers which are generated at the front surface must
either all begin to drift across the‘sample or recombine in a time
short with respect to the transit time, no virtual cathode (i.e. a
reservoir of charge which makes E = o) can form. Simple integration
of Poisson's equation'then shows that the maximum amount of charge
which can be drawn across the platelet is CV where C is the parallel
plate capacitance of the sample and V the apﬁlied voltage. It will
be shown later that the condition of having no virtual cathode must
hold for these experiments. In figure 10 is shown the result of a
graphical integration of the curves presented by Weisz et al. for

current as a function of time. In this figure, the integrated current,
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or charge, Q(t), is normalized by dividing it by the total charge
vgenerated, Q0; and plotted versus time. Note that the transit time,
as 1t has been defined above for use with experimental data, increases
about 20% as QO increases from 1/10 CV to CV, and that most of the
increase in T, occurs as Qo increases from 1/2 CV to CV.‘

Turning from theory to experiment, figure 11 shows the total

charge transferred across the crystal, QT’ and T, plotted as a function

t
of light intensity. Note that QT increases to CV - and then exceeds it
by ho%, a difference far greater than any experimental error. Two
possible explanations for this behavior exist. This first is that a
sufficiently large charge reservoir is established to create a virtual
cathode which persists for an appreciable fraction of the transit time.
It will be shown in a later section that in the experiments discussed
here, any reservoir must collapse in a timelvery much less than the
transit time. A second possibility is seen by noting that extrapola-
tion of the low intensity portion of the QT curve suggests that a
surface density of carriers of between J.U'm/cm3 and LO’W/cm3 is created
by the light flash. This would cause the surface sheet resistance of
the selenium cryétal to be in the vicinity of a few hundred ohms/[}
which is within an order of magnitude of that of the evaporated‘gold
contact. Since the evaporated contact covered only about 1/10 of the
éurface, it is possible that the surface conductivity was modulated by
the light flash to such an extent that the effective area of the contact
increased enough that QT is equal to an "effective" CV. This would

explain the large increase in transit time for the case with QT > Cv
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because after the initial charge injection from the modulated surface
the field lines would change rather drastically as the surface'resist-
ance rose. Note that the transit time increases approximately the 20%
previously predicted as QT increases from ~ 0.1 CV to CV. Note also
increases only

t

a small amount, in line with previous predictions. In order to avoid

that as QT increases from ~ 0.1 CV to about 0.5 CV, T

the complications introduced by space charge effects, the data to be
discussed in the remainder of the paper were taken with a neutral density
filter of density 1.295 D.U. in the light beam which reduced QT to a
maximum value of less than 20% CV.

In the course of these measurements, the relative dielectric
constant, K, was measured over the frequency range, 100 kHz to 100 MHz
and found to be 9.2 £ .6. That this value is higher than that of
Kyropoulos is not surprising since Gudden and Pohl comment that they
were prevented from making optical absorption measurements by the
multiplicity of voids in Kyropoulos‘crystals.(u’5)

The final consideration is the effect of diffusion upon'the
.carriers as they drift across the bulk of the sample. BSince the
forces of drift and diffusion are independent in this case, one can
solve the equations séparately and then combine the solutions. The
solution to the diffusion equation for the initial condition of a delta

funétion is
— q 2
n(x, t) - QO ﬂKTt}J- eXP ("’ 4x /utkTp') (5)

where g 1is the magnitude of the charge on the electron. Evaluating

eq. 5 at the transit time yields
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n(x) = Q, poms exp (- qBx"/UkTa) (6)

For values typical for the experiments discussed here, the distribution
given by (6) has a width equal to about 10% of d. Thus, diffusion has
a small effect upon the transit time of the carriers crossing the crystal,
but will cause the corner of the Q(t) vs. t curve to be rounded over
the last 10% of the transit time.

