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ABSTRACT

In high-purity cadmium sulfide crystals, at low temperatures
and high excitation intensities, emission lines attributed to
free and bound exciton récombination are observed in the spectral
range 4860 to 5090 K. 1In addition, the main peaks of two broad
emission bands, which are repeated at lower energies with the
simultaneous emission of one or more longitudinal optical phonons,
are observed at about 5140 and 5180 &. The high energy band,
which is dominant at liquid nitrogen temperatures, is due to free
electrons recombining with holes bound at cadmium vacancy acceptors.
The low energy band, which is dominant at liquid helium tempera-
tures, is due to electrons bound to shallow donors recombining
with the bound holes.

The photoluminescence efficiency and photoconductivity response
of cadmium sulfide crystals were measured and the data inter-
preted in terms of an energy band model involving the donor and
acceptor levels previously established as being involved in the
radiative transitions. 1In addition, an effective recombination
center (consisting of deep acceptor-like recombination centers)
and non-radiative surface recombination centers are required to
account for the non-radiative transitions. The results of the
thesis are divided into four topilcs and are summarized below.

The first topic deals with the controversy in the literature
regarding the origin of the high energy emission band at about
5140 &. Two recent papers, which identify this band as being
due to bound electron-to-bound hole transitions, are analyzed

and it is shown that theilr conclusions are incorrect. Further
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analysis and experiments show that their data support the free
electron-to-bound electron interpretation of other authors.

The second topic was the effect of surface recombination
centers on the luminescence efficiency. These states are
believed to be mainly chemisorbed oxygen ions. Non-radiative
surface recombination is reduced by applying an electric field
to counteract the eiectric field in the charge depletion layer
next to the surface, or by photo-desorbing the oxygen ions.

This electric field draws minority carriers to the surface

where they recombine non-radiatively. The luminescence effic-
iency is found to be lowest when the electron-hole pairs are
generated, closest to the surface. This is interpreted as
meaning that a greater fraction of the carriers can reach the
surface to recombine and that ambipolar diffusion of carriers
into the interior of the crystal does not take place. It was also
found that heating CdS briefly in a nitrogen ambient produces
free-to-bound and bound-to-bound transitions associated with
nitrogen acceptors 130 meV above the valence band. The nitrogen
impurities are near the surface since these bands are removed

by a short etch in concentrated hydrochloric acid.

The third topic was the recombination kinetics of excitons
and the bound electron-to-bound hole luminescence. In all cases,
the exciton efficiency increases with increasing excitation
intensity as expected since the formation of excitons depends
on the product of the free carrier densities. The bound-to-
bound emission efficlency is high and varies slowly with excita-

tion iﬁtensity. The efficiency falls slowly both at high and at
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low excitation intensity. The fall-off in efficiency at high
excitation intensity is accompanied by an increase in efficiency
of the free-to-bound emission band. The decrease in efficiency
at low excitation intensities may be due to non-radiative surface
recombination.

The last topic was the recombination kinetics of the free
electron-to-bound hole luminescence. Using the energy band
model mentioned earlier, the data was analyzed to obtain the
electron and hole lifetimes, the luminescence efficiency, and
the electron and hole capture cross-sections of the cadmium
vacancy acceptor and the other deep recombination center. The
internal luminescence efficiency 1s near unity as long as the
minority carriers (holes) are quickly captured by the radiative
recombination centers (cadmium vacancies). At high temperature
the luminescence efficiency is low because the cadmium vacancy
centersact as traps rather than recombination centers, while
at high excitation intensities the efficiency drops because

the radiative transitions saturate.
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CHAPTER I

INTRODUCTION

This thesis describes an experimental investigation and a
detailed analysis of the recombination kinetics 1in cadmium
sulfide crystals. The experiments entailed measuring the
photoluminescence and the photoconductance as functions of the
excitation intensity and wavelength at various temperatures.

The effects of crystal resistivity, surface condition, and

of an applied electric field on the luminescence and photo-
conductance were also evaluated. With a simple, but realistic,
energy band model, and a detailed theoretical analysis, it was
possible to deduce the fundamental parameters governing the
recombination kinetics.

Before proceeding with the central theme of the thesis,
it is valuable to review the present Knowledgevof luminescent
processes in cadmium sulfide. The remainder of the introduction
is devoted to this task.

The luminescence spectrum of cadmium sulfide has been
extensively studied. At low temperatures and high excitation
intensities, narrow emission lines attributed to free and bound
exciton recombination are observed in the spectral range 4860
to 5090 A (Thomas and Hopfield, 1961, 1962; Reynolds and Litton,
1963). Information on these lines has been summarized in a
review article by Reynolds (1965). At liquid helium temperatures
the two main exciton emission lines are Il and 12. Line Il
occurs when an exciton bound to,a neutral acceptor decays and

line I, when an exciton bound to a neutral donor decays.



Frequently, at high resolution, 12 is seen to consist of several
lines, corresponding to excitons bound at different types of
donors. These excitons are only weakly bound to these centers
and hence are not seen at higher temperatures. Above 609K,

the main exciton emission line is the free exciton, "A". The
temperature dependence of these excitons have been investigated
by Bleil and Albers (1964). These exciton emission lines are
only slightly phonon broadened because both the free and the
bound excitons are only weakly coupled to the lattice.

In addition to the exciton lines, two broad green emission
bands have been observed (Kroger, 1940; Klick, 1951; Furlong,
1954; Furlong and Ravilious, 1955; Bancie-Grillot et al., 1959;
Pedrotti and Reynolds, 1960) between 5100 and 5200 &. Phonon
replicas of these bands are repeated at lower energies through
the simultaneous emission of one or more longitudinal optical
phonons. As a result of the work of these investigators, the
spectral position and shift with temperature of these bands
was well established. Typical spectra of this green edge lumines-
cence seen under D.C. photoexcitation are shown in Fig. 1. At
2OK, two no-phonon emission bands are seen: a high energy band
peaked at 5140 A and a low energy band at 5180 A. Both bands
are repeated with decreasing amplitude at intervals of the
longitudinal optical phonon energy (38 meV). The relative
strength of the two bands varies with excitation intensity and
from crystal to crystal, although the low energy band is usually
dominant. At 78OK, the low energy band 4s normally missing and

only the high energy band is observed.
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FIG. 1: GREEN EMISSION FROM A TYPICAL LUMINESCENT CdS CRYSTAL




The origin of these bands has been the subject of consider-
able controversy which has now been resolved, in part as a result
of the work reported in this thesis. To Kroger and Meyer (1954),
the large coupling of these radiative transitions with the longi-
tudinal optical phonons suggested recombilnation of free holes
and free electrons through exclton states as their origin.
However, Hopfield (1959) showed theoretically that the phonon
replicas of these bands could only be understood by a mechanism
involving trapped carriers. The basic reason 1s that, when
recombination takes place in the field of an impurity, the
impurity can absorb crystal momentum. Lambe et al (1956) pro-
posed a free hole-to-trapped electron recombination model at
49K, while Collins (1959) showed that, after excitation, the
free holes decay much faster than the green emission at 77OK
and proposed a free electron-to-bound hole recombination model.

‘Thomas and Hopfield (1959) suggested two alternative models.
The first explanation assuﬁes the green emission to be the result
of the recombination of electrons 1in minima not at k=0 with trapped
holes. The shift toward longer wavelengths would occur by
assuming that the off-axis minima®move toward k = O as the
temperature decreases. Thelr second explanation assumes that
a bound state of an electron exists in the vicinity of a trapped
~hole. At high temperatures (e.g. TTOK), the recombination would
take place from the unbound states, e.g. from the conduction band
to a trapped hole, while at low temperature (e.g. 4.29K) the
reéombination would take place from the bound state of the elec-

tron to the bound state of the hole. The energy difference



between the bound and unbound states of ‘the electron would
account for the shift in wavelength of the peak of the

emission band. Pedrotti and Reynolds (1960) postulated a free
electron~-to~-bound hole transition at 77OK and a bound electron-to-
bound hole transition at 4°K, in agreement with Thomas and
Hopfield's second model. Their data also showed that as the
crystal was cooled one peak disappeared and the other appeared.
If the first model suggested by Thomas and Hopfield were correct,
a gradual shift of the peak would occur. The fact that free
electrons rather than free holes are involved in the luminescence
at 779K was further supported by Spear and Bradbury (1965) by
photoconductivity and luminescence measurements.

Conflicting views were proposed by Halsted and Segall (1963)
who suggested a bound-exciton recombination at a double acceptor
level near the conduction band, and Razbirin (1964) who proposed
that the emission results from the annihilation of an exciton
with simultaneous ionization of a trapped hole. Gross, Razbirin
and Permogorov (1965) proposed that both transitions were of
the bound-to-bound type, originating from different shallow
donors and terminating on the same acceptor. However, since the
higher energy emission 1is dominant at higher temperatures, Gross's
model would imply thgt the more tightly bound donor electrons
are thermally 1lonized first. This model was also reported by
Gross and Nedzvetsky (1965).

Colbow (1966) observed}time-resolved photoluminescence spectra
of the green bands as a function of temperature. From the wave-

length‘shift of the emitted 1ight with time and temperature, he



concluded that the high energy band (5140 i) was due to the
recombination of free electrons with holes bound at acceptors
170 meV above the valence band, while the low energy band (5180 &)
was due to the recombination of electrons bound at donors 30 meV
below the conduction band with the bound holes. 1In addition to
values for the donor and acceptor binding energies, the bound-
to-bound reaction coefficient and an estimate of the donor
concentration were obtained. The conclusions were supported
by independent information from the time decay of the bound-to-
bound and the free-to-bound emission intensity, and its correla-
tion with the low temperature decay of photoconductivity as a
function of time after excitation. The strong coupling of the
trapped carriers with the lattice is in part responsible for the
broadness of the free-to-bound and the bound-to-bound emission
bands. Colbow (1966) found shoulders on these bands which were
attributed to the simultaneous emission or absorption of trans-
verse optical (TOp) and acoustical phonons

In recent work, Maeda (1965) and Condas and Yee (1966), again
proposed a bound electron-to-bound hole transition for the high
energy band. Maeda (1965) based his conclusions on the different
activation energies for thermal quenching of the green lumines-
cence in conducting and insulating crystals. However, if correctly
interpreted (Chapter II1), his data confirms that the high energy
band is due to a free electrbn—to—bouhd hole transition. Condas
and Yee observed a small shift of the peak of the high energy
band with excitation intensity. They based their conclusions on

the nature of the transition on the assumption that such a shift



could ohly be observed in a bound-to-bound transition. However,
in Chapter III, it has been shown that the small shifts observed
can reasonably be explained for a free-to-bound transition by
either a reduced acceptor binding energy due to free carrier
screening or by a photoexcited electron temperature larger than
the lattice temperature.

