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AgBr photophysics from optical studies of quantum confined crystals
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Luminescence spectroscopy of nanocrystals ( (100 nm) has been used to probe the details of the low-

temperature photophysics of AgBr, an indirect-gap semiconductor. Small crystallite size, moderate exci-
tation levels, and radiative decay rates create a situation in which only one electron-hole pair exists in a
given nanocrystal. These restrictions eliminate some of the decay channels and simplify the exciton
emission spectrum for =50-nm edge-length crystals. The exciton recombination in 10-nm-diam crystals
dominates the emission spectrum. This emission is ) 10 times as intense as exciton emission from a
macroscopic crystal. Symmetry relaxation, carrier confinement, and impurity exclusion explain this in-

crease in exciton emission. Doping experiments confirm the assignment of one set of exciton lines (BX8 )

as recombination emission from an exciton bound to an ionized donor.
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where E is the band-gap energy of the bulk material, m,*

and mh* are the effective masses of the electron and hole,

The behavior of charge carriers, generated by band-to-
band excitation, in a material which has undergone a
"change in environment" can provide insight into the
fundamental properties of the material. Recent experi-
ments on the effect of size restriction on semiconductors
have been useful in this respect. Size restriction, that is,
forming materials whose physical size is of the same or-
der of magnitude as the "effective electron size" or the
exciton radius, can alter selection rules, change photo-
physical processes, and enhance the importance of such
species as surface states. '

It was shown almost a decade ago that very small crys-
tallites of several different semiconductors (mostly II-VI
materials) undergo changes in their optical properties
(i.e., absorption and emission characteristics) as their size
is reduced, usually to less than 100 nm in diameter. The
new energy-level structure had contributions from carrier
confinement as well as surface related states. The
optical-absorption spectra were more structured than the
bulk semiconductors. ' This type of behavior has also
been observed in structured semiconductors, such as
quantum wells, quantum wires, and quantum dots. '

The behavior of individual charge carries has been treat-
ed by a model effective mass, particle-in-a-box Hamiltoni-
an. ' The energy (band-gap) of the lowest ls-ls transi-
tion as a function of r, the crystallite radius, is given by

respectively, e and h have their usual meaning, c is the
static dielectric constant of the material, and Yp
represents polarization terms. This equation can be used
to qualitatively predict the magnitude of the shift in the
band edge to higher energies as the particle size de-
creases. '

The effect of size restriction on the photophysical prop-
erties of indirect-gap materials is less clear. While similar
shifts of the band-edge transitions to higher energies
might be expected, the effect of confinement may serve to
change the nature of the (momentum) forbidden lowest
energy transition. It may become "allowed, " as the inter-
ruption of symmetry at the crystallite surface (which be-
comes increasingly important as the size of the crystallite
decreases) causes a breakdown of the infinite crystal ap-
proxirnation. The effect of size restriction on the elec-
tronic properties of the silver halides has been observed
as early as 1967, when it was noted that there was a shift
to higher energies in the exciton absorption for silver
iodide crystallites whose diameters were less than 30
nm. " The effect of size restriction on the properties of
indirect-gap silver halides was postulated to mix surface
electronic states into the crystallite wave function, mak-
ing the lowest energy indirect-gap transition more "al-
lowed. " The breakdown of the infinite crystal approxi-
mation has been observed in the small particles (10 nm
diameter) of AgBr made in inverted micelles where the
"forbidden" indirect exciton transition becomes the pri-
mary pathway for luminescent recombination, at low
temperatures. ' ' This emission has a quantum yield of
0.075+0.015, which is at least four orders of magnitude
greater than in the bulk. '

The indirect transition in silver bromide crystals has
been extensively studied. ' ' The exciton emission,

47 4268 1993 The American Physical Society



AgBr PHOTOPHYSICS FROM OPTICAL STUDIES OF. . . 4269

which in bulk AgBr appears as a set of narrow lines cen-
tered around 463 nm (2.63 eV), is visible only at very high
experimental sensitivities due to the forbidden nature of
the indirect transition. The individual lines have been as-
signed to the recombination of free excitons (FE's) with
phonon involvement. The zero-phonon line of the free
exciton is extremely weak. Excitons can also be shallow-
ly trapped at donors or ionized donors. The emission
spectrum from weakly bound excitons (BX„)is shifted to
energies below the free indirect exciton emission by an
amount equal to the binding energy of the exciton to the
donor or ionized donor. '