From the previous discussion, it can be seen that in these experi-
ments the true transit time was measured. It is clear from eq. (1)
that in this case the slope of a plot of l/'rt versus E yields the
mobility. The mobility was determined in this way for carriers of both
signs, as a function of temperature. In figure 12 is plotted the
logarithm of the hole mobility versus inverse temperature for one
sample. The circles, representing data taken as the temperature was
being increased toward the maximum value employed, fall essentially on
a straight line, implying a trap limited mobility. The slope of this
line yields a trap activation energy of .24 eV. Measurements on a
ﬁumber of samples consistently give a hole trap activation energy of
.23 = .01 eV. The squares in figure 12 represent data taken after
the sample was heated £o the highest temperature utilized in these
measurements, 5000. Note that they are of the same slope as the data
Lahe.n earlier, bul have lower values lthan Lhe earllier data. This
implies that traps with activation energy equal to that of the traps
previously present have been thermally introduced into the sample,

.suggesting a common origin. One strongly suspects, but cannot prove,

that these hole traps are caused by lattice disorder, probably Se8
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‘rings which have broken open.
Figure 13 shows electron mobility plotted as a function of T~3/2
for the same sample On which the data shown in Tfigure 12 were taken. The

squares in this case again represent data taken after heating the sample.

It should be noted that within experimental error these have the same

values as their earlier counterparts. The linear form of this graph

is in agreement with Spear, who also found the electron mobility to
-3/2 . . ‘ ) . (8)

vary as T and attributed this result to lattice scattering.

The room temperature electron mobility was found to vary from 1.5 cm2/V

sec to 3.6 cme/V sec in a number of measurements on samples taken from

a number of batches of crystals grown at different times under slightly

different conditions.

CHAPTER III

Collection Efficiency

As one can readily observe from figure 14, all of the carriers
generated are not always collected at the rear contact; for QT varies
with hias field, E. (The scatter in data at a given field is caused
by variation from'pulsé»to pulse in the iight intensity striking the

sample.) The ratio of carriers generated to those collected at the

back contact

2|
n
=3

where T is defined as the collection efficiency. Various mechanisms

can be proposed to explain the variation of T with E: trapping without-
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release in the bulk, recombination in the region of generation, deep
trapping near the surface, field-controlled photogeneration, ana
diffusion of the carrier t‘crn the metal contact. It will be shown that
only the latter process fits all of the available data for the case
under discussion here and an analytic expression for T will be cal~
culated.

It was argued in the previous chapter that deep trapping without
release was not an appropriate consideration for this case because of
the linearity displayed in the J_/Tt vs. E plot of figure 9. Figure 15
shows further evidence on this point. The solid line in the figure is
a lracing of an oscillograph ol Q(L) vs. Lime for Lhe sample of figure
14 biased at 1,160 V/cm. The dashed line in this figure represents
what this curve would look like for this case if 7T were dominated by
deep trappiné.

To discuss recombination in the region of generation; a model is
needed. Since it was shown in the previous section that holes spend
most of their time in shallow traps while electrons are not frapped in
ény detectable amount, the model used will be cne in which all of the
holes are in shallow traps which act as recombination centers when so
ogcupied. The question becomes whether the time for an electron to
cross the recombination region is greater or less than the recombina-
tion'time under these éonditions.

The probability of an electron recombining in unit time,

= e)
Pr(t) Upp N E
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where Uiy is the thermal velocity,0is the capture cross section of

the trap for electrons, Nt is the trap density, and f' is the occupa-

tion factor which gives the fraction of the traps occupied by a hole.(gz)

Nf = Qo/A

where @ is the absorption constant and A is the area of the contact.
Since both the transmission of the filter and the spectral intensity
of the source peak in the vicinity of L4200 R, ¢ will be taken to be

2 x lOscm-l, the value at HQQO ﬁ.(23} Assuming that Uiy = 107 cm/sec,

that C =.10—15cm2, the cross sectional area of an Se8 molecule, and

that Q= QTm s one finds that that recombination time is
o] ax

~

200 nsec

e

while the time for an electron to cross the absorption region at a

field of 1000 V/cm (a value at which half of the carriers must recombine
if recombination is to be a tenabie mechanism for the T variation) is
about 1 nsec. Thus, the recombination rate is too small by about two
orders of magnitude to expliain the observed effect.

