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Effects of size restriction on donor-acceptor recombination in AgBr
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The behavior of donor-acceptdbA) recombination luminescence in quantum confined AgBr has been
investigated. The DA luminescence decay, after pulsed excitation, became longer lived as the nanocluster size
decreased. This result differs from theoretical expectations and from observations with Agl nanoclusters. The
DA lifetime increase with decreasing size is due to an increase in yield and lifetime of “free” excitons that
slowly dissociate into “close” donor-acceptor pairs, giving rise to an “exciton dribbling” effect.

I. INTRODUCTION terized as donor-acceptor recombinatioRecent investiga-
tion of Agl has also shown that its broad emission peaking
With both donors and acceptors present in a semiconduat 3.1 eV (450 nm is also due to donor-acceptor
tor, Coulomb interactions between them modify the energiesecombinatiorf:” Studies of the low-temperature excitation
in such a way that the recombination energy isspectra of various AgBr samples have shown that, when
distance-dependehf. Distant donor-acceptor pairs result monitoring either the iodide bound excitGiBE) emission at
when the separationbetween the acceptor and donor ions is500 nm or the donor-acceptor recombination at 580 nm, the
much greater than the internal dimensiétie Bohr radii of  exciton excitation spectrum is observed below the band edge.
either the neutral acceptor or neutral donor. Close donorThis indicated that “free” excitons were trapped at both im-
acceptor pairs result whenis comparable to or smaller than purity iodide to form IBE and at close donor-acceptor pairs
the dimensions of either the donor or acceptor. The recomy . subsequently radiatively recombirfedptically de-
bination energy of a distant donor-acceptor pair is given bytected magnetic resonan¢®@DMR) spectra of AgBr have
Epa=Ey—(Ep+ EA)+e2/sr, (1) demonstrated that the donor-acceptor emission has contribu-

) o tions from both distant and close pairs.
whereE, is the band-gap energi, andE, are the binding

energies of the donor and acceptor, and the last term is the

Coulomb interaction of the donor-acceptor pair separated by Size restriction and DA pair recombination
r, wheree is the charge on an electron aerds the static
dielectric constant. Quantum confinement occurs when the spatial extent of a

Recombination is a tunneling-assisted process for distanhaterial(boundary conditionsbegins to affect the eigenen-
pairs and a more complex process for close pairs. For sulsgies of the electronic wave function, causing the electronic
stitutional impurities, discrete lines are observed in phom'“'properties to differ from those of bulk materials. Quantum
minescence of a number of semiconductorSAs r in- onfinement effects become noticeable when the size of the

creases, the emission lines merge to form a broad banﬁ’laterial is the same order of magnitude as the bulk exciton

Sharp lines in emission specira are observed only in S€MBohr radius. At this point, the band gap begins to blueshift.

cor_ldut_:tors where the eleptron-ph_onon coupllng 'S Weak1’he blueshift can be described conceptually by a particle in a
which is not the case for silver halides. Recombination be;  ~1511 . o . o
ox. '~ Size restriction can also exclude impurities and de-

tween near pairs is more probable than between distant pairg, . i
ects from materials. In AgBr nanocrystals, free-exciton lu-

which leads to the recombination luminescence shifting to™~. ; 4 ) NS
longer wavelengths with time after pulsed excitation. ThisMminescence dominates the normally intense impurity iodide
d exciton(IBE) emission*? The IBE emission becomes

dynamic phenomenon was first quantitatively modeled by?ound emis :
Hopfield et al! Later Thomaset al* detailed a quantitative €Ssentially undetectable when, for a given impurity concen-

model for the kinetics of radiative recombination of ran- tration, only one nanocrystal in 100 contains an impurity
domly distributed donors and acceptors in an attempt to adodide ion.

count for the long and nonexponential decay curves of the Size restriction will limit the maximum separation of DA
emission observed after pulse excitation. pairs. Thus, pair recombination in a confined system should

The broadband emission that occurs at low temperaturesave a limited luminescence peak redshift for long delay
(4 K), ~2.48 eV(500 nm in AgCl and~2.14 eV (580 nm)  times following pulsed excitation. Considering the total light
in AgBr, both indirect-gap semiconductors, has been charadntensity decay kinetics, the loss of long-lived radiative de-
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cay components would be expected in the nanocrystals. Thi T ' ' ' ‘
limited extent of the nanocrystals ensures that only the tran-_
sitions with higher probabilities occur, i.e., those between£
close DA pairs. This assumes that the trapped carriers are neg i A gome ]
decaying through other channels and that more donor-boun

