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The intrinsic photoluminescence and photoconductivity spectra of AgC1 have been measured over a
temperature range from 6.8 to 80'K, The luminescence observed is that characteristic of the self-trapped
exciton. A calculation of the first and second moments of the photoluminescence spectra indicates that they
are comprised of at least two components each of which has its own characteristic temperature dependence.
The thermal quenching of the luminescence has been investigated in both zone-refined and non-zone-refined

samples, The photoconductivity spectrum shows a strong dependence on previous exposure, In addition, it
confirms recent experimental evidence for the existence of a subsidiary valence-band maximum at 6 which is

nearly degenerate with the principal maximum at L.

INTRODUCTION

Although there have been many experimental
studies of the optical properties of the silver ha-
lides, some of the results, particularly in the case
of fluorescence and photoconductivity, are still not
completely understood. Part of the difficulty lies
in the fact that impurities play a dominant role in
determining the lifetime and decay mechanisms
of both free carriers and free excitons, and there-
fore in many instances mask the intrinsic proper-
ties which one desires to determine. In AgC1, the
situation is further complicated by the existence
of metastable "intrinsic" impurities such as Fren-
kel defects and photoproduced self-trapped
holes. ' ' In general, unwanted defects pose a much
larger problem in the cases of fluorescence and

photoconductivity studies than in the case of opti-
cal-absorption measurements. As an aid in the in-
terpretation of the results it is therefore desirable
to be able to co.rrelate the fluorescence and photo-
conductivity data with the optical-absorption data.

In this paper, we present experimental results
of the temperature dependence of the fluorescence
and photoconductivity of silver chloride. These
measurements have been performed using low-in-
tensity optical excitation on samples of both zone-
refined and non-zone-refined material, and include
the temperature dependence (4.2 & T ~ 80 K} of the
fluorescence spectrum, the temperature depen-
dence of the total fluorescent yield, and the tem-
perature dependence of the photoconductivity.

Most of the results presented here agree favor-
ably with those of earlier studies. "" However,
several new and unexpected features have been ob-
served both in the fluorescence and the photocon-
ductivity. The temperature dependence of the
fluorescence spectrum shows the existence of at

least two separate states associated with the self-
trapped exciton, one of which is stable below ap-
proximately 40'K, and the other which is stable
at higher temperatures. The photoconductivity
data confirm recent experimental evidence" con-
cerning the existence of a valence-band maximum
at b, along the (100) direction. The photoconduc-
tivity spectrum depends markedly on previous ex-
posure, providing an indication that a very small
number of photoproduced defects can appreciably
alter the experimental results.

In the following section we present a brief dis-
cussion of the experimental techniques used and
then proceed to present our results and their inter-
pretation.

EXPERIMENTAL

Samples were obtained from either an ingot of
zone-refined AgC1 kindly provided by Dr. F. Moser
of the Eastman Kodak Co. , or from an ingot grown
by the Bridgman technique. Each sample was
etched in reagent-grade HC1 and washed repeatedly
in triply distilled water in order to eliminate sur-
face contaminants prior to annealing. After an-
nealing on a quartz plate at 400 C in a He atmo-
sphere for 24 h, they were cooled slowly to room
temperature over a period of at least 48 h. The
annealed sample was then polished with a KCN so-
lution, mounted in a cryostat, and cooled slowly to
77'K. Samples were exposed only to red light
(ga 6000 A} while their temperatures exceeded- 100 'K.

In the fluorescence study two monochromators
were employed; one, in conjunction with a high-
pressure Xe arc, was used as the monochromatic
source of ultraviolet excitation radiation incident
on the sample. The second monochromator, in
conjunction with an EMI 9635 photomultiplier, was
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FIG. 1. Photolumineseence spectrum of zone-refined
0

AgCl at various temperatures. Excitation at A, = 3785 A.
See text for details.

used to analyze the emitted fluorescence. In the
measurements of the temperature dependence of
the spectral distribution of the fluorescence, the
"source" monochromator was a Spex "mini-mate"
(dispersion, 40 h, (mm) while the analyzing mono-
chromator was a Spex model 1700 (dispersion,
10 A/mm). The roles of these two monochromators
were then interchanged in the measurements of the
temperature dependence of the total fluorescence
yield. In this latter case, the function of the
"mini-mate" monochromator was essentially that
af a narrow bandpass filter, which allowed all of
the fluorescent radiation to be detected simulta-
neously while at the same time blacking any of the
exciting radiation.