One could eagily ‘imagine that depésition of the contact caused
considerable damage to the crystal near the surface, resulting in a
very large trap density extending a distance, 4, into the crystal. If
{ << d, then one canrnot rule it out by the arguments made to eliminate

the Hecht process. Arguments analogous to the Hecht analysis show that

-4T, _JuE
Qt - Qe tr

(¢]

exp (-4/T, uE)
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where Ttr is the trapping time. Values of Qo,{q and Ty could cer-
tainly be chosen to fit the data of figure 14, but, as figure 16 shows,
QJC is quite close to being the same for holes and electrons. It would

indeed be fortuitous if u&r were the same for holes and electrons in

the hypothetical damaged layer. Yet Qt depends exponentially upon

Hﬁr . The improbabillty of the coincldence of'uqz' for electrons and
holes makes this explanation for the variation of T with E rather
untenable.

Tabak and Warter heve recently proposcd that in some materials
photons may excite carriers to non-conducting excited states from
wnich they must bé ejected into conducting states.(zu) They further
suggested that this may ocecur in a manner similar to the Poole-Frenkel
effect, thus giving rise to a field dependent T. To be precise they

. %;eBE% -1
N =1+ = exp\ ———

T v kT
r

find

Where Tr is the rate of nonphotoconductive decay of the exciton, v is
the attempt-to-escape frequency, gt is the binding energy of the
exciten, e 1is tﬁe charge on an electron, and B = (E%)l/? wnere € 1is
the dielectric constant. The temperatﬁre dependence is strongest at
low_fields where the numeratqr of the exponent is largest. Figure 17
shows data of QT as a functiorn of temperature at a field of 1,160 V/cm.
The solid line represents a least-squares fit to the data. The least-

squares fit decreases about 10% as the temperature increases SOOC while

the Poole-Frenkel effect reguires T to increase exponentially with T.
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The last model to be considered ié based upon diffusion of carriers
to the front contact. If a carrier diffuses from the selenium érystal
into the front contact, it may either reiax into the Fermi sea or
diffuse back into the selenium. The time for a hot electron to relax
into the Fermi sea in gold is the range of the hot electron divided by
the Fermi velocity or about :LO—:L)+ second. The carriers which relax into
the Fermi sea become uniformly distributed throughout the contact in
the dielectric relaxation time 7T

(25)

seconds. These times are so low that the concentration of carriers

D= g , which for gold is about 10~ 17
at the gold selenium interface will be taken to be zero. As carriers
diffuse to this interface, they relax into the metal and are lost from
the charge cloud. The applied field competes with this process (for
carriers of one sign) by drifting the carriers away from the contact.
In thls calculation only the carriers-of the sign being drifted across
the sample are considered; it is assumed that carriers of the other
sign are immediately swept into the front contact and can, hence, be
neglected. It is also assumed thal the charge density is low enough
fhat space charge effects are small and that the field can, therefore,
be taken as independent of position, as has been previously shown to

be true for these measurements.

One begins with the continuity equation

3n _ 3°n  dn
ot - P2 T Wi

where n is the carrier density, E is the dielectric field, and T is

3

the diffusion constant. Since the Einstein relation is D = u5§ » one
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can see immediately that the relative magnitude of the processes of
drift and diffusion are independent of mobility and that carriers of

(26)

both polarities should behave similarly. The detailed solution of
this equation with the boundary condaitions n(o,t) = n(d,t) = o and the

initial condition

n{x,0) =

where @ is the optical absorption constant is carried out in appendix IT.
It is shown there that either the carriers diffuse to the surface and
relax in a time short with respect to the {trarnsit time or they drift

away and cross the crystal. The collection efficiency,

O E/E,
N=-===
+
Qo 1 E7Ef
= QKT . C . . . .
where Ef = —— . This function is plotted as the heavy line in figure