The major pathways for a radiative recombination in
bulk AgBr crystals are iodide (impurity) bound exciton
emission and donor-acceptor emission. ' The iodide
bound exciton (IBE) emits at a peak energy of 2.50 eV
(495 nm), with the individual phonon transitions easily
resolvable when the spectrum is measured at low temper-
ature ( =6 K). This exciton emission intensity is depen-
dent on the iodide concentration. ' It has been shown
that very small crystals of silver bromide exhibit impurity
exclusion effects. ' ' Nanocrystals have a small spatial
extent and therefore a limited number of constituent
atoms. When they form, a large fraction of them do not
contain impurities. In particular, the emission spectrum
from 10-nm-diam spheres of AgBr has almost no contri-
bution from the iodide bound exciton. This occurs be-
cause iodide ions, which are ubiquitous in AgBr at about
1 mppm, are found in only one particle in a hundred.
The incorporation of the iodide impurities should follow
Poisson statistics.

The presence of donor-acceptor recombination at 580
nm, however, does not show a marked size dependence.
This band is thought to be due to donor-acceptor recom-
bination, that is, a variety of defect sites that trap elec-
trons and holes separately, which then recombine
through tunneling processes. This conclusion is support-
ed by both spectroscopic and magnetic resonance evi-
dence. ' Interestingly enough, the presence of these trap
states does not seem to be significantly affected by size re-
striction. This suggests that, at least in some large pro-
portion of the crystallites, these charge-carrier traps are
"intrinsic" in nature or ubiquitous.

Another restriction imposed by particle size is that of
"low carrier density" for a given excitation level. That is,
decay pathways that require the products of more than
one absorbed photon (exciton, e and h

+ pair) to decay
will be closed. This condition is normally met using mod-
est energy excitation conditions. A 50-nm edge-length
cube of AgBr contains 2.6X 10 AgBr pairs. The gelatin
dispersions (see below) of these microscrystals have a par-
ticle density of 1.2 X 10' cm and the interaction
volume of the laser beam is estimated to be 10 cm . A
10-m W laser at 325 nm has a Aux of 1.6 X 10'
photons/s. Estimating that about a third of the incident
light is absorbed by the AgBr leads to an electron-hole
pair production per microcrystal of 4.5 pairs/ms. Since
the lifetime of the iodide bound exciton is 16 ps (Ref. 20)
and the approximate lifetime of the donor-acceptor
recombination is 100 ps, ' we can conclude that even in
50-nm edge-length crystals, most have only one electron-

hole pair or exciton at a time. Because the photophysics
of size restricted AgBr is confined to this case, biexciton,
multiple charge carrier interactions and donor bound ex-
citons will be absent. Donor bound excitons will, of
course, be absent because ionized donors such as divalent
cation impurities require an additional electron for neu-
tralization. This simplifies the treatment of the electron
and hole dynamics.

The intent of our investigation is to add to the under-
standing of the low-temperature photophysics of the
silver halides. Size restriction can be used as a tool to
gain more insight into the role that various processes
such as thermalization play and into the involvement of
the surface in the decay processes.

II. EXPERIMENT

A. Preparation of size restricted silver bromide

Size restricted silver bromide crystals were made using
the method of reverse micelles (RMC). This procedure
has been detailed elsewhere. ' ' Silver bromide crystal-
lites were also prepared as photographic "emulsions"
(hereafter called "gelatin-stabilized crystallites" or gelatin
preparations). The method of gelatin preparation has
been detailed elsewhere. ' Crystals were also grown in
polyvinyl alcohol (PVA) in the same manner as the gela-
tin preparations.