Thus, to summarize the work on the green emission bands, it
is now well established (in part as a result of the work reported
in this thesis) that the low energy band at 5180 A is due to
electrons, bound at donors 30 meV below the conduction band,
recombining with holes, bound at acceptors 170 meV above the
valence band. The high energy band at 5140 A is due to free
electrons recombining with the bound holes.

The shallow donors are believed to be group III and VII
impurities such as aluminum and chlorine, while the deep acceptors
are most likely caused by cadmium vacancies and the group I
impurities copper and silver (Woodbury, 1964). Handelman and
Thomas (1965) have shown that ﬁhe conductivity of high-purity
CdS crystals can be reproducibly changed between conducting
(resistivity less than 10 ohm-cm) and insulating (resistivity
greater than 108 ohm-cm) by heat treatment in cadmium vapor and
vacuum respectively. The heat treatment changes the density of
cadmium vacancies and thus the degree of compensation of the
donors. In addition, both free-to-bound and bound-to-bound
recombination associated with a new acceptor level 130 meV above
the valence band due to nitrogen impurities have been observed

(Chapter IV).



As stated earlier, the primary aim of this work was to
investigate the recombination kinetics in photoluminescent
cadmium sulfide crystals. One might expect for a wide-band-
gap semiconductor, containing fairly shallow impurity states,
that non-radiative recombination is an uncommon process since
it would require the emission of many phonons simultaneously.

Some non—radiative bulk recombination may, however, be expected
through the presence of non-radiative centers due to crystal
defects and impurity clusters. On the other hand, the surface

may be expected to give rise to mainly non-radiative recombina-
tion, since there may be a large density of recombination centers
in the forbidden band gap. These states may be elther intrinsic

or extrinsic. In 1932, Tamm predicted theoretically the existence
of localized states associated with the termination of the periodic
crystal potential. Surface states assoclated with foreign impuri-
ties have been extensively investigated in silicon and germanium.
Recently, Levine and Mark (1966), have predicted and apparently
observed intrinsic surface states on ionic crystals using photo-
conductivity techniqgues. However, most of the non-radiative
surface recombination is believed to occur at extrinsic surface
states arising from adsorbed impurities such as oxygen which
strongly affect the surface recombination (Bleil and Albers, 1964).
Thus, for strongly absorbed light, it 1s expected that the surface
will have a dominant role in determining the luminescence effic-
iency, while for weakly absorbed*light, bulk non-radiative
recombination should be the more important.

DeVore (1956) has made a theoretical analysis of the shape of the



photoconductivity spectral distribution curves. The analysis

is based on the effects of surface and volume recombination

on the optically generated free electrons as the excitation
wavelength and hence the absorption coefficient is varied.

Mark (1965a) has extended this analysis to the case of an insula-
tor with two carriers. In Appendix A, the analysis of DeVore
and Mark has been extended to include the effects of an applied
electric field.

The thesis 1s organized into seven chapters. Following this
introduction there is a chapter on experimental techniques which
describes the apparatus and procedures used in obtaining the
data. The third chapter deals with the controversy in the
literature regarding the origin of the high energy green emission
band at 5140 A. The next three chapters deal with the major
experimental results of this study: surface effects on photo-
luminescence; bound-to-bound and exciton recombination kinetics;
and, free-to-bound recombination kinetics. The last chapter
contains a summary of the work and the major conclusions along

with suggestions about possible future research.
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CHAPTER II

EXPERIMENTAL TECHNIQUES

1. Apparatus

The experimental arrangement used to study photoluminescence
is illustrated schematically in Fig. 2. The samples were mounted
in holders (Fig. 3), and immersed in liquid helium, nitrogen or
oxygen coolant on the end of a longrstainless steel rod. The
crystals were excited by the light from a PEK Labs (model 911)
100 watt high pressure mercury arc which was dispersed by a
Jarrell-Ash (model 82-410) 0.25 meter Ebert monochromator with
a grating of 1180 grooves per millimeter blazed at 3000 R. Two
millimeter wide slits were used and this restricted the excita-
tion wavelengths to a band about 100 £ wide. The emission
spectrum of the light source consists of intense pressure broad-
ened bands at the mercury emission lines superimposed on a broad
continuous background. At each excitation wavelength the spectrum
of the excitation light was measured and Corning Glass Color
Filters chosen so as to eliminate any unwanted lighf from the
intense bands in other regions of the spectrum. At all times,
a Corning 7-59 filter was used at the exit slit of the mono-
chromator to remove greenfand blue light of the same wavelengths
as the luminescence. With this arrangement it was possible to
achieve maximum excitation intensities of about 10 milliwatts
per cm® at the crystal surface. The method of measuring the
excitation intensity 1is described in the next section. The
excitation intensity was controlled with Kodak Wratten neutral

density filters.
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Part of the optical system was common to the excitation
and detection systems. The excitation light was reflected off
an interference filter (Optics Technology Inc. Series 6085,
Type 500W) which reflected wavelengths shorter than 4500 i
when placed at an angle of 45° to the incident light. The
excitation light was then focussed onto the crystal by an
f/2 quartz lens mounted on the glass dewar. This same lens
collected the luminescence emitted by the crystal. The lumines-
cence was transmitted by the interference filter, mechanically
chopped, and the spectrum analyzed in second order by a Spex
Industries (model 1700-II) Czerny-Turner monochromator with
a Bausch and Lomb 1200 grooves per millimeter grating blazed
at 1.3 microns. The light was detected at the exit slit with
a EMI (type 9558) photomultiplier (8-20 response), displayed
by .a Princeton Applied Research (model HR-8) phase sensitive
detector, and recorded on a Moseley (model 2D-2A) X-Y recorder.
The wavelength/response of the spectrometer was calibrated by
means of the sharp emission lines of a low pressure mercury
arc while the energy response was determined using a standard
lamp (Electro Optics Associates, Type L-101).

In the photoconductivity experiments, ohmic contacts were
made by soldering gold wires to the front surface of the
crystal with indium (Smith, 1955). The area between the elec-
trodes was then illuminated, and the change in resistance
measured with a Keithley (model 600A) electrometer.

The crystals were mounted in the brass sample holders with

rubber'cement, the cement being applied along only one edge of
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the crystal so that no strains were introduced upon cooling.
Care was taken not to expose the cement to the excitation
light, since the cement is photoluminescent in the green

region of the spectrum.

2. Measurement of Photoluminescence Efficliency as a Function

of Excitation Wavelength

In the measurement of photoluminesence efficiency as a
function of excitation wavelength it was necessary to know the
photon flux incident on the crystal at each band (100 i wide)
of wavelengths used and this required many precautions. To
minimize changes in excitation beam cross-section and position
on the crystal as the excitation wavelength was varied, the
optical axis of the excitation system was aligned by means of
a laser beam and the excitation beam was defocussed so that its
image on the specimen holder was about ten times the area of
the crystal. The power supply for the mercury arc was run
off a constant voltage transformer to minimize line voltage
fluctuations, and the lamp was allowed to warm up for at least
one-half hour before data were taken.

The crystals were mounted behind an aperture in the sample
holder (Fig. 3b) so that the area of excitation was controlled.
The sample holder itself was accurately centered on the optical
axis by a threaded tail which was tapped into a brass block
which in turn was keyed to the bottom of the liquid helium
chamber as shown in Fig. 4. Above the sample holder a brass

"spider" centered the stainless steel rod. Rotating the sample
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holder 90©C exposed a second aperture at the position where the
sample had been. Light passing through this aperture was
collected at the rear of the dewar by a quartz lens and detected
with an RCA 935 vacuum photodiode (S-5 response). In this way
it was possible to calibrate the excitation lines immediately
after performing the measurements of photoluminescence. The
photon fluxes at each wavelength were arranged to be within

a factor of two of the desired value by means of combinations
of neutral density filters. The attenuation of the neutral
density filters is a function of wavelength and they were
calibrated with the RCA vacuum photo-diode by simply recording
the signal before and after the filter was placed in the path
of the excitation beam. Corning Glass Color Filters were used
to attenuate unwanted intense lines in other regions of the

spectrum as described in Section 1.

3. Electric Field and Oxygen Photodesorption Experiments

Photodesorption of oxygen from the crystal surface was per-
formed by flushing the dewar with nitrogen gas while i1lluminating
the crystal with strongly absorbed light. The photo-excited
holes drift to the surface under the action of the strong electric
field in the depletion layer near the surface. As the holes
reach the surface, they neutralize the chemi-sorbed oxygen ions
allowing them to leave the surface as the strong chemical bond
is broken (Williams, 1962). Liquid nitrogen or helium coolant
was then added without allowing oxygen gas to reach the crystal

surface. This treatment also seemed to improve the reproducibility
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of the measurements of luminescence efficiency as a function
of excitation wavelength.

The electric field measurements were performed by placing
the sample between sheets of mica and illuminating one face of
the crystal through a transparent conducting glass electrode
(Fig. 3a). Since neither electrode touched the sample, there
was no possibility of electrical injection of carriers. Volt-

ages of up to 4 KV were applied across the electrodes, which

were about 1 mm apart. At 4.29K, the applied voltage was limited

to 1 KV by the lower breakdown voltage of helium gas.

4., variable Temperature Measurements

Data at 4.2 and 2°K were taken using liquid helium and
pumped liquid helium as the coolant. Pumped liquid helium was
preferred because of the absence of bubbling in the superfluid
phase. Temperatures between 64 and 779K were achieved by pump-
ing on liquid nitrogen and the temperature was obtained from
the equilibrium vapor pressure in the dewar as registered by
a mercury manometer. All data at temperatures below 78OK were
taken using the dewar illustrated in Fig. 4.

In the temperature region between 80 and 100%K, where
thermal quenching of the luminescence takes place, the variable
temperature dewar illustrated in Fig. 5 was employed. The main
advantage of this apparatus was that the temperature dependence
of the photoluminescence was measured by cooling the crystals
by gas flow rather than by immersion in liquid coolants. This

avoidsvpossible complications due to the different refractive
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indices of nitrogen arnd helium.

The principle of operation of the variable temperature

i dewar is as foilows. Nitrogen gas from a storage cylinder flowed
§ through a precooler coll immersed in liquid nitrogen, then down
3 stainless ste=l rod into "a heat exchanger immersed in a large
reservolr ¢f 1liquid nitrogen in the bottom of the dewar. On
leaving the heat exchanger, the gas was piped up to the neck

of the dewar and vented just below the sample holder where the
rarrow constriction caused it to flow past the sample and on out
the top of the dewsr. Variable temperature was achieved by
regulating the gas fiow rate. Temperature measurement was by

a gcld-chromel thermocouple with the reference junction at
l1iguid nitrcgen temperature. Short term femperature stability
of ¥ 1°K was achieved. In this short time periocd (of the order

£ 5 minutes) it was possible to obtain a set of photoluminescence

o
[ty

and photoconductance measurements over the useable range of

excltation intensity.