14 with QO adjusted to mage the curve match the data at the field 6,910V/cm.
As can be seen the agreement of theory to experiment is really quite
acceptanze. The theory also predicts that QT should decrease about

10% between 0°C and SOO for the case exhibited in figure 16, in for-
tuitqusly good agreement with experiment. As already noted, T is

expected To be the same for carriers of both polarities, in agreement

with the results of figure 16.
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SUMMARY

This work has shown that metals in intimate contact with &-monoclinic
gselenium form barriers to the injectioﬁ of electrons and holes into the
selenium. The electron barriers are 1.05 eV in the case of gallium and
1.3 eV in the case of gold; demonstrating again the hazaras of attempting
to characterize insulators by means of resistance measurements.

A large increase in the photocurrent at 2.3 eV was taken to indicate
the onset of the creation of free electrons and holes in good agreement
with our measurements of the optical absorption edge. It was also
concluded that optical absorption at wavelengths longer than this
edge may be attributed té the creation of localized excitations.

Transient measurements have shown the room temperature electron
mobility varies from l.GcmE/V—seC'to 3.6 cme/NLsec.according to details
of the conditions of crystal growth. The temperature dependence of the

3/2

electron mobility was found to be T in agreement with Spear who
attributed the dependénce to lattice écattering.(B) The holeimobility
ﬁas found to be controlled by shallow traps with an effective depth of
0.23 eV £ .01 eV. It has been shown here that these traps can be
thermally generated by heating to the vicinity of SOOC suggesting that
these traps arise from lattice imperfections, such as broken Se8 rings.
A tyﬁical room temperature hole mobility was found to be 0.2 cmg/v-sec,
but this, of course, varied noticeably according to the trap density.

The variation of collection efficiency, T, (i.e. the ratio of the

number of carriers collected at the back contact to the number created
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at the front contact) with field is discussed and it is shown that this
most probably results from the interplay between diffusion, which
carries the carriers into the front contact where they relax, anad
electric field, which drifts the carriers toward the rear contact. An

analytic expression for 7T is derived.
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OVERVIEW

In the course of this thesis, the author has become aware of two
general reasons for studying a-monoclinic selenium. The first is that
this material presents an intermediate case between the extremes of
covalent crystals (e.g. sillcon and germanium)land molecular crystals
(e.g. benzene and anthracene). The second is that a-monoclinic selenium
provides an extraordinarily good opportunity to study transport phenom-
ena.

To expand on the first point, the reader is reminded that the Se8
molecules, wnich make up the @-monoclinic crystal,are also believed to
exist in solutions with organic solvents which can be sufficiently
dilute that interaction between the Se8 molecules is negligible.
Furthermore, trigonal selenium is composed of long chains in which the
interatomic distances and bond angles are virtually identical to those
in the Se8 rings, While the density is about lO% higher than that of
Lthe g-munoclinic form because of decreased intermolecular sp;cing.(29)
Thus, one has the opportunity to observe what effect decreasing the
intermolecular spacing has upbn the physical properties of selenium.
In solution, where we consider only intramolecular forces, the optical
absqrption edge is 2.7 eV. In the q-monoclinic crystal, the most
important bonding is surely intramolecular since the intramolecular
bond is 1.2 A shorter than the nearest intermolecular distance.(Y)
Nevertheless, the optical absorption edge shifts to 2.3 eV. TFor the

case of trigonal selenium, the energy of the optical absorption edge

is reduced to 1.8 eV.(29) It seems highly probable that these decreases



36

in the energy of the coptical absorption edge are a result of increased
overlap'of wa&efunctions of neighboring molecules. One must conclude
from this that calculations such as those of Olechna and Knox and of