The sizes and morphology of these crystallites was
determined by either scanning electron microscopy
(SEM), in the case of the largest crystallites, and by
transmission electron microscopy (TEM) in the case of
the smallest. A variant of TEM, direct lattice resolution
was used to examine the lattice spacing of some of the
AgBr crystallites. The size of the crystallites in the mi-
celle preparation ranged from 5 to 25 nm in spherical di-
ameter. Sizing of one particular preparation gave an ar-
ithmetic mean diameter of 10 nm with a standard devia-
tion of 4 nm. There seemed to be, however, two groups
of crystallites, one with a diameter of =6 nm and the
other with a diameter of =10 nm with some larger crys-
tallites. The crystallites prepared in gelatin were general-
ly cubic in shape and could be made in various sizes from
120 nm down to 40 nm in edge length. A larger sized
preparation was fairly monodispersed with a mean cubic
edge length of 120+13 nm. A smaller gelatin preparation
has a mean cubic edge length of 94+21 nm. The smallest
gelatin preparation contained more "rounded' cubes and
had a mean edge length of 41+7 nm. The largest PVA
preparation had a mean cubic edge length of 55+10 nm.
A smaller PVA preparation had crystallites that were
very irregular in shape with a mean size 27+10 nm but
there were a number of particles that were twice the
mean size. The micelle, gelatin, and PVA preparation
were easily repeatable, reproducing the grain size and
morphology for a given set of conditions.

An electron micrograph using direct lattice resolution
techniques is shown for the 55-nm PVA preparation in
Fig. 1. The crystallites were examined via lattice imaging
to verify that these particles were crystalline in nature.
The PVA-stabilized silver bromide particles were found
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FIG. 1. An electron micrograph using direct lattice resolu-
tion techniques of a microcrystal from 55-nm PVA preparation,
The magnification is 1.5 X 10 . The image is of a (100) plane.

to be crystalline and have lattice parameters that agreed
to within 1% with the reported lattice parameters for
bulk silver bromide for sizes down to 20 nm (cubic edge
length).

B. Low-temperature luminescence apparatus

The low-temperature luminescence spectra were mea-
sured using the 325 or 441 nm line of a cw He/Cd laser
(=10 mW) as an excitation source. These lines excite
AgBr with an excess energy of about 1.0 or 0.1 eV, re-
spectively. The laser impinged on a sample that was
placed in a temperature controlled liquid-helium cryo-
stat. The temperature of the sample could be varied from
1.8 K (pumped He) to room temperature. A typical tem-
perature for luminescence studies was 6 K, although
many of the high-resolution spectra were also recorded at
1.9 K.

The fluorescence from the sample was mechanically
chopped and resolved with a 1-m spectrophotometer and
detected with a red-sensitive photomultiplier tube (PMT).
The PMT output was fed into a lock-in amplifier. The
lock-in signal was directed into a computer for display
and analysis.

C. Time-resolved emission apparatus

Time-resolved emission spectra were obtained on two
separate systems.

System 1. Fluorescence lifetimes were measured below
the X point of liquid helium ( & 2. 2 K) on a single photon
counting apparatus. Excitation pulses were generated by
a horne-build cw pumped mode locked neodymium-
doped yttrium aluminum garnet (Nd: YAG) laser operat-
ing at 76 MHz, which pumped a Coherent 7002-1 cavity
dumped dye laser operating with Stryrel-9 laser dye. The
output of the dye laser was doubled by focusing the laser

beam through an oriented LiIO3 crystal. The doubled
dye laser output had a wavelength of approximately 405
nm, with a pulse duration of 10 ps. The excitation beam
was collinear with the emission signal, and was separated
from the emission by the placement of an interference
filter of the desired emission wavelength after the sample.
Emission light was focused into a 0.25-m Spex mono-
chromater with a 600 lines/mm grating. The resolved
emission was detected by a Hamamatsu R2809-11 MCP-
PMT. The MCP output was passed through two invert-
ing amplifiers whose output was then channeled through
a Tennelec constant fraction discriminator (CFD). The
output of the constant fraction discriminator was sent to
the start channel of a time-to-amplitude converter. A
small fraction (0.25%%uo) of the dye laser light was incident
on a reference photodiode, whose signal was sent to the
CFD and subsequently to an electronic delay line. This
delayed reference pulse was then sent to the stop channel
of the time-to-amplitude converter. The time-to-
amplitude converter output was sent to a multichannel
analyzer-computer. System response time was approxi-
mately 50 ps. The time per channel was approximately
10 ps (4096 channels). The sample was cooled in a Janis
liquid-helium optical cryostat, and spectra were taken.