5. Time Resolved Sp=ctroscopy

In the =xpezriments on the nitrogen acceptors describsd in
Cnagter IV, it was necessary to clearly ldentify the observed

amigsion hands a8 rrao-to-tound and bound-tce-~ktound.

1G6€ and the experimental arrangement is illustrated in Figs. 6and 7
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tube. The luminescence from the crystal passed through the Spex
Industries mocnocchromator and was detected by a gated photo-
multiplier for a variable short time interval following a vari-
abie time deiay aiter the excitation pulse. The resulting
photorultiplier current pulses were fed through a l-sec RC net-
werk, & high impedance D.C. amplifier (HP model 425A DC Micro-
voltmeter), and a 10-sec RC integrating network to a Moseley
(model 2D-24) X-Y recorder. With a slowly scanning monochromator
the luminescence spectrum was recorded as a function of wave-
length for the time interval after excitation when the photo-
multiplier is gated on.

The photomuitiplier (EMI type 9558, S-20 photocathode) was
operated in the following fashion (Colbow, 1966). In the
absence cf anr excitation flash, two isolated strings of zener
dicdes and & D.C. supply of -2000V maintain neighboring pairs
of successive dyrodes at the same potential which differs by
2CCY from that c¢f the following and the preceding pair. For
nis poterntial distribution, the current gain of the photo-
muitiplisr is very low. With each excitation flash an induc-
tively coupled pulse triggers time base & of & Tektronix (model
555 dual-beam osclllioscope. Using the adjustable sweep time of

time base B, and the variable time delay, an external positive

gate of 30V (cof variakle duration and starting at a variable
time after the triggering pulse) can be obtained. This gate

is ampliified tce 100V and fed into one string of zener diodes,
thus creating the usual conducting potential distripution, where

uccessive dynodes are at a potential 100V above the previous

[94]



2k,

one. Hence the photomultiplier will detect light only while

the gate is on.



CHAPTER III
FREE-TO-BOUND VERSUS BOUND-TO-BOUND

RECOMBINATION CONTROVERSY

1. Introcduction

As discussed in the introduction, the origin of the green
smission banis whose no-phonon peaks occur at about 514C and
5180 i has been the subject of a great deal of controversy.
Colbow (1966) showed that, after flash excitation, the time
and temgerature dependence of the afterglow can be understood
bv assuming that the high energy band at 5140 £ is due to a
free elactron-to-bound hole recombination, while the low energy
band results from a bound electron-to-bound hole recombination.
This work was in agreement with earlier work by Collins (1959)
who postulated that the high energy band was due to a free
alectron-to-bound hole recombination, and by Pedrotti and
Reynolds (1960) who postulated a free electron-to-bound hole
recombination at 77°K and a bound electron-to-bound hole trans-
iticr at U%K, Conflicting views had been proposed by several

earlier authors, as mentioned in the introduction, and these

¢

were discussed by Colbow (1966).

The evidence presented by Colbow (1966) that the high energy
band was due to & free-to-pound transition seemed quite con-
clusive. However, about the same time, Maeda (1965) published
his conclusions that the transition was of the bound-to-bound
type. We will show that he had interpreted his data incorrectly,

although this was not known at the time. More recently, Condas

and Yee (1966), being aware of Maeda's work but not of the other
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major papers on the subject, also postulated a bound-to-bound
transition for this band. Since the interpretation of the
recombination kinetics of this band (Chapter VI) is dependent

cri 1ts corigin, it 1s limportant to resolve these conflicting
views. In the following two sections, these papers are analyzed

znd the

(n

ir r

@
U

ul1ts zhown to be net in conflict with the free-to-

bound reccocmbination model.

2. Thermal Quenching of the Luminescence

The quenching of the green edge luminescence occurs at the
temparature at which the bound holes become thermally ionized
(Maeda, 1965 and Ch. VI). On the basis of the activation
erergies for the quenching mechanism, Maeda concluded that the
high energy band is of the bound-to-bound type in disagreement
with cother work (Collins, 1959; Pedrotti and Reynolds, 1960;
Colbow, 1966). However, if correctly interpreted, his data
cenfirms that the high energy band is due to a free-to-bound
trarnsiticn., as shown by the following analysis.

The thermal ionization rate of holes bound at the cadmium

vacancy acceptors is

Y = th ViV exp (- E, /K;) (3-1)

where oQn is the capture cross-section for a hole with velocity

vy, by an acceptor with binding energy E,, and Nv is the effective
density c¢f states in the valence band. The radiative recombina-

tion rate of free electrons of density n and velocity v,, with
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hound holes is

Ty = 0,V 0, (3-2)

wherve g,- 18 the capture cross-section of the acceptor for an
electron. At iow temperatures, y is very small and there 1is

negiigible thermal quenching of the luminescence; however, as
the temperature is increased, -y 1lncreases very rapidly. The
temperature at which thermal quenching of the luminescence

becomes dominant may be defined as the temperature (Tq) where

the two rates -y and r., become equal. There are two cases to

il
{a) In conducting crystals, the density of photo-excited
electrons is small compared to those thermally released from
donor impurities since the conductivity 1s increased only
siigntly by intense excitation. The thermal equilibrium free

electron concentration is (e.g. Blakemore, 1962)

ro= {Np - Np)/[1 + (2Ny /Ny )exp Ep/k7]. (3-3)

£

A4t the low temperatures (~80°K), where the quenching of the
Tuminescance takes place, and with typical acceptor concentra-

DI e
LIONS O LY

to 10+° per em®, Eq. (3) simplifies to

rom= (Npy - Ny ) (N./20 )Jexp - Ep/kT. (3-4)
Thus, eguating ry and rey, one obtains for the guenching temper-
ature
=y \
Ep-Ep oV N (Npy - Np) /
Ty ST PG - - — (3-5)
k QQA*vhNVHA
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where the activation energy is EA - ED'
(b) In insulating crystals, the dark free electron density
is negligible compared to the photo-excited concentration An.

e

An = gT, (3-6)

where g 1is the optical volume generation rate (i.e. the density

of electron-ncle pairs generated per second by the excitation

-

iight;, and Th is the electron lifetime. Equating vy and rey,
or:= ¢cbtains fecr the quenching temperature
- e
v o
- A OA R'eng’l o
g T w-1n»~w~g——~“ 5 (3-7)
k g, v. N
A hv
wnerse the activation energy is EA.
Maeda found activation energies of 136 meV for conducting

crystalis and 165 meV for insulating crystals. These he equated
and k, + E. respectively, rather than EA - ED and EA as

reguired by Egs. (5) and (7). Thus, the correct interpretation

combining with hocies bound at acceptors about 165 meV above the
valencs band, in agreement with other work (Collins, 1959;

Fed "otti and Reynolds, 1960; Colbow, 1966).

3. The Hrnergy Shift of the Edge Luminescence in CdS with

Focentiy Condas and Yee {1666 observed that the luminescence

under D.C. excitation shifted towards higher esnergies for larger

excitation intensity for both the high energy band at 5140 i and
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the low energy band at 5180 A. However, a much larger change
of excitation intensity was required for the high energy band
than for the low energy band to obtain an equivalent shift in
the position of the peaks of the bands.

Ir. flash excitation experiments, the peak of the afterglow
spectrum was observed to move towards longer wavelengths with
increasing time after excitation both for GaP (Thomas et al,
1965) and for the low energy band in CdS (Colbow 1966). With
0.0, excitation the luminescence was found to shift to higher

energiles with increased excitation intensity for GaP and for

9P

538 {Uross, Rzzbirin and Permogorov, 1965; Condas and Yee, 1966).
Both effects are expected for pair recombination since donor-
acceptor pairs of short separation have larger overlap of the
wavefunctions and hence give rise to faster electron-hole
recombination. Thelr resulting light emission occurs at higher

anergies, given by

hv = B, - (Ej + E,) + e? /kr (3-8)

where r, the donor-acceptor separation, is large compared to

tha elzctron and hole effective Bohr radii. ECT is the semi-
conductor band gap, ED and EA are the donor and acceptor binding
anergies., and « 1s the static dielectric constant. High D.C.
axcitation will favor pairs which are closely spaced since the

rate of recombination is proportional to the square of the over-

lap of the wave functions (Colbow, 1965)

W = WO exp(-zr/ro) (3-9)



RO o H

30.

where WO is the reaction coefficient, and r., is the Bohr radius

o
of the less tightly bound carrier.

Following this line of reasoning Condas and Yee concluded
that the high energy band in CdS, which showed a shift of about
3.5 meV at 77°K with a 20-fold increase of excitation intensity
must alsc be due to palr recombination. However, this explana-
tion encounters difficulties when one attempts to understand
the temperature dependence of the two bands in CdS (Pedrotti
and Reyrolds, 1960; Gross, Razbirin and Permogorov, 1965;
Coilbow, 1966). If one were to attribute both bands to pair
recembivation from different donors to the same acceptor (Gross,
Razbirin and Permogorov, 1965), then one is left with that the
deeper donor state (giving rise to the low energy band) becomes
thermally ionized, thus quenching the luminescence, before the
shallower donor (giving rise to the high energy band) does.
Secondly, the time resolved spectrum of the afterflow showed no
energy shift for the high energy band, but did show one for the
low energy band (Colbow, 1966), which supports the view that the
high energy band is due to free electron-to-bound hole recombina-
tion while the low energy band is due to pair(bound electron-
to-bound hole) recombination.

The energy shift as a Tunction of excitation intensity was

measured for both bands on several crystals. The energy shift

=3

varied

)
s
’_)

y & Tactor of 3 among different crystals. However, for

each crystal the shift of the palr emission was at least 5 times

g
[92]

as much as the shift of the free-to-bound emission for the same

change

!

n excitation intensity. A typical shift for a 70-folad
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increase in excitation intensity was 4 meV for the pair radia-
tion (at 2°K) and 0.7 meV for the free-to-bound radiation (at
TTOK). The energy shift of the peak of the pair emission, which
is dominant at 2°K, results from the fact that high excitation
intensity favors pairs of short separation. The energy shift
of the peak ¢of the free-to-bound emission, which is dominant
at 779K, is shown in Fig. 8 as a function of the mean free
electron concentration for crystal F which shows a larger than
average shift. The solid line shows a shift proportional to
the square root of the free carrier concentration. The latter
was calculated from photoconductance measurements under the
assumption that, due to rapid capture by defects, carriers do
not diffuse from the region of generation.