Reitz which completely neglect intermolecular forces are seriously in

(30,31)

error. Von Hippel and Burbank have reached similar conclusions

on different grounds.(32’7)
One can see that selenium does form an intermediate case between
the covalently bonded materisls such as silicon and germanium where a
collective description of the whole crystal seems appropriate and
materials such as crystalline benzene and anthracene where the optical
excitations seem to be essentially unchanged from those exhibited by
the molecules in the gaseous state.(33)
This "intermediate" quality may be reflected in the mobilities.
"Perfect" covalently bonded crystals typicaily have room temperature
mobilities of a few thousand. A typical mobility for an organic
molecular crystal (where molecule to molecule hopping may be an appro-

(3k)

priate model for charge transport) is 1072, The "intrinsic®
carrier mobilities in (-selenium seem to be of order of magnitude one.

In addition to the interest in (-selenium as an intermediate
between covalent crystals (one huge molecule) and molecular cryétals
(many small molecules hung together), the crystal seems to be an ideal
one in which to study various charge transport mechanisms. The linearity
of the l/T vs. B curves at fields near 1000 V/cm and the fact that

approximately equal collection efficiencies are seen for both electrons

and holes at low fields (~ 1000 V/cm) both imply a net ionized impurity
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density of less than 1012/cm3; perhaps . this is because impurities fit
.into Seg rings so poorly that the impurities tend to go into interstitial
positions between the rings where they are essentially electrically
inactive. Another facet of selenium is that the carrier lifetime is
extremely long (a fact of considerable importance technologically in
the xerographic prpcess) and the rate for deep trapping e#tremely low
for carriers of both polarities. All these properties, when taken
together, make thils material almost ideal for transient analysis
because the experiments are so "clean".

It seems to the author that only a beginning has been made on the
possibilities inherent in this material. If large crystals could be
obtained, optical reflectance measurements could be made which when
analyzed with the Kronig-Kramers formalism would yield the complex
index of refraction over a wide range. A combingtion of this informa-
tion with the work of Saffren(35) should allow identification of the
transitions which give rise to the absorption. Preliminary investiga-
tions have shown that. the optical absorption edge of (x-monoc}'.inic
selenium shifts rather drastically with temperature. Combination of
measurements of the temperature dependence of the optical absorption
and the temperature dependence of the spacings iﬁ the a-monoclinic
crystals might allow estimates to be made of the relative contributions
of Qarious forces contributing to the absorption spectra.

It is also felt that the advantages Q-selenium offers for transport
measurements have not been exploited to their fullest extent. For
example, 1t 1s to be expected that experiment on thicker samples than
were generally used in this work would yield useful information con-

cerning deep trapping processes.
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APPENDIX I

In attempting to unravel the transmission data, one is faced
with solving the problem of light passing from one medium through two
dissimilar media, reemerging into a medium of the same in@ex as the
original medium. This problem may be solved in a straightforward, if
tedious, manner by requiring the soclution of the wave equation and its
derivative to match at all three boundaries. Under the simplifying
assumption of no absorption in the second layer (e.g. the gquartz

substrate in our case) the solution reduces to
1 - 16/[c, + G, cos (b xM La/A) + & sin (bl L3/0) | (1)

where 7T 1is the ratio of transmitted to incident power, d 1is the

thickness of the second layer, T is the index of refraction of the

2

second layer, and A i1s the free space wavelength of the incident light.