System 2. Time resolved emission spectra were also
collected on a system using the pulses from a pulsed Nz
laser as the exciting light, with a pulse duration of ap-
proximately 500 ps and an energy of about 3 —5 mJ/pulse.
The excitation was at 90' relative to the emission collec-
tion optics. The emission was focused into a 1-m spec-
trometer, and detected with a cooled photomultiplier.
The photomultiplier response was fed into a program-
mable amplifier plug-in on a Tektronix 7912 AD digitizer
through a 50 0, terminator. The decay curves are the re-
sult of at least 64 averages. The digitizer was externally
triggered by the output of a fast photodiode that detected
a small fraction of the excitation pulse from the nitrogen
laser. Data acquisition, display, and analysis was compu-
terized. The temporal resolution of this system was 7 ns.
The sample was cooled in a helium cryostat, with a tem-
perature controller. Temperatures could be varied be-
tween 5 and 300 K. Temperatures below 4.2 K were ob-
tained by using a mechanical pump to lower the pressure
:in the liquid-helium filled sample chamber to below the
critical point.

III. RESULTS

The visible emission spectra from a 10-nm-diam, a 41-
nm cubic edge length, and a bulk AgBr sample are shown
in Fig. 2. These spectra demonstrate the large changes
( & 10000X ) engendered in the emission spectra of AgBr
by size reduction. The spectrum of the 10-nm crystallites
is dominated by the "free" exciton emission which has an
estimated quantum yield' of 0.075+0.015. This emis-
sion spectrum has almost no contribution from iodide
bound excitons (X,„=495nm). This is a consequence of
impurity exclusion. '

High resolution spectra, in the region of the free exci-
ton emission, are shown for the 41-nm gelatin prepara-
tion, a repeat of the gelatin preparation that was doped
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FIG. 2. The steady-state luminescence spectrum of a bulk
(3X3 mm) crystal of AgBr, a gelatin preparation containing
41-nm edge-length "rounded" cubes of AgBr, and a reverse mi-

celle preparation containing 10-nm spheres of AgBr. The exci-
ton wavelength was 325 nm and the temperature was less than 6
K. The free exciton emission is found at 463 nm, the iodide
bound exciton emission peaks at 495 nm, and the donor-
acceptor recombination peaks at about 580 nm.

2+with Pb at a formal concentration of 100 mppm, a 55-
nm PVA preparation, and 27-nm PVA preparation are
shown in Fig. 3. Line positions (vacuum corrected) and
assignments for these and other samples are given in
Table I. The assignments of the various lines were made
by comparison of the line positions of several sizes of
crystallites with the known line positions and assign-
ments. ""

The temperature dependence of the free exciton emis-
sion intensity has been examined in both the micelle
preparations (10 nm) and the gel preparations (50 nm). A
plot of the natural logarithm of the inverse intensity
versus the inverse of the temperature gives a straight line
in the temperature range between 40 and 70 K. This can

Emission Wavelength (nm)

FI( 3 ThG. 3. The steady-state luminescence spectrum of a gelatin
preparation containing 41-nm crystallites of AgBr, a gelatin
preparation of =50-nm crystallites for AgBr doped with 100
mppm formal concentration of Pb+, a polyvinylalcohol
preparation of 55-nm cubic microcrystals of AgBr (see Fig. 1),
and a PVA preparation of 27-nrn particles in the free exciton re-
gion. The excitation was 325 nm and the temperature was less
than 6 K. Lines marked PL are plasma lines from the laser and
are used for wavelength calibration.

be interpreted as the exciton ionizing with an activation
energy of 30+8 meV for the micelle preparation and
23+6 meV for the 41-nm gelatin preparation. These
values agree with estimates from the effective-mass ap-
proximation which predicts a binding energy of 28
meV.

Some lifetime measurements have been made on the
free exciton emission. ' ' The bulk crystal measurement
were found to be sensitive to sample temperature. The
literature data and these measurements are given in Table
II.