While the detailed explanation for the energy shift of the
free-to-bound transition is not clear at present, two mechanisms
are suggested:

(a) Free Carrier Screening

In the presence of a free charge carrier density n, the effective
mass Hamiltonian for a shallow impurity (assuming a spherically
symmetric mass; is

2
=-.__{ F281 8" oxp I, (3-10)
om r dr Kr A

where « 1s the dielectric constant, and

N||—4

A = (kTk/4me?)?2, (3-11)

is the Debye-Huckel screening length. A variational calculation

can be‘performed by assuming a trial wave function of the form
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Y = woexp(~ar), ‘ (3-12)

and choosing a so as to minimize the energy

E = S v Hydr. (3-13)

Introducing the effective Bohr radius,

o

where EA is the experimental acceptor binding energy with no

screening. Using the dimensionless quantities

B = ro/is (3-15)

y = 2r a, (3-16)

and W = E/Ep, (3-17)
Eq. (13) then leads to

W= y2/h - y3/(y + B)Z, (3-18)

whichhas a minimum with respect to y (or a) for

y3 + (38 - 2)y2 + (382 - 6B)y + B3 =0 . (3-19)

If solved numerically one finds the dependence of acceptor

binding energy on free carrier concentration shown in Fig. (9).

For small free carrier density (small B) an approximate

sclution, neglecting terms in 82, gives

Wo=28 - 1. (3-20)

ro = e°/2«E,, (3-14)
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With Ey = 170 meV and « = 10.33 (Berlincourt et. al., 1963),
Eq. (14) leads to a Bohr radius of 4.1 k. By Eq. (3), the
highest free charge carrier density of 3.8 x 1O15 per em3 at
77°K will lead to a screening length of 315 A. Using Eqs. (15)
and (20), this leads to a value of B = 0.013, and a decrease

in acceptor binding energy equal to 4.4 meV. This is in reason-
able agreement with the observed value of 2.0 meV (Fig._z).

A charge carrier concentration of 4 x 1015 per cm3 corresponds
to 1.2 ¥ 10_6 free carriers inside a Bohr radius of about

4.1 A. When the free charge carrier density is so low, one
may questicn the validity of the Debye-Huckel screening length
approach. However, as an estimate, the calculation appears

to give a reasonable answer.

(b) Hot Electron Gas

The rate of the recombination of an electron of kinetic energy

E with a bound hole is given by pAnvecAe where p, 1s the density
of the bound héles, n is the density of electrons with energy

E and ve is the electron velocity. Assuming a Boltzmann distribu-
tion for a parabolic conduction band, and that the capture cross-
section (cAe) is independent of E, the free-to-bound recombina-

tion rate becomes,

rep(E) = r B exp(-E/kT,) (3-21)

This has a maximum for electrons with a kinetic energy of KTe.

Thus, the peak in the no-phonon emission occurs at

Ep = By - 'E, + KT, (3-22)
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where EG is the band gap and,EA is the acceptor binding energy.
At high excitation intensity, the effective electron tempera-

ture (T,) may exceed the lattice temperature (77°K). An electron

temperature of 130°K would explain the observed maximum shift of

4 meV. No experimental data are presently available for CdS,

and thus it is not known whether 130°K is a reasonable value

for the electron temperature;
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CHAPTER IV

SURFACE EFFECTS ON PHOTOLUMINESCENCE

1. Introduction

Two types of surface states have been studied in cadmium
sulfide. Levine and Mark (1966) have predicted and, using
photoconductivity techniques, apparently observed intrinsic
surface states. Extrinsic surface states associated with
adsorbed impurities (in particular oxygen) have been observed
(Bleil and Albers, 1964) to strongly affect exciton emission.

Mark and Levine (1966) derive their theory of intrinsic
surface states for ilonic crystals using Seitz's (1940) approach
to bulk crystal energy states as a starting point. Surface ions
are considered equivalent tb bulk ions except for their reduced
Madelung potential. The result of their analysis 1s the pre-
diction that surface cadmium ions will produce states in the
torbidden band gap just below the conduction band (electron
teans), and that the surface sulfur ions will produce states in
the forbidden band just above the valence band (hole traps).
Their experiments revealed that photogenerated electrons could
become localized in surface traps when the surface was free of
adsorbed impurities. 1In addition, there is no electrostatic
iimitation to the filling of these traps indicating that the
alectrons are not compensated by a depletion layer but rather
that equal numbers of holes and electrons are being trapped on
the surface. Since these intrinsic surface states are traps,
rather than recombination centers, they will not contribute

to recombination of the photogenerated carriers. Many and Katzir
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(1967), from pulsed field-effect and surface photovoltage measure-
ments, found that on (0001) faces of CdS, in a vacuum of 10
microns of mercury, there are practically no acceptor-like surface
states following prolonged illumination with UV light. They thus
conclude that there are no intrinsic surface states; however,
their work may not be in disagreement with Mark and Levine (1966)
since their measurements would not detect the equal numbers of
electron and hole traps observed by Mark and Levine. Reed and
Scott (1964) have postulated a set of intrinsic surface electron
traps associated with unsaturated covalent bonds. They claim that,
under illumination, these states may act as recombination

centers.

Non-radiative recombination at the surface seems to be mainiy
associated with extrinsic surface states due to adsorbed impurities.
Many workers (Bube, 1953; Seraphin, 1953; Liebson, 1954, 1955;
Auth, 1961; Eckart and Asch, 1961; Reed and Scott, 1964; Mark,
1965b) have observed the effect of various gaseous ambients on
the photoconductivity and photoconductive response of CdS crystals,
while Bleil and Albers (1964) have observed the influence of
ambient atmospheres on the exciton emission of Cds;

A large peak, in the region of the absorption edge, has been
cbserved in the photoconductivity spectral response curves of
cadmium sulfide. The response to photons with energy greater
than the band gap (i.e. those with higher absorption coefficients)
varies markedly with the ambient. Bube (1956) suggests that
carriers produced near the.surface have a shorter lifetime than

those in the bulk, while Winogradoff (1961) proposes that the
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fall-off in response at short wavelengths is associated with a
reduced quantum yield. Ryvkin and Khansevarov (1958) have shown
that different surface treatments cause considerable changes in
the shape of the spectral response curve. DeVore (1956) has
made a theoretical analysis of the shape of the spectral dis-
tribution curves. The analysis 1s based on the effects of
surface and volume recombination on the optically generated free
electrons as the excitation wavelength and hence the absorption
coefficient is varied. Mark (1965a) has extended this analysis
to the case of an insulator with two carriers. These analyses
have been extended to the case of an applied electric field in
Appendix A. Results similar to the peak observed in the photo-
conductlvity spectral response curve are expected for the photo-
luminescence spectral response curve. The photoluminescence
efficiency was measured as a function of excitation wavelength
and the results of this experiment are discussed in the following
sectionn. In the third section of this chapter, the effect of a
D.C. electric field on the photoluminescence efficiency is
described.

The main non~radiative recombination centers on the surface
of £dS are probably associated with chemically adsorbed oxygen
ions (Williams, 1962)0 These negative oxygen ions are charge
compensated by a depletion layer in the bulk immediately adjacent
to the surface. Several workers (Williams, 1962; Mark, 1964;
Many and Katzir, 1967) have shown that the oxygen can be removed,
by illuminating the crystal with UV 1light, while the crystal is

in an atmosphere of nitrogen, an inert gas, or in vacuum. The
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photogenerated holes are swept to the surface (by the strong
electric field in the depletion layer), where they neutralize
the oxygen ions which are then free to diffuse away from the
crystal. After this treatment, there is no evidence of extrin-
sic surface states and the photoconductive response is high even
at short wavelengths. The effect of oxygen photodesorption on
the photoluminescence efficiency is described in the third
section of this chapter.

The final section of this chapter describes evidence for a
new radiative recombination center associated with nitrogen
acceptors near the surface. The new emission bands are obtained
by heating the crystal briefly in a nitrogen atmosphere and are

eliminated by a short etch in concentrated HC1.

2. ILuminescence Efficiency as a Function of the Wavelength of

Excitation

The object of this experiment, in which the luminescence
efficiency is measured as a function of excitation wavelength
(i.e. optical absorption coefficient), is to determine the effect
of non-radiative surface recombination on the luminescence effic-
iency. Higher energy photons are absorbed closer to the surface
than photons of energy near the band gap, and thus a larger
fraction of the free holes can drift and/or diffuse to the sur-
face. At the surface, there are usually non-radiative recombina-
tion centers associated with adsorbed oxygen ions.

Fig. (10) shows the results of measuring the relative lumines-

cence éfficiency as a function of the wavelength of the excitation
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light for two crystals, a high-resistivity (p > 108 ohim-cm at
2959%K) platelet (F) grown by the method of Frerich (1947),

and a low-resistivity (p ~ 10 ohm-cm at 295°K) crystal (D) cut
from a large single crystal obtained from the Clevite Corporation.
The platelets grow with their flat surface perpendicular to the
(1120) axis and this surface contains equal numbers of sulfur

and cadmium atoms in a checkerboard array (Levine and Mark 1966).
After etching, crystal D showed a shiny surface made up of sulfur
atoms, and a dull opposite surface made up of cadmlum atoms
(Markelois et al., 1962). The luminescence from the sulfur side
was brighter than that from the cadmium side; the data shown for
crystal D is for the sulfur side.

The striking feature of the curves in Fig. (10) is that the
shape of the curve 1s approximately temperatureéindependent, and
is similar for the exciton emission and the free-to-bound emission.
In the cases shown, the efficiency is peaked for an excitation
wavelength at about 4050 A. This wavelength corresponds to an
energy appreciably greater than the energy band and corresponds
to no known structure in these bands.

To understand these data we have assumed that diffusion of
carriers into the interior of the crystal does not take place,
but rather that the photo-excited carriers are spread over an
average distance, 1/a, where 1/a 1s the optical absorption
length. This assumption is Jjustified by the analysis in Ch. VI,
where the hole lifetime is shown to be very short. Once the
holes become bound, the electrons are prevented from diffusing

out of the photo-excited region by space-charge fields. The
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fall-off in efficiency at short excitation wavelengths is
attributed to non-radiative recombination at extrinsic surface
states associated with adsorbed oxygen ions. This recombination
is aided by the electric field in the depletion layer adjacent
to the surface, which drives holes to the surface. With short
wavelength excitation a greater fraction of the photogenerated
holes can reach the surface. The effect of the surface is less
pronounced at higher excitation intensity, as shown in the curve
labelled 40I, in Fig. (10), where the excitation intensity is

40 times higher than that used in obtaining the other curves.

e

Apparently the electric fleld 1is screened out in the interior
of the crystal at high carrier densities.