=

electrons and acceptor-bound holes are not being created a2 “ h
« ey . . k] I nm
ter the initial excitation. Recent work on Agl nanocrystals
has shown that the luminescence decay after pulsed excite |
tion is truncated as the nanocluster size is decreabed. L Buk Lxmo i
Il. EXPERIMENT 1.8 2 22 2.4 26 2.8 3

i i HH Emission Photon Energy [eV]
Microcrystals of AgBr were prepared as gelatin-stabilized mission

crystallites. In a typical preparation, 15 g of gelaticol- FIG. 1. Steady-state photoluminescence from a bulk (3
Iager) was dissolved in 200 mL of water in a stainless—steelxs mm) crystal of AgBr, gelatin prepared AgBr nanocrystas
mixing container fitted with a mechanical stirrer. Next, 100nm), and PVA size-restricted AgBr nanocrystal8 nm). E,

mL each of aqueous 2 M AgNCand 2 M NaBr were added =3.81eV, broad survey resolution is 4 meV, high resolution is 1
to the gelatin mixture in a double jet with rapid stirring. meV. T=6 K. Free-exciton luminescence is found at 2.68 eV, the
Typical preparation temperature ranged from 35 to 45 °Codide-bound exciton luminescence at 2.5 eV, and the donor-
with lower temperatures yielding smaller crystals. A sampleacceptor recombination centered around 2.1 eV.

with crystallites having a mean diameter of 41 nm was pre- -
pared gt 35°C g P and 41-nm samples, emission from free and weakly bound

AgBr nanocrystals were synthesized in aqueous media Rxcitons is observed as a narrow line structure at about 2.68

typical preparation followed a synthesis detailed elsewfiere eV, In the_8-nm na_nocrystal sample, the free-excnon_ lumi-
in which small amounts of silver salts and halide were in-n€scence is blueshifted by 30 meV and all structure is lost.

jected into a solvent containing a size-restricting polymer. 90The broadbands with maxima around 2.1 and 2.5 eV origi-

mL of 0.01 M AgNO; and 100 mL of 0.01 M NaBr at 10 °C nate from donor-acceptor pair recombination and iodide-
were injected into 10 mL of KD (20 :’C) With 1.0 wt. % bound exciton luminescence, respectively. Emission from

low-molecular weight polgvinyl alcoho) (PVA, molecular DfA pair ret;qn:_blnatlor;hls eD\'/Al\dent In g." s?mplgs. Th_e efLects
weight ~8-12 K and were mixed with a magnetic stir bar of size restriction on the recombination dynamics nave

for 1 min in a 20-mL beaker under red light conditions. Theremained unexplored except for some preliminary work.

beaker was then put into a 10 °C bath until the samples We;Eesults from the time-resolved experiments are plotted in

ready to be introduced into the cryostat. An additional siz
restriction agent, sodium polyphosphate, was also used i
some preparations because of its reported efficacy in aqueo
preparation of colloidal quantum da'ts.

ig. 2. Three nanocrystalline samples with mean diameters
nging from 7.5 to 10.5 nm were examined along with the
ga-nm preparation shown. All had nearly identical decay

S ;
curves over the dynamic range plotted.

Two specific samples with diameters of 47 and 8 The decay of the emission from the.41-n_m Saf.“p'e com-
+1.7nm, respectively, are detailed below although the efP3eS well with data on bulk AgBrPrevious investigators

fects discussed were found in all samples studied. Transmidee'® 'able to .f't the light degay data over '.[hree.orders of
sion electron microscop§TEM) was used to determine the magnitude using the theoretical model outlined in Ref. 4.
size and morphology of most of the samples. However, the e
sizes of some of the nanocrystal samples were calculatet 1 E

from the blueshift of the exciton luminescence peak. Previ- ;
ous studies have correlated the blueshift in exciton emissior

from AgBr nanocrystals produced by reverse micelles with g
the crystallite size measured by TER.The distribution

width (error in size is taken as the full width at half maxi-
mum (FWHM).