The photoconductivity results were obtained by
means of an ac capacitance technique in which the
sample (approximately 5x5x15 mm') formed the
dielectric between the plates of a parallel-plate
capacitor. Light emerging from the exit slit of the
Spex 1700 monochromator was chopped (225 Hz)
and then focused onto the sample. The creation of
free carriers was then detected by observing
changes in the loss tangent associated with the
sample capacitor. These changes were measured
using standard three-terminal measurement tech-
niques with the aid of a General Radio model 1615-

A capacitance bridge. The output of the bridge was
adjusted to a null for energies of the incident light
less than the indirect gap energy. Changes about
this null were then phase sensitively detected as
the wavelength of the light incident on the sample
was scanned from short wavelengths where it is
absorbed to longer wavelengths where the sample
is transparent.

RESULTS AND DISCUSSIONS

Photoluminescence

Early studies of the photoluminescence in AgCl
showed the existence of a broad blue-green lu-
minescence band centered at approximately 2.5

eV." This has been assigned to the recombination
of self-trapped excitons. ' The large Stokes shift
(approximately 0.75 eV) between absorption and

emission reflects the lattice relaxation associated
with the self-trapping of the hole. In our measure-
ments we have examined both the temperature de-
pendence of the fluorescence spectrum, and the
total fluorescent yield as a function of temperature
in an effort to determine activation energies as-
sociated with its thermal quenching. The temper-
ature dependence of the fluorescence spectrum for
the zone-refined sample is shown in Fig. 1. The
spectrum at each temperature represents an aver-
age of many runs. The curves have been drawn
displaced on top of one another and, in addition,
each has been normalized to the same peak value.
The results for the non-zone-refined samples are
similar. At each temperature, the sample was ir-
radiated at A. =3785 A. . The spectrum at 6.8 K
agrees qualitatively with the results presented in
previous papers. From our results it is seen that
around 35 K the fluorescence maximum shifts to-
wards lower energy. In order to investigate this
shift, we have calculated both the first and second
moments of the spectra at each temperature.
These are plotted in Fig. 2 along with similar re-
sults for the non-zone-refined material. The re-
sults from both types of material show the same
behavior except that the changes in the case of the
non-zone-refined material are not as large.

The first moment, which gives the center of grav-
ity of each curve, is clearly seen to shift towards
lower energy between 30 and 40 K. At the same
time, the second moment, which reflects the width
of the spectrum, is also seen to decrease. This
change in the moments indicates that the entire
spectrum does not simply undergo a rigid shift with
temperature, but instead that the fluorescence
spectrum is composed of at least two components
each associated with a given type of self-trapped
exciton (STE). Two Gaussian curves with the same
half-width and intensities in the ratio 1:5 dis-
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FIG. 2. Change in both the first and second moments
associated with the photoluminescence spectra of Fig. 1.
For the case of zone-refined AgCl the first moments are
plotted as circles while the second moments are plotted
as squares. Similar results for the non-zone-refined
material are plotted as hexagons (first moment) and
triangles (second moment).

placed -250 meV from each other are a good rep-
resentation of the observed spectrum. Above
40 'K, the higher-energy, and less intense, band
is bleached giving rise to a change in the moments
of the total fluorescence spectrum. We speculate
that the high-energy portion of the spectrum re-
flects the recombination associated with the iso-
lated STE of the perfect lattice, while the low-en-
ergy portion of the spectrum reflects the recom-
bination of a STE near a defect. Possible candi-
dates for the latter are isolated self-trapped holes,
silver vacancies, silver interstitials that could
remain from relatively high temperatures, and
polyvalent metal-ion impurities.