The drop in luminescence efficiency at wavelengths longer
than 4050 A is attributed to the decrease in carrier density as
the carrier generation rate density (al,) decreases. The relevant
photoluminescence efficiency should then be defined as lumines-
cence per volume generation rate (al,) rather than luminescence
per total incident flux (I,). This has been plotted in Fig. (11),
using the optical absorption coefficient reported by Hall (1956).
The peak in the efficiency curve at 4050 A is now removed. No
clear differences have been established for the three types of
surfaces studied.

For crystal A, the bulk properties of which are analyzed in
detail in Ch. V and VI, only slight non-radiative surface recombi-

nation was found. This 1s interpreted as meaning that the

extrinsic surface state density was low.
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As a general rule it proved difficult to obtain reproducible
results in this experiment. One of the reasons is believed to
be that the extrinsic surface state density may change slowly
with time and also vary markedly from crystal to crystal. The
extrinsic surface state density may also depend strongly on the

rethod of preparing the crystal for the experiment.

3. The Effect of an Electric Field and of Oxygen Photodesorption

on the Luminescence

The luminescence efficiency can be increased by removing the
eiectric field at the surface through oxygen photodesorption, or
by applying an external electric field *to counteract the negative
surface field, thus preventing holes from being drawn to the
surface.

The effect of applying a D.C. electric fileld perpendicular
to the illuminated surface is shown in Fig. (12) for the emission
band at 5140 i for crystal F at 78OK. Qualitatively similar
results were found for the other crystals measured. The lumines-
cence decreases when the illuminated surfage is negative and
increases or 1s unchanged when the illuminated surface 1is positive.
The field enhancement of the luminescence is strong when a large
built-in field exists near the surface (bands bent up). Oxygen
photodesorption or large excitation intensity will straighten
the bands and thus reduce the enhancement effect of applying a
positive voltage to the illuminated surface, Once the bands
are level near the surface, the conduction electrons will prevent

a posiﬁive field from bending the bands down and thus from further
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erhancing the luminsscsnce. A negative field will bend the bands

up furthsy, thus causing more holes to be lost at the surface.

At Jow excitation, the field guenching is larger since the region

b
by

o

ace has larger resistivity than for higher excita-

'(/7

near the suy!
tior and thus a larger fraction of the applied voltage will be
sffective in swespling holes to the surface. No gquantitiative
analysis is attempted since only external voltages are measur-
able and tne interpai field distribution is not.

In *the oxygen phctodesorption experiment the chemically
adsorbed oxvgern is removed from the surface, resulting in enhance-

4

mant i ths Exposure to the atmosphere decreased

the lumirascerce again, apparently as a result of readsorption

of the oxyger.

L. Prhnetoluminescence Associated with Nitrogen Impurities

{a) Irtroductio

The main features of the luminescence spectrum of CdS are

urderstood. Most crystals show two broad bands at low

@
Hl

L

temperatures near 5135 and 5180 A, which are repeated at longer
wavelengtne through the simultansous emission of one or more
longitudiral cptical phonons (LO). These bands are caused

hy the recombination of a free electron with a bound hole (f-D)

ard &z beund elactron with a bound hole (b-b) respectively

‘Q

{ Pedrotti and Reynolds, 1963; Colbow, 1966). The electrons
are usualiy bound to donors 30 meV beiow the conducticn band,
and the holes to acceptors 170 meV above the valence band

(Col bow. 1966). The donors may be associated with foreign
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impurities (e.g. Al, Cl) or possibly defect centers, while the
acceptors are most likely due to cadmium vacancies (Woodbury,
1964; Handelman and Thomas, 1965). We have been able to observe
both free-to-tound and bound-to-bound recombination radiation
assoclated with a new acceptor level 131 meV above the valence

band due to ritrogen impurities.

r

(b) Theory
When ar: clectron bound to a donor recombines with a hole
tound tc an acceptor a distance r from the donor, the energy

of the emitted light is (Thomas et al., 1964)

ey

Epw = Eq - (Ey + Ep) + e?/kn - nE

D (L"—l)

Here Eg 1s the band-gap energy, Ep and ED the acceptor and
donor binding =snergies respectively, ez/xr is the Coulomb energy
betweern the hole and the electron, and k 1s the static dielectric

constant. The energy nkE_ . represents the simultaneous emission

b
2, ...) longitudinal optical phonons of energy E

p_v

of n {= 0, 1, ‘ o
For the radiative transition of a free electron to a neutral

acceptor, the energy of the emitted light is (Colbow, 1966)

where Ep =~ kT is the kinetic energy of the free electron. At
29K, the kinetic energy of the electron 1s negligible, and the
~acceptor binding ensrgy is readily calculated from the observed
energy of the free-to-bound no-phonon emission peak and the

energy gap of the material.
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(c) Experimental and Discussion

Fig. 13 shows the free-to-bound and bound-to-bound recombina-
tion radiation which is usually observed from a high-purity CdS
crystal under D.C. excitation with highly absorbed excitation
light. At 29K, both the f-b (5135 i) and the b-b (5180 &) are
observed, vnils 2: 64 and 78°K the shallow donor becomes ionized
and only the f-b transition can be seen. After heating the
crystal for a few seconds in a nitrogen ambient, the spectrum
shown in Fig. 14 results. At 29K, two new bands appear at
5050 and 5100 &, which we attribute to f-b and b-b transitions

respectively, involving nitrogen acceptors. At the highest

1y

temperatures, the 5100 A band disappears as in Fig. 13 due to
ionization of the shallow donor. The nitrogen acceptors and
the cadmium vacancy acceptors differ in binding energy by
38.5 meV. This is about the same magnitude as the LO phonon
energy (38.1 £ 0.5 meV from Fig. 16), with the result that the
phonon replicas of the transitions to the nitrogen acceptor are
masked by the transitions involving the cadmium vacancy acceptors.
The spectra at 64 and 78°K in Fig. 14 show that the free-to-
bound transition to the nitrogen acceptor decreases with increas-
ing temperature relative to the free-to-bound transition to the
cadmium vacancy acceptor. This is expected since with increasing
temperature the shallower nitrogen acceptors will become ionized
sooner. The energy level scheme showing the f-b and b-b no-
phonon transitions is shown in Fig. 15.

Using time-resolved spectroscopy (Colbow, 1966), it was

possible to look just at the afterglow between 100 and 600 u sec
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after the start of the pulse of excitation light. The exciton
and the free-to-bound radiation have died out 100 microseconds
after excitation and one obtains only the bound-to-bound transi-
tions (Fig. 16). The transition involving the nitrogen acceptor
(5098 k) is iess intense in the afterglow than the transition
invoiving the cadmium vacancy acceptor, while the reverse was
true under D.C. excitation (Fig. 14). This is expected since
the nitrogen acceptor has the smaller binding energy and thus
the larger Bohr radius. This means a larger wavefunction over-
lap with neighboring donors and thus a larger recombination
rate {Colbow, 1965), which in turn implies a faster decay of
the afterglow and a higher intensity under D.C. excitation.
Heating the crystal for a few seconds in a nitrogen or air
ambient to the point where the crystal turns red, produces the
bands associated in Figs. 14 and 16 with the nitrogen acceptors.
Subsequent etching for about 10 to 30 seconds in concentrated
HC1 removes them again, suggesting that the nitrogen diffused
oniy a "short" (i.e. of the order of microns) distance into
the crystal. Heating the crystal in an oxygen atmosphere did
not produce any new bands in addition to those observed in
Fig. 13, but reduced the overall efficiency. The latter was

attributed to increased non-radiative surface recombination

because of a strong electric field due to adsorbed oxygen (Ch. IV).

"Prolonged" heating (i.e. for 2 or 3 minutes) in either
nitrogen or oxygen will first cause the free exciton emission
to decrease and finally disappear and the f-b and b-b bands

with the phorion replicas are broadened until they merge into a
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continuous band which then decreases in intensity. These effects
are again attributed to strong electric fields near the surface

due to chemi-sorbed oxygen ions (Ch. IV).



CHAPTER V
BOUND ELECTRON-TO-BOUND HOLE AND

EXCITON RECOMBINATION KINETICS

In this chapter, the luminescence efficiency of the bound
electron-to-bound hole emission band and the exciton emission
lines are ccnsidered.

At temperatures below about 350K, the photo-generated
electrons and holes are rapidly captured by the donors (ND) and
; the cadmium vacancy acceptors (N_) respectively, and the recom-
binatici: of bound holes with bound electrons becomes important.

When an electron bound to a donor recombines with a hole bound

to an acceptor, & distance r from the donor, the energy of the

emitted 1light is {Thomas et al, 1964)

Eyp = By - (Ey + Ep) + e?/kr - nEp, (5-1)

Here E-» 1s the band gap energy, Ep and Ep the acceptor and donor
binding energies respectively, e2/Kr 1s the couliomb energy be-
tween the lcnized deonor and accepter, and « 1s the static dielec-
tric constant. The energy nEp represents the simultaneous
emissicn c¢f n{= G, 1, 2, ..... ) longitudinal cptical phonons

cif energy B .  The bound-tc-bound emission band is fairly broad
“nis accounted for in part by the variation in the coulomb
energy terrp for palrs of varicus separations. Additional broaden-
ing cccurs dues to intsraction of the trapped carriers with the

lattice with the consequent absorption or emissicn of transverse
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optical and acoustical phonons (Colbow, 1966).

For an isolated neutral donor-acceptor pair of separation
r, the rate of recombination between the bound electron and the
bound hole ig proportional to the square of the overlap of the

wave functions (Colbow, 1965),
W = W,exp(-2r/ry) (5-2)

where W, is the reaction coefficient, and r,y 1s the Bohr radius
of the less tightly bound carrier, which for Ep less than EA
is the electron. The Bohr radius may be obtained through the

hydrogaeric energy eguation
Ep = e2/2xro . (5-3)

Since the ilonlzed donors and acceptors have coulomb attrac-

tive capture cross-sections, they are expected to trap most of

b

-~

the free electrons and holes very raplidly before they can reach
& non-radiative recombination center or the surface. Once the

e
er

n

are trapped at the donor and acceptor sites. the only

pode

carr

[

protable process is the bound-to-bound radiative recombination
trarsition. The efficiency of the bound electron-to-bound hole

emission 18 expected to vary only slowly as the excitation
i8]

intensity 1is increased since closely spaced pairs are able to
recombine very fast {(Eq. 2).