TABLE I. Line ositions (vacp
'

(vacuum corrected eV) and assignment of various size restricted A Br sam-
ples. Temperatures were 6 or 1.9 K.

ize res nc e g r sam-

Size/Prep. '

Bulk
94/gel
55/PVA
50/gel"
41/gel
27/PVA'
10/RMC'

ZI',
„

2.6838

2.6850
2.6858

ZP BX8

2.6801
2.6808
2.680
2.6818
2.6823
2.682

TO,
„

LA„,TO BX8

2.6756 2.6717
2.6763
2.675 2.673
2.6771 2.6731
2.6774 2.6734

(shaded to higher eneriges)
2.725

Comment

Refs. 16,23
6(1 meV
6 (1 meV
6=1.5 meV
6=2.0 meV
6=2 meV
6=49 meV

'M \

Mean sizes are in nm and the preparative mediums are indicated.
This preparation contained 100 mppm Pb
The fine structure in the smaller crystallites is lost in the broadening line shape that tails to hi her en-

ergies. This broadenin is due to hg
'

the efFect of size distnbution on the emission energies. The peaks are
~ ~ ~ ~

ape a ai s to ig er en-

or e reverse micelle preparation becauselisted as ZP BX8 transitions for PVA preparation and TO for th
t ese are the strongest lines in the larger crystallites although they are a convolution of free and bound
exciton with photons.
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TABLE II. "Free" exciton lifetimes for size restricted crystal
of AgBr.

TABLE III. Lifetime data for iodide bound exciton emission
in size restricted AgBr crystallites. Temperatures were less than
6 K.

Size Temperature (K) Lifetime (ns) Comments
Size Lifetime Comments

Bulk
Bulk
41 nm
10 nm

1.7
& 2.2
1.9

& 2.2

65+10
135+25

&7
3+2

Ref. 16
Ref. 24

The effect of size restriction on the emission and pho-
non structure in the recombination emission from the
iodide bound exciton is shown in Fig. 4. Here, in con-
trast to the free exciton, the emission peaks are shifted to
lower energies. The 0-0 and phonon bands are also
broadened as the size is reduced. The effect of size re-
striction on the iodide bound exciton emission lifetime is
given in Table III. Here we see that as the size is reduced
the single exponential decay of 17 ps that is observed in
bulk and "large" crystallites changes into a biexponential
decay. As the crystallite size becomes even smaller the
faster decay becomes a larger fraction of the emission.
The lifetime effects may be due to iodide ions at or near
the surface which bind excitons.

The relative intensities of the free exciton emission to
the iodide bound exciton emission of a 50-nm gel
preparation are shown in Fig. 5 for two excitation wave-
lengths: 325 and 441 nm; 325 nm excitation provides
about 1 eV excess energy (E&z& E), while—441 nm pro-
vides only 0.1 eV excess energy. These spectra show that
the free exciton emission is stronger relative to the iodide
bound exciton when excitation occurs with a large excess
energy with band-to-band excitation. A very different ra-
tio will be observed for excitation near the band edge in
the exciton absorption region.

Bulk
Bulk
500 nm
100

41

16+2 ps
16+2
17+2
17+2

0.2+0.04
20+3
12+3 ns

Ref. 21
Ref. 24

IV. DISCUSSIQN

The free exciton emission in the bulk crystal is an ex-
tremely small fraction ( (0.0001) of the total emission
(see Fig. 2). As the size is reduced so that the average di-
ameter of the crystallites is 10 nm or less this emission be-
comes the dominant radiative pathway. This dominance
occurs for a number of reasons: impurity exclusion, sym-
metry relaxation, low carrier density and carrier
confinement, all related to the reduced size of the crystal-
lites. The impurity exclusion is manifest by the absence
of the iodide bound exciton emission. ' '' The symmetry
relaxation is manifest by the reduction in the free exciton
emission lifetime as shown in Table II. The free exciton
emission lifetime was estimated to be about 10 ns in Ref.
16; the measured value given in Table II is for an exciton
bound to an ionized donor. The investigations outlined
in Ref. 24 indicate that the free exciton lifetime is greater
than 100 ns in annealed crystals. Work on gelatin grown
microcrystals suggests that they are less disordered than
melt grown crystals and that the appropriate comparison
for the size restricted crystals is to the longer lifetimes.
The low carrier density effects are indicated in Fig. 3,
which shows the high resolution spectra in the region of

~~ ex

468 470 472 474 476 478

Emission Wavelength (nm)
450 460

x 32

470 480 490 500

FIG. 4. The emission spectrum of a gelatin preparation of
=500-nm crystals of AgBr, a gelatin preparation of 120-nm
crystals of AgBr, and a gelatin preparation of 50-nm crystals of
AgBr in the region of the iodide bound exciton emission. The
temperature was less than 6 K and the excitation wavelength
was 325 nm. The vertical line at the 0,2 transition emphasizes
the shift to lower energies with decreasing particle size.