The assignment of the low-energy fluorescence
to a STE near a defect is consistent with the re-
sults of Marquardt ed al. ,

' which show that the
fluorescence spectrum depends on the mode of ex-
citation. Their results have shown that the fluores-
cence spectrum excited by either 50-kV x-rays
or 500-keV electrons, exhibits a maximum at a
lower energy than the case in which the sample is
excited with ultraviolet light. Both x-ray and elec-
tron-beam excitation produce a larger local con-
centration of self-trapped holes and possibly Fren-
kel defects than does excitation with ultraviolet
light. The kinetic energy of electron-hole pairs
created by x rays or 500-keV electrons is also
much larger than for those obtained with band-gap
radiation. The intensity of the fluorescence as-
sociated with self-trapped excitons near defects
is expected to be enhanced in this case and would
give a fluorescent maximum at a lower energy than
in the case of ultraviolet excitation.

The temperature dependence of the total fluores-
cence yield was investigated for both zoned-re-
fined and non-zone-refined material. In the zone-
refined samples the total fluorescence intensity was
found to be approximately five times larger than
the non-zone-refined samples. In both cases the
quenching of the fluorescence begins at approxi-
mately 50'K. We have measured an activation en-
ergy of 50+ 5 meV associated with the quenching
process in the non-zone-refined samples. This is
in agreement with Wiegand's' results on similar
material. However, our results are not conclusive
for the zone-refined samples where the decay of
the fluorescence appears to depend on sample his-
tory. The spectral shape of the fluorescence is
well defined over the temperature range investi-
gated even though the temperature dependence of
the quenching of the fluorescence seems to vary
with previous exposure and temperature cycling.

Photoconductivity

In principle, both free electrons and free holes
can contribute to the conductivity, although in AgC1,
on account of the difference in mobility, the elec-
tronic contribution dominates. Changes in the con-
ductivity can also occur for incident photon ener-
gies less than that associated with the band gap
owing to either the ionization of excitons or to ion-
ization of electrons bound to impurities.

In AgCl, the intrinsic optical absorption is char-
acteristic of an indirect process involving both a
photon and a phonon, At low temperature, the
threshold for optical absorption represents the
minimum energy required for exciton formation in
which the electronic transition originates from the
valence-band maximum at f and a TA phonon is
emitted to conserve momentum. Unless ionized,
these excitons do not cause a change in the con-
ductivity and are therefore not detected in the
photoconductivity measurements.

Recent optical measurements" indicate that in
addition to the principal valence-band maximum at
Z„ there is a nearly degenerate subsidiary valence-
band maximum at h (along the (100) direction).
The absorption of light in the vicinity of the absorp-
tion edge can therefore result in the formation of
two types of excitons: those associated with I and
those associated with A. Both have been detected
in the present photoconductivity study.

The photoconductivity results are shown in Fig.
3(a). The curve labeled scan 1 is the response
during the first scan of the incident light with sub-
sequent scans shown plotted above. The delay be-
tween successive scans is of the order of 10 min.
It is evident that the response changes dramatically
as the exposure to band-gap light increases. The
peak labeled 6 exciton grows rapidly and irreversi-
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From the results of the wavelength-modulation
study, "we are able to make the following obser-
vations: (i) the peaks labeled a exciton and I. ex-
citon fall at energies associated with the exciton
gape at 6 and J, respectively. (ii) The position
labeled Q+ TA) corresponds to the threshold for
exciton formation in which the transition originates
from the valence-band maximum at L and a TA
phononis emitted. The dashed line is the predicted
photoconductivity which would result from the ion-
ization of the Q+ TA) exciton. This line shape re-
flects the energy dependence of the absorption
coefficient associated with the indirect absorption
threshold. For the case of a simple parabolic ex-
citon band, this absorption coefficient is given by"

o. ~ [(E-E,)'+ 5')'i'cos —,'8,
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FIG. 3. (a) Photoconductivity spectrum at 50 'K for
zone-refined material. The decrease of the photocon-
ductivity signal for E & 3.275 eV is due to a filter that
was inserted to decrease stray light. See text for de-
tails. (b) Temperature dependence of both the photo-
conductivity peak 4 exciton [Fig. 3(a)] and the wave-
length-modulation peak 6(+ LA) of Ref. 15.