The steady-state radiative recombination rate for free

excitons may be obtained from the rate squation

dN/dt = 0 = knp - N/yp - N/r, + CN exp(-e/kT), (5-4)
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where N 1s the density of excitons, knp is the formation rate

from free electrons and holes, 7.. and T are the radiative and

r
non-radiative lifetimes, and CNexp(-¢/kT) represents the thermal
Lonizaticon rate cf excitons bound with energy €. The radiative

recombination rate is then

&3
~.
-
il

knp/(1 + 1./7, + CT,.exp-¢/kT), (5-5)

b
o3
[
el
=
Hh
O
s
I
I_J
i
]
[of

temperature should depend on the product of

the free carrier densities. Neglecting variations in k, T,

Tn with excitation intensity, Eq. (5) may be written as

N/T,. = Rnp, (5-6)
where the constant R is
R = k/(1 + 7,/7 + CT .exp-€e/kT). (5-7)

The total exciton emission is then

b=}

L, =R S npdx . (5-8)
o

For the case where the current gradients may be neglected (see

h. VI, Fgs. 5 and 7), the exciton emission efficisncy is

Nax = LeX/IO = R<an>: (5“9)

17
PRy

(pTR) = S apTexp(-ax)dx. (5-10)
O .
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2. Data

Data on two crystals are reported in this chapter and are
representative of measurements made on several "high-purity"
CdS crystals. These crystalé are not intentionally doped and
the 1mpurity concentration is probably less than 1O16 per cm3
(Colbow, 1966). Crystal A is a high-resistivity platelet grown
by the method of Frerich (1947), while D is a high-conductivity
crystal cut from a large single crystal obtained from the Clevite
Corpcration.

The relative bound-to-bound emission efficiency as a function
of excitation intensity is shown in Fig. (17) for crystal A
at 29K. A similar curve is obtained for crystal D. Fig. (18)
shows the relative emission of the free exciton "A" fbr crystals
A and D at 64 and 78°K. Also shown are the bound exciton

emissions (I; and I,) at 29K.

3. Discussion-

For crystal A at 29K, the main emission is the bound electron-
to-bound hole recombination at 5180 A. The emission efficiency
of this band (Fig. 17) showed only the expected slow variation
with excitation intensity over several decades of excitation

12 £ 4 1016/cm2—sec).

intensity (10
At high excitation intensities (IO > 2 x 1012 photons/omE—sec),

the luminescence efficiency of the bound-to-bound emission band

decreaseas (Fig‘ 17), while the efficiency of the free-to-bound

emission band was observed to increase (data not shown). These

results may be interpreted as follows: At high excitation
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3

intensities, the volume excitation rate (aIO > 2 X 1020/0m -sec)
is comparable with the volume bound-to-bound recombination rate.
The result is that not all of the photo-generated electrons are
captured by the donors since a fraction of the donors are
already occupled with previously captured electrons. The free
electrons which are not captured by the ilonized donors are then
free to form excitons or recombine with bound holes.

At low exciltation intensity, the efficiency drops slightly
and this effect may be attributed to the non-radiative recombina-
tion of carriers at the surface enhanced by the electric field
in the »ulk adjacent to the adsorbed oxygen ions (Chapter IV).
At higher excitation intensity the electric field is screened
from the bulk by the free electron density and holes are no
longer swept to the surface.

The formation of free excitons is expected to depend on the
product of the free electron and hole densities (Eq. 9). Crystal
U has a large thermal electron concentration and thus the total
electron concentration will show a slower variation with excita-
tion intensity than for crystal A. This in turn leads to a
slower increase in the free exciton emission efficilency with
increasing excitation intensity, as observed (Fig. 18). Cool-
ing the crystals from 78 to 649K increases the free exciton
emission {Bieil and Broser, 1964). The emission from excitons
bound to neutral acceptors (I7) (Thomas and Hopfield, 1962) is
absent in crystal D. This is 1n agreement with the work of
Handelman and Thomas (1965) who found that crystals can be

reproducibly changed from conducting to insulating by controlled
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heating in vacuum and cadmium vapor respectively. Theéey conclude
that conducting crystals have a much lower density of cadmium
vacancy acceptors than high resistivity crystals. The emission
from excitons bound to neutral donors (12) (Thomas and Hopfield,
1962) is present in both crystals and is roughly of equal inten-
gity. This is expected under the assumption that the donor
concentrations (foreign impurities) are similar for all three

crystals which were not intentionally doped.
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CHAPTER VI

FREE ELECTRON-TC-BOUND HOLE RECOMBINATION KINETICS

1. Theory

—

“he green emission bands are successfully accounted for

by Np donors {foreign impurities), 30 meV below the conduction
band, and N, acceptors (cadmium vacancies), 170 meV above the

valence band (Colbow, 1966). To account for the experimental

data on luﬁinescence efficlency, 1t is necessary to introduce,

in addition, an effective bulk recombination center of density

N... Non~radiative surface recombination is not considered in

The assumed energy band model and the relevant transitions

are shown in Fig. {19). Here n and p are the densities of free

the carrier generation rates g, €, and y represent optical
generation, thermal generation of electrons, and thermal
generaticn of holes respectively.

In this section we shall only be concerned with the theory
for the temperature range from 60 to 100°K. In this temperature
range, the bound electron-to-bound hole (b—b) recombination is

unimportant since all donors are ionized, bound exciton recombin-

v}

P
Lroen 1

U
[
n

@

ot present since the excitons are all ionized, and the

)

free exciton recombination radiation (while present) is negligible

®

b

compared to the free electron-to-bound hole (f-b) recombination.
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The steady-state excess free electron and hole concentra-

tions are determined by the continuity equations:

d{An) j
T T (6-1)
at X Tn
d{ A dJ A
arld. b( p) = g - -—J-Q - _8 + 'YpA = O, (6"'2)
dt X Tp

where jn and jp are the electron and hole current densities.
The hole lifetime is very short in CdS (Spear and Mort, 1963);
thus, assuming that the holes will be captured first, the

electron and hole recombination lifetimes are

o -1
™h = [OAeVepA + 0p VePrl (6-3)

-1
and T, = [cAhvh(NA—pA) + crhvh(Nr-Pr)] P (6-4)

p are the thermal velocities of the electron and

hole. Egs. {1) and (2) cannot be solved in general.

When the gradient of the current density is zero, one

obtains

An = g7, (6-5)
and Ap = (g+ypA)Tp, (6-6)
where g = al_exp(-ax), (6-7)

and v = oAhvthexp(-EA/kT). (6-8)
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Here, IO is the absorbed photon flux, a is the optical absorption
coefficient, and NV is the effective density of states in the
valence band. |

When current flow is important, Egs. (1) and (2) can be
solved (Appendix A) under the assumption that the ratio of
electron-to-hole concentration, p, is independent of position.
If, in addition, the ambipolar diffusion length, Ly, 1is large
compared wiﬁh the absorption length, 1/a, the free carrier
concentrations are

IoTy 1 + SK/OLDn

An = exp(-x/Lg) » (6-9)
L, 1 + sXL,/Dy

and Ap = An/p, (6-10)

where sji 1s the effective surface recombination velocity of
electrons.

Two experimental observables are the photoconductivity of
the photo-excited region and the photoluminescence., The trans-
verse photoconductivity is proportional to the change in conduct-

ance,

se = (w/t)§ acax,
(e}

I}

(ewH{%)SZAn(x)dx (6-11)

where e is the electronic charge, w is the width of the electrodes,

£ is the electrode separation, and 4y 1s the electron mobility.
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The photoluminescence due to the recombination of free electrons

with holes trapped at acceptors is

00
_ € -
Lep = Aoy vg So p,ndx, (6-12)

where A is the illuminated area. Diffusion of carriers 1in the
y-z plane and reabsorption of the emitted radiation are neglected.
The steady-state occupations of the centers Nj and N, are

obtained from the rate equations

dpp/dt = 0 = thvh(NA-pA)p - cAevepAn - YPa» (6-13)

h e
and dpp/dt = 0 = 0y Vy(Np-pp)p - 0, VP10, (6-14)

Bn N, exp - EA/KT

as pA = A/(l + — + ): (6'15)
b p
n
and py = N./(1 +c,§), (6-16)
where B = quve/thvh and C = creve/crhvh. (6-17,18)

These quantities will be used in Eq. (12) to obtain formulae
for the luminescence efficienéy which can be compared with
experimental data.

To calculate quantities which can be compared with experimen-
tal data it is necessary to compute averages for carrier con-
centrations and lifetimes. These averages will be taken over one
absorption length (1/a) in the case where the current gradients

are negligible, and over one ambipolar diffusion length (L,) in



69.

the case where L, is large compared to 1l/a. This covers about
two-thirds of the free carriers generated and assumes that the
remaining one-third deeper in the crystal behave similarly. 1In
insulating crystais, 1t is also an excellent assumption to
assume that the thermal equilibrium density of free electrons
(ng) is small compared to the photo-excited density (4n).

In the case where the current gradients may be neglected,
Egs. (5), (7) and (11) now yield for the photoconductance
efficlency

e = AG/T, = (ewun/2)(Ty) (6-19)

1/, e -1

where (7,) = S aexp(-ax) (o VeP, + crevepr) dx. (6-20)
o

The luminescence efficiency (photons emitted per photon absorbed)

is, by Egs. (5), (7) and (12),
Mep = Lep /AL = cAeve<pATn (6-21)

1l/a
e
where (p,T ) = g aexp(—ax)pA(cA v b

-1
+ 0 Sv.p ) dx. (6-22)
o r ©r

A

In the case where current flow is important, and Eq. (9)

applies, one obtains from Eq. (11)

*
1+ sn/o.Dn (6-23)

n = (ew:u /£)<T > >
pC n n *
1 + SnLa/Dn

L _ -1
where (T,) = g aexp(—X/La)Lal(quVepA + crevepr) dx. (6-24)
o
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The luminescence efficiency is, by Egs. (9) and (12),
*
1+ sn/aDn

>
*
1+ Sn/La/Dn

nfb = GAeVe<pATn> (6—25)

L
where (p,7) = S aexp(—X/La)(pA/La)(quVePAMreVePr)'ldX- (6-26)
(o}

It will be verified later that, under most conditions, the
interpretation of the data is consistent with the assumption
that the ambipolar diffusion length (L, ) is small compared to
the optical absorption length (1/a), and that for the most
efficient crystal (A), which is analyzed in detail, one may also
neglect the non-radiative surface recombination. Since experimen-
tally it 1s found that Pp and T, vary slowly compared to exp(-ax),
the average of their product is approximately equal to the product
of their averages. Defining convenient new constants, the

luminescence efficiency (Eq. 21) may then be written in the form

nep = (Bng/Tpo) (Kpp /My )Ty, (6-27)

where Tho = (thvhNA + crhvth)_l, (6-28)
-1

and n, = (1 + 0 "N,./0,00)7", (6-29)

are the hole lifetime and luminescence efficiency at low excita-
tion intensity and low temperature. 1In terms of the transition

rate

/ATy = (0(1=n ) /7 e )/Ny) s (6-30)

involving the centers N,, the luminescence efficilency 1is

nep = 1 - (T /KT (6-31)
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Substituting for (r,) and (7,.) from Eqs. (27) and (30), Eq. (31)"
may be written as,
C(1-ng) Np/(pp)

l’/nfb =1 + ) (6"32)
Bn,  N./(pp)

or alternatively, using Eqs (15) and (16), one finds

(n) Nyexp-Ea /KT
/ C(1-mg) 1 + Bypy + 3
/e, = 1+ P (6-33)
Bn

o 1+ C<p>

These various forms for the luminescence efficiency will be

useful in analyzing the data.

