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The visible emission and excitation spectra of AgBr microcrystals containing single and parallel dou-
ble twin planes have been obtained. A band at 462.28 nm (2.6813 eV) is observed in the excitation spec-
trum. This feature is about 2.5 meV below the indirect exciton band edge. Coincident emission features
are observed. The band in the excitation spectrum of microcrystals with two parallel twin planes is often
split into a doublet with splittings between 1 and 2 meV. The new band is assigned to an exciton created
at a stacking fault and the splittings are thought to be due to tunneling of the exciton between proximate
twin planes. The small binding energy of the exciton to the twin plane is in accord with the very small

strain field about a twin plane.

INTRODUCTION

Twin planes are a subset of defects known as stacking
faults.! In cubic crystals they represent a mirroring in the
layer sequence aBc AbC to aBcA'b’ AcBa. Twinning in
fce, rock salt structures occurs at a {111} plane and can
also be viewed as a 60° rotation of one plane with respect
to another. Twin planes can have either a cationic or an
anionic mirror layer. These features are of pedagogical
interest because they represent a symmetry-breaking
structure similar in many ways to a surface. They are of
industrial importance because they are a feature that
engenders tabular or planar growth in silver halide mi-
crocrystals used in photographic films. A tabular micro-
crystal has a larger surface-to-volume ratio than a cubic
or octahedral microcrystal allowing more dye to be ad-
sorbed per unit volume and hence more light absorption
per unit volume.

Stacking-fault excitons (SFE’s) have been observed in
Bil; and GaSe.?™* Both these materials are layered and
easily form stacking faults. The SFE’s in Bil; have been
studied extensively, possibly due to the sharp lines that
appear in the absorption and emission spectra just below
the indirect exciton edge.>® SFE’s are expected to exhib-
it a more two-dimensional nature than their more normal
exciton counterparts.?”*

AgBr is an indirect-band-gap semiconductor, thus its
absorption spectrum is very weak in the region of the in-
direct exciton band-gap energy (2.6838 eV). The excitonic
properties of this material have been studied extensively
by emission spectroscopy.’ Free exciton emission and
emission from a number of weakly bound (a few meV) ex
citons have been observed just below the indirect exciton
band gap. Excitation spectroscopy has been used to ex-
amine the absorption of AgBr in the region of the in-
direct band gap.® The indirect exciton absorption can be
observed by monitoring either the iodide bound exciton
emission (500 nm =~2.48 eV) or the donor-acceptor emis-
sion (590 nm =~2.10 eV), which contains a contribution
from intermediate case exciton (close D- A pairs) recom-
bination. &’

Silver halide microcrystals, when grown in gelatin, nor-
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mally have one of two regular morphologies: cubes with
{100} faces and octahedra with {111} faces.® AgBr mi-
crocrystals can also be grown in a tabular morphology
with {111} faces and one or more twin planes parallel to
the tabular faces.® Twin planes have been observed in
cryosectioned samples by transmission electron microsco-
py.’ In those microcrystals with two parallel twin planes
the spacing between twin planes is often between 8 and 20
nm.

In this report we describe absorption and emission
features that occur because an exciton is created at twin
planes in AgBr. We have examined the excitation spectra
of a number of three-dimensional and tabular AgBr mi-
crocrystals dispersed in gelatin. We also estimate the
binding of an exciton in a weak strain field.

EXPERIMENT

The AgBr microcrystal dispersions were made by stan-
dard techniques used for producing silver halide in gela-
tin dispersions for photographic films.!%!" These pro-
cedures allow the production of cubic, octahedral, and ta-
bular morphologies (with single or double twin planes) by
controlling the precipitation conditions. The most im-
portant factor is the silver ion activity during nucleation
and growth. All the microcrystals produced were exam-
ined in a scanning electron microscope. The octahedral
microcrystals were monodispersed in size with an octahe-
dral edge length of 32015 nm. Those dispersions with
tabular grains that contained only single twins were
> 459% single twins by number count, with the rest being
smaller octahedral grains and < 1.5% microcrystals with
double twins. The single twin microcrystals were tri-
angular in shape, with an edge length of 330150 nm. The
doubly twinned microcrystals were hexagonal in shape
and had a mean thickness of 47+6 nm and an equivalent
circular diameter of 800+190 nm. Transmission electron
micrographs of Pt/Pd shadowed carbon replicas of the
octahedral (0O), single twin (ST), and double twin (DT)
microcrystals are shown in Fig. 1.