2 2 .2 2 2 2
G, = (Al - A5 - A3 - A - A5 + A6) coe (lism a/\)

2(A1A5 + A3A6) sin (Wmna/N) + 2(A1ALL + A2A6) sinh (bxka/\)

2

2 2 2
3t ALY A5 + Aé) cosh (Lnka/A) (2)

2 2
(Al + A2 + A
5 -

2 2 2 2 2 2
G, = (Al AL YA - AL - A AG) cos (Lmna/r)

+2 (A - Ajhg) sin (bma/A) + 2 (Ajh) - Ayhc) sinh (brka/A)
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2
+ (Ai - A - Ag + Ai + Ag - AS) cosh (lrka/)\)

Gy =2 (A2A5 - A3Ah)4 cos (lbxna/A) + 2 (AuAs B AlAz) sin (Lmna/n)

+ 2(A3Au - A2A5) cosh {lnka/r) + 2 (AlA

5 - A5A6) si.nh (Urka/2)

where n and k are respectively the real and imaginary parts of the

index of refraction of the first (e.g. selenium) layer, "a" is the

thickness of this layer and

>
1

) n<n§ + 0P kg)/'ﬂe (n® + £2)

e
"

y =k (n2 + K- n§>/n2(n2 + 1)
Ay _-'n(nE r R+ 'ng)/noug + K°)

= k<n2 + k2 - ﬂg)/'ﬂo(ng + KE)

=3
\J1
1]

i

2 2
he (ng ¥ no)/ﬂong
and Tb is the index of the initial $urro*anding media. After considerable
work one can show this to be a special case of a general relation derived

by K.ollerql2
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The question arises of how to handle the sinusoidal terms of
argument hxnd/A. Since the monochrometer has a bandpass of abéut
10 3, in the configuration in which it was used it seems eclear that one
should average over.the bandpass. Defining AR to be the bandpass and
KO to be the nominal wavelength one obtains

2+G2

1/2
~ Gy * Gy 2
r26/0, 1+ (B2 ) cos (en jaoa/i® + o)] @
1 2 0 0
G
1
where 8 is a quantity which doesn't vary during the averaging. Then
() = de(AK)/Id(AK) s but since the argument of the cos goes through

many cycles (~10) as AA ranges over 10 &

21
Ndf 16ch2 2\ 1/2
(Fz + G%>
Gl[l+ T cosy]
(1) ¥ — L
N 'f dep
0

because the integral over a partial cycle is small with respect to the

integral over many cycles. Therefore,

(T =

Gl[l— (ég +—E§)]l/2 (5)

It might be asked why the cosp term of equation (4) doesn't average to

zero. One way of seeing this is to write



L1

d

2 2
T acosp © dp(l - acosp + a“cosp + ...)

and then note that while the first order term does average to zero
over a cycle as expected, the second order term is always positive.

The effect of the correction term,

is of the order of .2% to L% for cases that might be encountered in
practice, values that are small enough to justify the approximation

made, but large enough to affect the values calculated for n and k.
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APPENDIX II

The problem to be solved is that of the behavior of an exponential
initial distribution of carriers under the influence of drift and

diffusion in the vicinity of a collecting contact. Formally one writes

the continuity equation,

6_1;=1j)—----;_u4_.§(— (la)

Ne%* x>o0
o} X <0
and the boundary conditions

n(o,t) = n(d,t) =0 Wt (lc)

where, D 1s the diffusion constant, n is the number of carriers, u
is the mobility, E 1s the electric field, & 1s the optical absorp-
tion constant, NO is the total number of carriers generated at the
surface and d 1s the thickness of the crystal.

Separating variables, solving the equation, and applying the

boundary conditions yields
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@

2 2
¥ F X
en = ) ay e [-() - Gy e B et @)

m=1

where F = pE.

Using the initial condition to evaluate Am,‘ one obtains

2N
F Fx
a0 =2 e (- gy e+ 5)

DSt s S C G0 S

oo 55) + ()

m=1

Now if d is very large w.r.t. O, we can let d - « in such a way

that % -~ w and obtain ®

2

N 2 -w Dt

F Fx we sin wx dw
ax,t) = 5 exp(- Sttt s ()
(oz + —-—) + W
2D
0

(25)

Evaluation of the integral produces



hily =

| N 2 F 2
n(x,t) = —— EXp[ D t + 5% + (a + 53) Dt] .