2. Data -°

The data reported in this chapter are representative of
measurements made on several "high-purity" cadmium sulfide
crystals. Two of the crystals (A and B) are high resistivity,

(PA > 1050hm—cm and pp > 103ohm—cm) platlets grown by the method
of Frerich (1947). Crystal D is a low resistivity (g, ~ 10 ohm-cm)
crystal cut from a large single crystal obtained from the Clevite
Corporation.

Fig. (20) shows the luminescence efficiency as a function of
excitation intensity for the free electron-tc-bound hole recombina-
tion for crystal A between 64 and 980K. The average electron
lifetime as a function of excitation intensity (Fig. 21) is

derived assuming that there is negligible diffusion of the opti-

cally generated carriers. The fraction of occupied acceptors as
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a function of excitation intensity for crystal A, (Fig. 22),

was obtained from the ratio of the photoluminescence to the
average electron lifetime (Fig. 20, 21). 1In Fig. (23), the
transition rate for electrons through N, as a functlon of excita-
tion intensity was derived from the data in Fig. (20) and (21).
Fig. (24) shows the free-to-bound emission efficiency as a
function of excitation intensity for an insulating, a semi-

insulating, and a conducting crystal at 64 and 78°K.

3. Calculation of Parameters

The data in Figs. 20 to 23 will be analyzed below to obtain
vaiues for the parameters in the theory. Their physical signif-
icance is discussed later.

(a) At low temperatures (Nvexp(-EA/kT) << Bn) and high

excitation intensity (Bn/p << 1), from Egs. (15) and (27),

Too/B = (No/Men) (7 ) (6-34)

Figs. {20) and (21) show that the luminescence efficiency is

indeed proportional to the electron lifetime at high excitation
16

intensity at 64 and 78°K. At I, =2.0 x 10 /cm2—sec, oné has

(1.) = 1.13 X 1077

sec and nfb/no = 0.59, and thus Tpo/B = 1.90 x
1077 sec.

(b} A lower bound for B can be obtained from the 64°K data.
At an excitation intensity of 2.0 x 1013/cm2—sec, the fractional
occupation of Np is 0.25 and thermal quenching is negligible
since nfb/no 2 0.99. Thus, from Eq. (15), with Nvexp(—EA/KT) =
9.8 x 104/cm3 and (Tp) = 7.8 x lO_7 sec
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B > (Nyexp-E,/kT)/n = 0.63 x 1077, (6-35)
At an excitaticn intensity of 6.0 x 1015 photons/cmg—sec,
the luminescence efficiency is lower at 78 than at 64°K. There-

fore, thermal guenching is important, and thus with Nvexp(eEA/KT)z

3.3 x 107/cm3 and (Tn) = 1.5 x lO'7sec,
B < (Nyexp-E,/kT)/n = 3.7 x 107/. (6-36)
(c) At low temperatures, Egs.(15) and (16) yield

(/) = 1 = (B/€){(Np/py) - 1}. (6-37)

At high excitation intensity, nearly all acceptors (NA) are
occupied {Fig. 21), but the Nr centers are not completely occupied
with holes {¥Fig. 22). Hence, it follows that B is small compared

to

@)

{(d) At low temperatures (640K), and low excitation intensity

(Cn/p >> 1), Eq. (33) reduces to

ne/Mey = M + (L=m )(1 + p/Bn). (6-38)

For I = 2.0 x 1013/cmd-sec, one has nfb/no > 0.99 and

<pA>/NA = 0.25. From Eq. (15), p/Bn = 0.33 and hence N, 2 0.97.
(e) At 789K, and low excitation intensity, thermal quenching

of the luminescence is dominant (Nvexp—EA/kT >> p), and hence

Eq. {33) simplifies to

nfb/no = {B/(l—no)}{aIO(Tn)/Nvexp - EA/kT}. (6-39)
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At I, = 6.0 x 1012/cm2—sec, one has Nvexp—EA/kT = 3.3 x 107/cm3,

6

(1 = 1.72 x 107 ”sec, and nfb/no = 0.15. Using the range of B

determined in (b), one obtains

0.92 < n < 0.99. : (6-40)

4. Dependence of the Luminescence Efficiency on Excitation

Intensity and Temperature

The most extensive study was done on crystal A since it has
a very low dark conductivity and is thus expected to follow the
theory in detail. At 640K, the thermal ionization rate of
trapped holes () is negligible for excitation intensities above
2.0 x lO13 photons/cmg—sec, and thus the luminescence efficiency
is constant and equal to n_, as shown in Fig. (20). For excita-
tion intensities above 1015/cm2—sec, all the NA acceptors are
occupied with holes, as shown in Fig. (22). Any further electron-
hole pairs created by the light must then decay at the Nf sites,
and hence the green free-to-bound efficiency goes down with
further increase in excitation intensity. At 78OK, thermal
ionization of holes from the acceptors (N,) is effective in lower-
ing the luminescence efficiency at all except the highest excita-
tion intensities, where the thermal ionization rate of holes
becomes negligible compared to the radiative recombination rate
with fre= electrons. At higher temperatures, the thermal ioniza-
tion rate of the bound holes is always large compared to the rate
of recombination with free electrons. Thus the acceptor (Ny)

acts as a trap, rather than a recombination center, and the holes
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are free long enough to be captured by the Nr recombiﬁation
centers, or the surface.

At very low excitation intensity, an additional complication
may arise, which could explain the decrease in the luminescence
efficiency at 64OK: Holes may be swept to the surface by an
electric field due to chemisorbed oxygen ions. At higher excita-
tion intensity, the increased free carrier density screens out
this field and the effect disappears (Ch. IV). However, the

thermal quenching alone may account for the decrease in efficiency.

5. The Physical Significance of B, C, Tpo and o

The average values obtained for crystal A from the data at

64 and 780K are n, = 0.98, B = 2 x 10—7, T =4 x lO_lLL

sec and
po

C >> B. These parameters yield capture cross-sections which are
discussed below.
Using the definitions of the parameters, and the above values

one finds, from Egs. (15), (28), and (29),

e 6
op = Bno/TpoveNA =5 x 107/v_N,. (6-041)

The room temperature dark conductivity of crystal A is

3.7 x 10'7/ohm-cm. With By = 250 cm2/V—sec (Spear and Mort,

1963), one finds n = 9.2 x 109/cm3. Since a typical donor

concentration for these crystals is 1016/cm3 (Colbow, 1966),

and since at these temperatures most of the donors would be
3

ionized, the crystals are well compensated and Ny = 1016/cm .

With me* = 0.20mg (Spear and Mort, 1963), the electron velocity is
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Nj=

v = (3kT/me*) =1.2 X lO7cm/sec ‘ (6-42)

e
at 649K, and thus,

5,® = 4 x 107 en?, , (6-43)

which is a reasonable value for the capture cross—section of
a neutral center (Lax, 1959). Using this value in the definition
of B (Eq. 15), the capture cross-section for a hole by the ionized/

acceptor is

-10
eve/th =4 x 10 cm?, (6-44)

oy N

h
This vaiue for ) is in reasonable agreement with what one
obtains by assuming that for a coulomb attractive capturing

center all free carriers with kinetic energy less than the coulomb

energy will be captured.  Thus,
2
e /kr = 3KT/2 (6-145)

determines the radius around the acceptor inside which carriers
will be captured, and the cross-section is, for T = 64°K and

k = 10.3 (Berlincourt et al, 1963),

-11 2
ol = e = 4ﬂ€4/9K2K2T2 =1 x 10 ““cm . (6-46)
The parameter C involves the capture cross-section of the

recombination center, N and 1s contained in the recombination

T’
rate, {1})¢ At low temperature, this rate only becomes important
when the free-to-bound transition rate, becomes saturated (Figs.

22, 23). An estimate for C can be obtained by noting that (rr)
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seems to saturate ((pr) = Nr) at about 105/sec at 64 and 78°K.

Thus, from Eq. (30),
C = Toodr)/(1-m) = 2 x 1072, (6-47)

which satisfies the criterion C >> B established earlier. ©Since
holes are captured first, and C = oreve/orhvh is small compared
to unity, this center must be an acceptor; in which case crh is
coulomb attractive and ore is capture by a neutral center. Some
further comments on this center are made in Section 7 of this
Chapter.

At low excitation intensity and low temperature, the internal
luminescence efficiency, o = 0.98, is high due to the rapid
capture of the free holes by the acceptor involved in the green
luminescence (NA), compared to the slower capture by the other
recombination center (Nr)' The external quantum efficiency may
be much lower due to non-radiative surface recombination in
conjunction with reabsorption near the surface of the internally
reflected luminescence.

The hole recombination lifetime (Tpo) is much shorter than

6

the values of 10°° to 1072 sec reported elsewhere (Spear and
Mort, 1963). The reason for this apparent discrepancy is that
Tpo is the free hole recombination lifetimes at low temperature
and low excitation intensity where all the acceptors are active
as fast capturing centers. Longer lifetimes are observed (Spear
and Mort, 1963) at higher temperature, where the acceptors (NA)
act only as trapping centers and hence the holes do not recombine

until they are captured at the deeper and "slower" recombination
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sites (N,.). When the hole lifetime becomes longer, the diffusion
of free carriers out of the photo-excited region will likely

become an important process.