Low-temperature, steady-state photoluminesce(RE) 001 A
spectra were obtained using a system described elseWhere F | -ca--41nm
An acousto-optic modulatofAOM), argon, ion laser and I DA theary A
gated photon-counting system was used to measure the emi: ..., N S e
sion decay from the 41-nm sample while ap ilsed laser 10 100 1000 104
system, described in Ref. 5, was used to measure the life

01 ¢

Normalized Sign

. . Delay [us]
times of the 8-nm sample because of lower levels of emis-
sion. FIG. 2. Comparison of DA pair recombination dynamics in
samples with 41- and 8-nm crystals. The solid line is a theoretical
Iil. RESULTS AND DISCUSSION DA decay profile forNp>Na, Np=10"cm ™3, Wia=10Ps,

andRy=12 A. The 8-nm sample was excited &t=23.68 eV and

The low-temperature luminescence spectra from differenthe recombination detected &s=2.066+0.0013 eV, whileE,

sized AgBr crystals are shown in Fig. 1. The spectra are=3.53eV andE,=2.084+0.0014 eV for the 41-nm sampld.
consistent with previously reported dafaln both the bulk =6K.
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They used a majority impurity concentration of'§em™3. to form both iodide-bound excitons and ‘“close” DA pairs
In Fig. 2, the theoretical DA decay profile is plotted with the that gave rise to DA emission. This suggests that the long-
following parameters for the majority impurity concentra- lived free excitons in AgBr nanocrystals are dissociating into
tion, the radiative rate, and the critical distance, respecdonor-acceptor pairs, which are then subsequently recombin-
tively: Np=10%¥cm 3 W, ,=1Fs! andRy=12A. A  ing to give the appearance af-1 ms decay. If this were the
small increasémuch less than an order of magnitide N, ~ case, it would be expected that the exciton lifetime and DA
would increase the curvature of the theoretical plot and fifecombination time would be similar in nanocrystals.
the data better. But, 1Bcm—3 appears to be the correct order The exciton emission lifetimes were measured for both
of magnitude for the majority impurity concentration. the 41-nm and the 8-nm samples. Both free-excife® and
As is evident from Fig. 2, the decay of the luminescencean impurity bound exciton (Bg emission were observed in
from DA pair recombination in the 8-nm preparation is muchthe 41-nm sample. The FE and BX¥xcitons had first-order
slower than the decay from the larger crystal. This behaviolifetimes of 15.8 and 19.lus, respectively. These lifetimes
is quite unexpected. As indicated above, the luminescencare shorter than the étime for the DA emission, which is
decay rate was expected to increase because the limited spE—50us. The exciton emission from the 8-nm sample was
tial extent of the nanocrystal should force the wave functionglecomposed into two first-order decays witf+=185us and
of the carriers bound to the DA pairs closer than they wouldr,=611us. The 1¢ time for the DA decay from the 8-nm
otherwise be in the bulk or microcrystals. And indeed, thesample was found to be-700 us. Thus, the extended DA
expected behavior was observed in Agl nanocry$talshe  recombination time observed in AgBr nanocrystals hasea 1/
transition rate should increase with the proximity of the wavetime comfortably close to the longer first-order decay of the
functions of the donor-bound electron and the acceptorexciton emission.
bound hole. Since the observed behavior of the recombina-
tion rate clearly diverges from what was expected, some of
the assumptions for normal DA recombination must not be
valid for AgBr nanocrystals. Originally, it was assumed that The effects of size restriction on the DA recombination
after initial excitation there was no other source creating DAdynamics in nanocrystalline AgBr have been explored. The
pairs. DA pair creation after the excitation pulse could ex-lifetime of the DA recombination was found to be extended
plain the data presented above. as size decreased, a result diverging from theoretical expec-
The lifetime increase observed in the free-exciton emistations and observations of DA recombination dynamics in
sion with decreasing crystal size was reported to be due t&gl nanocrystals. Previous workers had shown that quantum
impurity exclusion and the decreasing importance of surfaceonfinement increased the lifetime of free excitons in AgBr
annihilation of exciton§. The former results in shutting off and that these free excitons dissociate into “close” DA
the iodide-bound exciton recombination luminescence, gairs. An exciton lifetime increase from approximately 20 to
competitive radiative pathway with a much higher decay600 us with decreasing cluster size was observed here. It is
rate. The latter results in the loss of a competitive nonradiathe dissociation of these longer-lived excitons into DA pairs
tive pathway. The former is a well-documented phenomenoior “exciton dribbling” that extends the lifetime of the DA
of nanocrystals. As for the latter, investigators in Ref. 8 sug+fecombination in AgBr nanocrystals.
gested three possible reasons for the decreasing importance
of surface annihilation of free excitons: surface reconstruc-
tion, Coulomb interaction restricting holes to the interior of
the crystal, and a decrease in LO-phonon scattering rate re- P.R. acknowledges funding support by Army Research
sulting from a change in exciton-phonon interaction. Theséffice AASERT Grant No. DAAL03-92-G-0202 and NSF
investigators also determined that free excitons were trappe8icience and Technology Center Grant No. CHE-9120001.

IV. CONCLUSIONS
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