Emission Wavelength (nm)

FIG. 5. The emission spectrum of a gelatin preparation con-
taining 50-nm nanocrystals of AgBr at two exciton wavelengths,
325 and 441 nm. The temperature was less than 6 K. Note the
larger intensity of the exciton emission at 463 nm in comparison
to the iodide bound exciton for excitation at 325 nm.
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the free exciton emission. The spectrum from the un-
doped gel sample (or the PVA sample) exhibits a much
simpler structure than that found in bulk samples. ' In
addition, the spectrum of the sample doped with Pb + is
the same as the undoped except for an increase in the in-
tensity of the line at 2.6818 eV. This is in contrast to
doped bulk samples which exhibit new lines that are as-
signed to excitons bound to substitutional [(Pb +) ]
donors. ' The absence of any donor bound excitons is
one manifestation of low carrier density effects. This ab-
sence and the increase in intensity of the 2.6818 eV line in
the doped sample confirms the assignment of this line as
the zero-phonon transition of an ionized donor bound ex-
citon (BXs ). '

Carrier confinement effects in AgBr should occur when
the electron-hole capture radius becomes a substantial
percentage of the crystallite radius. The capture cross
section can be estimated by assuming that the capture ra-
dius is the distance where the mean thermal energy
equals the Coulomb energy or from the Langevin formu-

26, 27

4~ep
(2)

Using the sum of the microscopic electron and hole
mobilities at helium temperatures (p =8 m /Vs), the
mean velocity for an electron in a parabolic conduction
(v= [8kT/~m *]' =2 X 10 m/s at 3 K), the static
dielectric constant (E= 10.64), and the charge on an elec-
tron (e), the cross section is estimated to be 6. 8X10
nm . This corresponds to a capture radius of greater
than 400 nm. A similar estimate is obtained from calcu-
lating the distance at which the thermal energy equals the
Coulomb energy.

With the above estimates for the capture cross section
at liquid-helium temperatures, the question arises as to
why any emission other than the exciton recombination is
observed in crystals smaller than 400 nrn. The answer
should depend on how the electron and hole, created with
excess energy, therrnalize. If the partition of energy in
creating the electron-hole pair and the energy loss were
such that one carrier reached thermal velocities before
the other, then that carrier would have time to interact
with traps with smaller cross sections. Conservation of
momentum, using the effective polaron masses for the
electron (m*=0.2897) and the hole ((m*) = l. 1), indi-
cate that the electron carries away almost four times as
much energy as the hole. The dominant relaxation
method for a hot carrier when the carrier temperature is
greater than 30 K should be polar optical scattering. A
consideration of the expressions for the rate of energy
loss by this process indicates that both electrons and
holes thermalize similarly. But the rate of energy loss is
directly proportional to the polaron coupling constant
(a) which is larger for holes (a=2. 8) than for electrons
(a=1.6). Thus the electrons start out with almost four
times more energy than the holes and they thermalize
slower. This offers a plausible explanation for the obser-
vation of both iodide bound exciton and donor-acceptor
emission in the 50-nm crystallites.

The simple picture, outlined above, suggests that if the

electron and hole are created with less excess energy
(longer excitation wavelength), then the electron and hole
will come to thermal equilibrium concurrently and the
proportion of free exciton emission should increase. The
opposite effect is shown in Fig. 5. This result suggests
that the thermalization process with low excess energy
and/or the exciton formation of nearly thermalized car-
riers is more complex and carrier velocity dependent ~ Al-
ternately, there may be some other inelastic process
occurring when there is sufficient excess energy, that re-
moves a significant fraction of the electron's energy.
Such an inelastic process might bring some electrons to
thermal energies in the same time frame as the hole.

The high-resolution spectra of the samples prepared in
PVA differ significantly from those prepared in gelatin.
In the PVA samples, the dominant emission is from BX8,
that is, from free excitons bound to ionized donors. The
gelatin prepared samples contain a mixture of free exci-
ton and BL8 recombination. The PVA preparation must
introduce a significant number of ionized donors into the
crystallites. At this time it is not know if these ionized
donors are cation impurities or interstitial silver ions.
This result also suggests that caution should be used in
studying PVA preparations as the emission contains little
or no contribution from free excitons.