6. Dependence of the Luminescence Efficiency on Resistivity

The theory for the luminescence efficiency was based on the
assumption that the thermal free electron density (nj) is small
compared to the photo-excited free electron density (An). The
luminescence efficiencies of crystals B and D, in which the
thermal electron densities are not small, are shown, along with
the data for crystal A, in Fig. (24). The more conducting
crystals have a lower luminescence efficiency. All three of
the crystals are high-purity and are thought to contain about
1016/cm3 donors due to foreign impurities (Colbow, 1966); however,
the conducting crystals are less well compensated by cadmium
vacancy acceptors (Handelman and Thomas, 1965) and hence have
fewer sites at which the green free-to-bound luminescence cah
originate. Thus the relative importance of other recombination
sites increases.

One also observes that the slope of the luminescence effic-
iency at 78°K and low exéitation intensity decreases for low
resistivity crystals. Thermal quenching of the luminescence is

dominant and Eq. (33) simplifies to
nfb/ﬂo = {B/(l'no)}{ <n>/NVeX-p('EA/KT)} (6'48)

where (n) = n_ + (4n). (6-49)
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For the high-conductivity crystal (D), for which An is small

compared to n the luminescence efficiency should only have

[oX4
a weak dependence on excitation intensity, as observed (Fig. 24).
For the insulating crystal (A), the luminescence efficiency is

proportional to IOTn as predicted, and the intermediate case,

crystal B, exhibits an intermediate slope.

7. Red Luminescence and Non-Radiative Recombination

At high excitation intensities, the green emission transi-
tions become saturated (Figs. 20, 22) and further increase of
excitation intensity results 1in a greater fraction of the
recombination taking place at the other recombination center
(N,.), as shown in Fig. (23). The center N represents an
effective recombination center density and is probably composed
of states at several energy levels in the forbidden band gap.

It is shown in Section 5, that Nr is an acceptor-type center.
Assuming that the neutral capture cross-section, ore, is approx-
imately the same as the neutral capture cross-section of the
cadmium vacancy acceptor, qu, we find (using the data in Section
5) that crh =1 X 10712em®.  Tnis coulomb attractive capture
cross-section is smaller by a factor of 25 than o h, the capture
cross-section for the cadmium vacancy acceptor involved in the
green light emission. One may expect the cross-sections to be
proportional to the square of the Bohr radius, or inversely
proportional to the sguare of the ionization energy of the
center. Since EA = 0.17 eV, one predicts that the center Nr

is about 0.85 eV above the valence band. One might then expect
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a free electron-to-bound hole emission band at 7000 } and emis-
sion at 1.46 microns due to hole capture by the N,. center. We
found an emission band at 7000 A for this crystal (Fig. 25);
however, its intensity and dependence on excitation level (Fig.
26) indicate that this emission accounts for only a fraction
of the recombination through N.. An emission band at 7200 A
which was qqenched by 1.41 micron radiation has previously been
observed and attributed to copper impurities (Broser and Broser-
Warminsky, 1957). This red emission band is still present at
higher temperatures where the green emission has been quenched
due t¢ thermal ionization of the cadmium vacancy acceptors.

Thus, although some of the recombination through the centers,

N may be radiative, most of it is non-radiative. Non-radiative

>
recombination processes are not well understood, although they
probably occur at clusters of impurities and defects. From the

values of No? Ny and the capture cross-sections, the effective

recombination tenter density is Nr =8 x 1016/cm3.
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CHAPTER VII
SUMMARY AND CONCLUSIONS

The recombination kinetics in photo-excited cadmium sulfide
crystals have been studied experimentally and the data analyzed
in detail in terms of a simple, but realistic, energy'band model .
This model consists of the foreign impurity donors and cadmium
vacancy acceptors previously established as being involved in
the luminescence (Colbow, 1966). 1In addition, an effective
recombination center density (consisting of deep acceptor-like
recombination centers) and non-radiative surface recombination
centers are required to account for the data on luminescence
efficiency and surface effects on luminescence. The results
of the thesis are divided into four chapters and these are
summarized below.

Chapter III deals with the controversy, existing in the
literature at @he onset of the study, regarding the origin of
the high energy green emission band. It had been shown (Collins,
1959; Pedrotti and Reynolds, 1960; Colbow, 1966) on the basis
of extensive experimental data, that this band could only be
understood on the basis of a free-to-bound transition; however,
‘Maeda (1965) and Condas and Yee (1966), on the basis of their
data, concluded that it was of the bound-to-bound type. The
interpretation of the recombination kinetics of this band is
dependent on its origin and hence it was necessary to resolve
these conflicting views. Further analysis and experiments showed

that Maeda interpreted his data incorrectly while Condas and Yee's
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data was also not in conflict with the free-to-bound interpreta-
tion. This work is summarized in two papers (Colbow and Nyberg,
1967a; 1967b).

The second topic (Ch. IV) was the effect of non-radiative
surface recombination on the luminescence efficiency. The
conclusions were that extrinsic surface states, due to chemi-
sorbed oxygen ions, are associated with non-radiative surface
recombination. This recombination is aided by the electric field
set up in the charge depletion layer next to the chemisorbed
oxygen ions. The polarity of the field is such as to draw holes
to the surface and the luminescence efficiency can be enhanced
by applying an external electric field of opposite polarity or
by photo-desorbing the oxygen ions. An external field of the
same polarity as the depletion layer field quenches the lumines-
cence. The experiments on luminescence efficiency as a function
of excitation wavelength showed the effects of non-radiative
surface recombination in that the shortest wavelength excitation
(where the carriers are produced closest to the surface) yielded
the lowest efficiency. The experiments on surface effects were
difficult to do reproducibly and this is believed to be, at
least in part, because the surface state density changes slowly
during the experiment. This work is summarized in a paper by
Nyberg and Colbow (1967a). Further experiments in this area
should include the investigation of evaporating transparent
insulating layers on the surface of CdS to stabilize it. It
was also found (Nyberg and Colbow, 1967b) that heating CdS briefly

in a nitrogen ambient produces free-to-bound and bound-to-bound
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transitions associated with nitrogen acceptors 130 meV above the
valence band.

The third topic (Ch. V) was the recombination kinetics of
free and bound excitons, and the bound electron-to-bound hole
luminescence. Higher excitation intensity favors higher exciton’
emission efficiency for all crystals and for the range of excita-
tion intensity available. This 1is expected in-so-far as the
formation of excitons depends on the product of the free carrier
densities. The bound-to-bound emission efficiency is high and
varies only slowly with excitation intensity since the donors
and acceptors involved in these transitions have very high
capture cross-sections for the free carriers. High excitation
intensity favors recombination at donor-acceptor pairs of close
separation. It would be of interest to investigate the recombina-
tion kinetics of the exciton, bound-to-bound and free-to-bound
emissions to the much higher excitation intensities available
with a pulsed électron beam source. At very high excitation
intensity, if one obtains a significant density of free holes,
one would expect to see the free hole-to-bound electron transition.
Room temperature green luminescence should also be observable
at very high excitation intensity.

The last topic studied (Ch. VI), and the most important
from the standpoint of quantitative information obtained, was
the study of the recombination kinetics of the free electron~-to-
bound hole transition. Using the model discussed earlier, the
data was analyzed to obtain the electron and hole lifetimes, the

luminescence efficiency, and the electron and hole capture
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cross-sections of the cadmium vacancy acceptor and the other

deep recombination center. The hole lifetime is shown to be

very short and this (along with the interpretation of the surface
effects) rules out diffusion into the interior of the crystal

as a significant process at low temperatures. The internal
luminescence efficiency 1s unexpectedly high and this 1is due

to the high capture cross-section of the cadmium vacancy acceptors
for free holes. Some of the recombination at the deeper recombina-
tion center is shown to be radiative; however, most of it is
non-radiative. This work is summarized in a paper by Colbow

and Nyberg (1967b). Future work in this area should include

the effects on the luminescence efficiency of different con-
centratioﬁs of the donors, cadmium vacancy acceptors, and the
effective recombination center density. A better understanding

of non-radiative processes in wide-band-gap materials 1is also

required.
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APPENDIX A

Frec carriers are generated in an insulator by highly absorhed

optical radiation at a rate
g(x) = aIOe-ax, (A1)

where I, 1is the absorbed photon flux and a{)) is the absorption

coefficient. Under continuous excitation, the spatial distribu-

tion of the free carriers is governed by the continuity equations:

g(x) - 3jy/ex - n/T, = 0, (A2)
g(x) - 3j,/ox - p/7T, = 03 (A3)
the equations of current flow,

Jp = -nuE - Dp(dn/3x), (A%)
Jp = PHpE - Dp(3p/3x)3 (A5)

conservation of current,
Jn + Jp = 03 (A6)

and Poisson's equation,
(e/e)(3E/ax) = (p-n) - (Ng-pp) - (Nu-py) + (Np=np), (A7)

where it is assumed that the nonradiative recombination centers
are acceptor-like states.

Substituting (A4) and (A5) into (A2) and (A3) gives

2

n d™n a

g - —+D=2+ p=(En) =0 . (A8)
Tn Nax? Rax :
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and .
& - & +D—% - p~(Ep) =0, (R9)
Tp dx dx
where
_ e . e, .
/7, = Oy VePy t 0, VP, (A10)
and
i _-nl (A11)
Tp P T,

In general, it is not possible to solve (A8) and (A9), because
Tp and Tp are functions of n and p. However, they can be solved

under the assumption that

n(x)/p(x) = ps (Al2)

where p is a constant (Mark 1965a).
Substituting (All) in (A9), multiplying (A8) by pp 8nd (A9)

by pups and adding the resulting equations gives

2

g(x) _ n(x) + Da g;g =0, (A13)
T dx .
n
where
D, = 2D /(1 + bp) (ALk)
and

b = pp/kp = Dp/Dp. (A15)
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Following deVore (1950), substitute (A1) in (A1l3) to

obtain

= - e” X (A16)

the general sciution of which is

' al 1
n(x) = Be=X/Ly + ceX/Ly + 2 > s e X, (A17)
D, (1/L,%) - «
where
1
Ly, = (Dg7,)2 (A18)

The sample 1is thick compared to the absorption length (1/a) and
the ambipolar diffussion length (L,) and thus the constant C is
zero. Representing the electron recombination current at the
surface by the surface recombination velocity of electrons (Sn)’

the boundary condition is:
Jn(0) = -n(0)s,. (A19)

Using Equation (A19), the spatial distribution of electrons is

alyT S - E(O) + oD
0'n {e-ax _ °n = Hn (0) 'n e'X/La} (A20)

n(x) =
1 - (ocLa)2 Sh - MpE(O) + D /L,

n

It is convenient to introduce the concept of an effective surface

recombination velocity for electrons (s,*), given by

s * = s, - HuE(O). (A21)
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Equation (A20) may now be written
alyTy s ¥ + aD,

n(x) = 5 {e_ax - -2
1 - (oLy) s * + D /L,

e'x/La} . (A22)
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