The excitation spectra of these samples were obtained
at liquid-helium temperatures (T =6 or 2 K), with a con-
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FIG. 1. Transmission electron micrographs of Pt/Pd sha-
dowed carbon replicas of the three types of silver halide micro-
crystals examined: double twin (DT), single twin (ST), and octa-
hedral (O). The magnification is approximately 30 000.

tinuously tunable dye laser. The dye laser employed cou-
marin 120 in a glycerol-benzyl alcohol mixture with cy-
clooctatetraene added to reduce triplet-triplet absorption.
The bandwidth of the dye laser emission was 0.12 meV.
The dye was pumped by the 351/360-nm uv lines from an
argon-ion laser. The rest of the spectroscopic apparatus
has been described previously. 12

RESULTS AND DISCUSSION

Figure 2 shows the excitation and emission spectra for
three dispersions of AgBr microcrystals in the region of
the indirect exciton band-gap energy [E,(ex)]. These
dispersions are composed of octahedral microcrystals,
single twin microcrystals, and microcrystals with two
parallel twin planes. In these excitation spectra the emis-
sion is monitored at 500 nm (iodide bound exciton emis-
sion). Similar spectra were obtained when the monitoring
wavelength was 600 nm (donor-acceptor emission).®
Equivalent excitation spectra were obtained on other oc-
tahedral and cubic microcrystal dispersions, and no evi-
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dence was found for a new band in the excitation spectra.
The exciton emission spectra for octahedral and cubic
microcrystals differ. These differences reflect the
different levels of point defects and impurities that are in-
corporated into these microcrystals under different
growth conditions.

The absorption feature at 2.6813 eV (vacuum correct-
ed), which is associated with microcrystals containing
twin planes, is approximately 2.5 meV below the exciton
band-gap energy [E,(ex)=2.6838 eV]. The appearance of
an additional feature in the excitation spectrum is
thought to be caused by the symmetry-breaking effect of
the twin plane, which allows the creation of a weakly
trapped exciton in the region of a twin plane. The emis-
sion spectra for those microcrystals that contain a single
twin plane have a 0-0 band at 2.680; €V, which is coin-
cident with the absorption feature, and they have a
strong TO-phonon band at 2.672, eV, with weaker LA-
and LO-phonon lines at 2.669¢ and 2.662, eV, respective-
ly. Several preparations of microcrystals containing sin-
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FIG. 2. Excitation (dotted) and emission (solid) spectra of
double twinned (DT), single twinned (ST), and octahedral (O)
AgBr microcrystals at 6 K. The monitoring wavelength was
500 nm. The feature associated with exciton localization at a
twin plane is at 462.28 nm. The zero phonon (ZP) and phonon
replicates (TO, LA, and LO) are identified for the SFE emission
from the single twin (ST) microcrystals. The broad higher-
energy peaks in the excitation spectra are due to LO-phonon
scattering. The splitting in the excitation spectrum of the DT
microcrystal is 1.2 meV. The 0-0 band of the iodide bound exci-
ton (I ) and a plasma line (PL) used for calibration are indicat-
ed.
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gle twin planes and double twin planes were examined.
All microcrystals examined that contained twin planes
exhibited the new band in the excitation spectrum.

The exciton wave function in AgBr is a product of
valence-band (L point [L, ,Ls ]) and conduction-band
(T'¢") wave functions.!>'* In the absence of exchange
there are four degenerate states: two are of pure triplet
character and two are of mixed singlet-triplet character.
Exchange interactions split this into two doubly degen-
erate pairs with the pure triplets lower in energy. The ex-
change energy has been estimated by magnetoabsorption
(0.33 meV) and more recently by Raman scattering (0.17
meV) and quantum beat spectroscopy (0.13 meV).!>!*
With absorption and emission linewidths > 1.0 meV, the
exchange splitting is not observed.

Some of the microcrystals containing two parallel twin
planes exhibit a doublet in their excitation spectrum. The
example shown in Fig. 2 has a splitting of 1.2 meV. This
splitting, when observed in other double twin prepara-
tions, ranged from 1 to almost 2 meV. The average ener-
gy of the two lines (2.681, eV) is the same as the energy of
the line in the single twin preparations. The lines of the
doublet in the excitation spectrum of the DT preparation
shown in Fig. 2 are of unequal intensity, other prepara-
tion exhibit doublets of approximately equal intensity. A
band in the emission spectrum is coincident to the lower
component in the excitation spectrum. The coincident
band in the emission spectrum of the DT preparation
(Fig. 2) broadens from 1.3 to 2.0 meV [full width at half
maximum (FWHM)] as the temperature was raised from
2 to 12 K. The upper component is allowed (see Fig. 2)
and becomes more populated at higher temperatures.
The splitting of the new feature in AgBr tabular micros-
crystals with double twin planes is assigned to tunneling
of an exciton between wells (the excitons oscillating be-
tween two closely spaced twin planes). Estimates for the
tunneling splitting of a particle in coupled square wells of
several nm width and separated by =10 nm are on the
order of a few meV. The observed splittings are in quali-
tative agreement with what we have observed about the
twin plane separation in various preparations; that is,
larger average separations have smaller splittings.