bly until it completely dominates the spectrum.
After many scans the photoconductivity response is
essentially identical to that measured by Brown and
co-workers. " Their results, however, did not
show any dependence on previous exposure and were
subsequently lef t unexplained.

The 6-exciton peak was observed in all of the
photoconductivity spectra ranging from approxi-
mately 30 K to liquid-nitrogen temperature. Owing to
both the low excitation intensity and to the small
probability of ionization of an exciton at low tem-
perature, no photoconductivity signal was observed
at temperatures less than approximately 30 K. The
initial response shown in scan 1 can be restored by
annealing the sample in the dark at 150 K. Upon
recooling, the photoconductivity shows exactly the
same behavior as for the virgin sample [scan 1 of
Fig. 3(a)1.

In the above expressions, E is the energy of the
incident light, E, is the threshold for optical ab-
sorption, and 5 is a parameter representing both
lifetime and instrumental broadening. The absorp-
tion at L, can also occur with the absorption of an
LA phonon, but this component has been found to
be small as compared to the TA component and is
therefore not observed in our data.

The temperature dependence of the 6-exciton
peak shown in Fig. 3(b) is a further indication that
it is indeed associated with the valence-band max-
imum at A. The photoconductivity peak and the
wavelength-modulation peak a(+ LA) shift rigidly
together as a function of temperature with a con-
stant separation of approximately 10 meV (the LA
phonon energy at A). The A(+LA) wavelength-
modulation peak represents the threshold for ex-
citon formation associated with the valence-band
maximum at 4 in which the optical transition takes
place with the emission of an LA phonon.

These results suggest that the photoconductivity
peaks 6 exciton and L, exciton can be ascribed to
the thermal ionization of 6 and I. excitons which
are createdbyazero-phonon process. Such a pro-
cess is allowed provided the translational symme-
try of the crystal is broken (e.g. , by an impurity
or crystal defect).

The number of photons absorbed per scan is not
larger than approximately 10"cm '. The growth
of the 6-exciton peak then reflects the production
of photocreated defects as a result of the band gap
radiation. The fact that such a small number of
photocreated defects strongly influences the photo-
conductivity spectrum indicates that their effective
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radius is large. The most likely defect we can
imagine is a charged center: either a self-trapped
hole or a photoelectron at a deep trap. Such deep
traps cannot be charged point defects otherwise
they would contribute to the phononless transition
during the first scan. Possible traps could be dis-
locations, voids, photoproduced interstitial silver,
or Ag aggregates. Annealing at 150 K presumably
either frees the electron that can then seek a self-
trapped hole with which to recombine or it frees the
self-trapped hole which then migrates to the
trapped electron and recombines.

The symmetry properties of the band structure
can be used to explain qualitatively the relative
magnitudes of the zero-phonon transitions associa-
ted with the 6 and I. excitons. At the point 6 of
the Brillouin zone, the hole wave function has 6]
(C,„)symmetry, whereas at the point L the valence
band has L, (D~) symmetry. From group-theo-
retical arguments, " "it can be shown that the s-
like exciton wave function composed of 6, hole
states and I",' electron states transforms as (I",
+I"', +I",) of g, . The basis function of the I", (0„)
representation has a nonzero amplitude at the ori-
gin of coordinates (i.e. , at the defect). In contrast,
the s-like exciton wave function comprised of I.3
hole states and I"', electron states, transforms as
(I", +1,+F, ) of 0„.Each of these three repre-
sentations has basis functions which have zero
amplitude at the origin. On this basis alone, we
expect a larger interaction between defects and 6
excitons, than between defects and L, excitons, thus
the zero-phonon line associated with 6 should be
more intense than that associated with I..