It is known that free exciton emission exhibits an
asymmetric line shape due to exciton kinetic energy
broadening. This has been observed in bulk AgBr emis-
sion. ' ' " This asymmetry is not observed in the free exci-
ton lines shown in Fig. 3. This lack of asymmetry sug-
gests that confined excitons are more rapidly thermalized,
due to interaction with the surface.

The observed shifts to higher energies due to size re-
striction are listed in Table I. Prediction of these shifts
for the AgBr exciton line positions as a function of size
should not come from Eq. (1) as the temperature depen-
dence of the exciton emission intensity suggests that a
more realistic model for this system would be a confined
hydrogen atom. The free exciton is often modeled by an
effective mass scaled hydrogenic system. A hydrogenic
system in the center of a spherical box should be a
reasonable model for an exciton in quantum confined
semiconductor crystallite as it is known that free excitons
avoid surfaces. Variation solutions (as well as exact
solutions) have been obtained for the problem of a hydro-
gen atom in an infinite spherical box. '

Using the tabulated data in Ref. 31 and scaling it for
an effective-mass exciton in AgBr (R =R op~ /e =28
meV and a =aors/p*=2. 5 nm where Ro is the binding
energy of a hydrogen atom, ao is the Bohr radius, and
1/p* = 1/m, *+mz* ) predicts that the shift for the 41-nm
rounded cubes (treated as spheres) should be less than 1

meV and the shift for the 10-nm spheres should be 21
meV. These predictions are in qualitative agreement with
the data in Table I, but point out the problem of making
such comparisons when the particles are polydispersed in
size. This problem is exacerbated by the fact that the ex-
citon emission yield is strongly dependent upon size, as is
light absorption. Until monodispersed samples of AgBr
are fabricated the use of more complex models is unwar-
ranted.
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The effect of size reduction on iodide bound exciton
emission, as shown in Fig. 4 and Table III, manifests it-
self at larger sizes than the effects on the free exciton
emission. The 0-0 line and the lines involving various
numbers of phonon broaden and shift to lower energies
(longer wavelengths) as the size is reduced. The shift is in
a direction opposite to that of the free exciton emission.
The exponential emission decay of bulk samples is found
to become biexpontential (multiexponential?) with the
shorter decay component continuing to decrease in ap-
parent lifetime and to become a greater fraction of the
emission as the size is reduced.

These effects are due to the fact that iodide segregates,
to some extent, to the surface during gelatin growth (and
melt growth), and that the surface-to-volume ratio is
increasing as the size is decreased. The system can be
thought of as iodide bound excitons either at the surface,
that is, at a distance at which the surface influences the
exciton emission, or in the bulk. The bulk excitons decay
more or less normally but the surface excitons will decay
more rapidly due to symmetry relaxation. The shift to
longer wavelengths indicated that the exciton is bound
somewhat more strongly by surface iodides. The
broadening of the band occurs because, in actuality, there
will be a distribution of distances from the surface which
influences the exciton.

V. SUMMARY

The generalized radiative decay scheme for AgBr, ex-
cited with energies significantly above the band-gap-
energy, is given in Fig. 6. Here it is indicated that elec-
trons and holes created by band-to-band excitation must
thermalize before they can interact with ionized donors,

AgBr

hu

(e )*+(h+)*

-h.

e +h+

(FE
p+

(p+, x)

463 463

( I, X

495 580 nm

FIG. 6. A schematic of the photophysical processes occur-
ring in size restricted AgBr. As discussed in the text, the rela-
tive rates of electron and hole thermalization are important in
determining the recombination pathways. Two mechanisms for
the formation of iodide bound excitations (I,X) have been pos-
tulated but to date their relative contributions have not been
determined.

ionized acceptors, impurities, or each other. The energy
partition and thermalization rates are critical in deter-
mining how the electron and the hole are trapped and
which decay paths are operative. Size restriction
simplifies the exciton emission spectrum by eliminating
the donor bound exciton recombination. It also modifies
the iodide bound exciton emission by emphasizing the
role of surface iodide. Size restriction should also modify
the donor-acceptor recombination kinetics but to date
this has not been observed.
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