Electrons, holes, and excitons can be bound at
structural lattice defects because the associated strain
field causes a perturbation of the conduction- and
valence-band energies in the region of the defect.!® In ac-
cessing the effect that a twin plane may have on charge
carriers or excitons, it will be assumed that the binding
region is large compared to a lattice constant, making the
effective mass and continuum approximation appropriate.
It will be shown that the binding energy at a structural
defect will be small compared to the exciton binding en-
ergy, and that the binding of only one carrier will be large
and the major source of binding for an exciton. The
strain field at a twin plane is assumed to be one dimen-
sional with its direction perpendicular to the twin plane
(and thus parallel to the [111] direction). The binding en-
ergy of a carrier at an edge dislocation has been calculat-
ed by variational methods using the potential induced by
the strain and the effective-mass approximation, and as-
suming a parabolic band. Various starting wave func-
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tions have been tried, and all lead to similar expressions
for the binding energy. ¢~ 8

The Hamiltonian for a single electron (hole) in a strain
[e(r)] is given in Eq. (1),

H=p>/2m*+3,;D;e;(r), (1)

where p is the momentum, D;; is the set of deformation
potentials, and m* is the effective mass.!” If it is as-
sumed that there is a small dilation (8) near a twin plane,
and that it is perpendicular to the plane, this becomes a
one-dimensional problem and Eq. (1) becomes
_r __#V’_ D§
H Py +Deg,, - + <l (2)

The resultant second-order differential equation can be
recast, with substitutions, to the following form:!°

d*v

1
i’ v=0. 3)

_L_kZ
Inl

The solution to this one-dimensional differential equation
requires a wave function which goes to zero at x =0 and
. The solutions are doubly degenerate and for the
n =1 level are of the form*

+

\Ill.(n):cl(l)*r;e"l7-27l , \I/IJ,(*17)=CI(1)|’i7|eA|—72ZL . 4
For n > 1 the wave functions are more complex. The en-
ergy is given by
m*(D§)*
En = W . (5)

Surfaces of silver halide materials were predicted by
atomistic simulations to rumple and surface-extended x-
ray-absorption fine-structure (SEXAFS) measurement are
in accord with this prediction.?! Atomistic simulation in-
dicates that the anion twin plane is more stable in AgBr,
and that the first cation sublattices on either side shift
~0.03 A away from the twin plane.22 This shift, 0.03 A,
is the effective dilation at twin plane. Substituting the
values for the deformation potentials [—2.3 eV (e " ); 0.7
(h") to —3.8 (h)], and effective mass [m* —0.2897,
mpF=1.71(|)], Eq. (5) predicts that an electron will be
bound to a twin plane by 0.2 meV and that a hole may be
repelled or bound by as much as 2.9 meV depending on
constants used.?*?* Thus the expected stabilization of
an exciton is at most =3 meV assuming that the stabili-
zation comes from binding the hole. This is in accord
with the magnitude of the observed binding energy.

The fact that the stacking-fault-related absorption is
observed in excitation spectra by monitoring either the
iodide bound exciton emission at 500 nm or the D-A4
emission at 600 nm indicates these excitons are detrapped
or that they migrate to iodide ions and D- 4 pairs on the
twin plane. Examination of Fig. 2 in the region of the
iodide bound exciton 0,0 band (=470 nm) reveals two ad-
ditional emission peaks about 2.4 meV above and below
this band for the DT microcrystal. Examination of the
emission spectra of other microcrystal dispersions reveals
that emission lines associated with the iodide bound exci-
ton only occur in those microcrystals with twin planes.
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Emission lines, due presumably to recombination of exci-
tons on iodide ions at or on the twin plane, are not always
observed in twin-plane-containing microcrystals. Their
intensity is dependent on the inadvertent iodide concen-
tration which varies from about 50 to 2500 mppb as es-
timated from emission intensity ratios.?® If it is assumed
that only iodides on the twin plane or in the next anion
layer will be influenced by the strain field enough to cause
additional emission lines, then at the lowest iodide con-
centration microcrystals 300X 300 nm? will have only a
5% probability of having an iodide associated with the
twin plane. Thus it is concluded that while weak iodide
bound exciton emission lines are observed in microcrys-
tals with twin planes, most of the excitons rapidly escape
the twin plane at liquid-helium temperatures. The mea-
sured trap depth of an exciton at a twin plane (2.5 meV),
and a preexponential factor of 10'! gives an estimated
mean release time of =~ 1 ns.2¢

Finally the structure that is observed in the higher-
energy region of the excitation spectra (see Fig. 2) and is
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assigned to LO-phonon scattering is absent in the thin
(47-nm) double twin (DT) dispersion. The absence of a
LO-phonon-scattering structure may be caused by
confinement effects in which the dominant loss of energy
for an exciton with excess translational energy will be
scattering from the surfaces as opposed to phonon
scattering.%!> This loss of LO-phonon involvement has
been observed in nanocrystals (10-nm diameter) fabricat-
ed in reverse micelles.?’
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FIG. 1. Transmission electron micrographs of Pt/Pd sha-
dowed carbon replicas of the three types of silver halide micro-
crystals examined: double twin (DT), single twin (ST), and octa-
hedral (Q). The magnification is approximately 30 000.