F 1 x
exp[ (a + ) x] Erch/DE(a + ZD) -3 'ﬁf] -
EXp[(a + 5= ] Erfc[%"?(a + ——) + —5——1 (5)
2D 2,/D¢t
However, equation 5 isn't very useful because what is really desired is

the current flow out through the contact at x = o. This current is

given by

i(t = Fn(o,t) - D éEéﬁ*EL
(6)
K = O R = QO
The result of substituting eq. (4) into eq. (6) is
-2NOD £ W exP[-szt}
i(t = exp[- Zﬁ-tj Cw N E“>2+ Qf dw (7
2D
X =0

o}

The charge lost by time, , as a result of the current of eq. (7),

Q () .=j i(c)de’ = [w Ha + ‘_”-d‘”][ (55) ]

\ w exp - w Dt | dw
i e""ﬂ'z ]j [v*+{a + ;D)ZTH (&F] ©
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The time dependence is obviously segregated into the second term.

Evaluation of the term before the integral places an upper bound on the

relaxation time, T = ﬁg + The ratio of the relaxation time to the
F :
transit time
T
x _ 4D _ AKT/
Te Fd v

where V is the voltage across the sample, k is Boltzmann's constant and

(24)

the Einstein relation has been used to evaluate D. The smallest

bias voltage ever employed in these measurements was 5 volts so that

Ty

_— 302

Te
justifying an earlier assertion. Since the second term of eq. (8) drops
so rapidly with time (being always less than 1/100 of the first term
after 0.1 Tr), one can say that essentially all of the charge which will
be collected at x = o is collected in the first small part of ,the tran~

sit time and approximate the lost charge, QL(t)’ with a constant,

2N 2

0 w dw

RN R e "

the first term of equation 8. By evaluating the residues of the poles

of the integrand of eq. (9), one finds



b=

No 1
Q=3 T E (10)
1+ i
F
— kT . . 113 . N r " $
where EF = T is an effective "diffusion field." Finally the charge
transferred across the crystal is given by
“ 3 T+, (1)
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Figure 1. A typical crystal used in the transmission measurements.
This crystal was about 1800 A in thickness.
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Figure 2. Relative transmission of a typical platelet of G-monoclinic

Se.
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Figure 3. Normalized absorgtion of two Q-monoclinic Se crystals. Se04
was 4102 R & 61 & thick while Se09 was 1060 & & 48 & thick.
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Pigure 4. Extinction coefficient of selenlﬁm dissdlved in CSp and
trichlorethylene (TCE). '
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Figure 6. ~Square root of the photocurrent vs. photon energy
o for a Au~selenium=~Ga sample.
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Figure 7. A typical oscillograph of the integrated drift current.
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Theoretical curves for the integrated drift current with the
ratio of the transit time to the trapping time as a para-
meter. These curves are for the case of deep traps where it
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solid line represents a least-square .fit of the data.
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Figure ll. The figure shows the dependence of the total transported
, and the transit time, T_, as a function of the relative
intensity of the light which generates the carriers, in this
case, electrons. These data were taken on sample SeAD at 23°c.
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Figure 12. Togarithm of the hole mobility plotted vs. inverse tempera=-
ture allows the depth, .Ey, of the traps which control the mobility to be
determined. The circles represent data taken going up in temperature
(dowa in 1/T); while the squares represent data taken going down after
having reached maximum temperature. :
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List of Symbols

o optical absorption constant

e extinction coefficient
d sample thickness

B mobility

Te transit time
. i me
Ttr trapping tim
TR trap release time
E electric bias field
B trapping rate per unit volume for empty trap

| Q(t) charge transferred across sample as function of time

Q total charge of one sign gemerated by light flash

QT total charge transferred across -sample

£ probability a trap is occupied by an electron

f' probability a trap is occupied by a hole

E energy separating trapping level from conduction level

v applied bias voltage

n(x,t) carrier density

q magnitude of charge on an electron
T temperature

k Boltzmann's constant
collection efficiency
A area of contact
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