We have assigned the shoulder which begins to
appear near the position labeled L(+ TA) in scan 1

to the thermal ionization of the L, exciton which is
produced with the emission of a TA phonon. This
assignment is supported by the shape of the shoul-
der, as discussed earlier, as well as its
position.

A decrease in the photoconductivity signal was
observed when the sample was irradiated simulta-
neously with infrared (1&X & 2.5 p, m) and band-gap
radiation. On account of the experimental setup
this decrease may reflect an increase of the decay
time of the photoconductivity without a correspond-
ing decrease in the total number of carriers. If
this decay time becomes very large, as compared
to the chopping period associated with the incident
band-gap radiation, then the observed change in the
conductivity will be decreased. This was verified
by the observation of a decrease in the photocon-
ductivity when the chopping frequency was in-
creased from 80 to 225 Hz. The direct change of
the dc conductivity was too small to be detected.
A possible mechanism could be the ionization of

deeply trapped electrons whose lifetime is of the
order of 10 msec.

CONCLUSION

Several important conclusions can be drawn from
the results of this study. In the case of the photo-
luminescence, we have observed no dependence of
the fluorescence on the energy of the excitation
radiation implying that the self-trapping and sub-
sequent exciton recombination processes are ex-
tremely efficient at low temperature. We have
shown that the center of gravity of the fluorescence
shifts rather abruptly in the vicinity of 40 K and
that simultaneously the second moment associated
with these spectra decreases. This observation
implies that the intrinsic fluorescence is composed
of at least two components with different activation
energies. Recent EPR measurements" indicate the
existence of two types of excitons: isolated self-
tra.pped excitons localized on a Cl ion and elec-
trons trapped in the vicinity of a self-trapped hole
localized on a Ag' ion. Several types of these im-
purity-associated excitons exist. Thermal ioniza-
tion of isolated STE provides electrons that may
be trapped by defects that are in the vicinity thus
giving rise to an electron trapped near a self-
trapped hole. Further evidence for the thermal
ionization of excitons is the growth of the photo-
conductivity signal with temperature, the depen-
dence of the photoconductivity signal with tempera-
ture, the dependence of the photoconductivity sig-
nal on previous illumination, and the possibility
of regeneration of the virgin sample by appropriate
annealing near 150 'K in the dark.

The structure observed in the photoconductivity
spectrum has been correlated with the optical-ab-
sorption spectrum and confirms the identification
of a subsidiary valence-band maximum. The most
striking feature of the photoconductivity spectra is
the rapid growth of the 6-exciton peak resulting
from photoproduced disorder. Both a, zero-phonon
and a one-phonon component have been identified
for the transitions associated with I.

Finally, for the non-zone-refined material we
have measured an activation energy of 50+ 5 meV
associated with thequenching of the fluorescence,
while for the zone-refined samples this quenching
appears to depend in part on previous exposure.
Accordingly, we speculate that the decay kinetics
of the fluorescence may be determined in part by
unfilled deep traps which exist in both types of ma-
terial. The number of such traps is expected to be
at least two orders of magnitude smaller in the
zone-refined material than in the non-zone-refined
material. Upon illumination a certain portion of
these traps are filled and can no longer contribute
to the decay kinetics. The number of empty traps
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that remain will be smaller for the zone-refined
material and will strongly depend on previous il-
lumination. Instead, in the non-zone-refined ma-
terial, many more traps remain unfilled during
the experiment with the available light intensity.
As a result there is always a large number of
empty traps to contribute to the decay kinetics. On

this basis we would expect the decay of the fluore-

scence to depend more strongly on previous his-
tory for the zone-refined material than for the non-
zone-refined material. Details of the difference
of the fluorescence decay for the two types of ma-
terial are still not completely understood and pres-
ently are under further investigation.
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