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Exciton capture by nanocrystals in a polymer matrix
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A model for the capture of nonequilibrium excitons by semiconductor nanocrystals in a polymer
matrix via dipole—dipole interactions is developed. The transition probabilitys found by
calculating Joule energy losses in the nanocrystal induced by an external oscillating dipole. To find
the net capture rate, the problem is solved simultaneously with the diffusion equation describing
generation and recombination of excitons in the polymer matrix and their transport to the
nanocrystal interface. In real conducting polymers the capture rate is often limited not by dipole
interactions but by diffusion transport so that the key condition for high efficiency of light-emitting
devices based on organic—inorganic nanocomposites is that the diffusion length of excitons in the
polymer matrix exceeds the average internanocrystal spacing20@ American Institute of
Physics. [DOI: 10.1063/1.1599974

I. INTRODUCTION matrix and calculate the probability of exciton recombination
with simultaneous generation of an electron—hole paira

(N C;?E;?éﬁ ?; Sngr:jz(llij;li'\kl)é":g?e i?]alilnc?-fast:e):j IP?T;%;E?lSWannier—Mott excitohin a NC via electrostatic interaction.
play 9 9 our theoretical approach is similar to that developed in Refs.

structures, is usually described in terms of multiphonon sepa; .
. L and 4 for the reciprocal problem of energy transfer from a
rate capture of electrons and holes. This approach fails in the

olvmer—nanocrvstal composites widelv used in recent earsemiconductor guantum well or dot to a polymer matrix. The
poly . Y P y . y éorresponding probability can be expressed in terms of clas-
for photonic devices.Excitations created by optical or elec- _.

. S . . . sical Joule losses
trical pumping in the polymer matrix exist, as a rule, in the
form of Frenkel excitons, rather than free electron—hole pairs
and one of the most important mechanisms of carrier capture W=
by a NC is the Foster one, which is the energy transfer from

one systeniin our case the Frenkel exciton in a polym&  pereE(r) is the electric field of an external dipole with the
another(electron—hole pair in a NQvia dipole—dipole exci-  frequencyw in the medium to which energy is to be trans-
tation. An alternative mechanism—separate capture of ele%rred, e(r,w) is the dielectric function of this medium and
tron and holes—may be much weaker due to rather larggieqgral is taken over its volume. In spite of the seemingly
binding energy of Frenkel excitons, typically 0.2-0.4 .29\/- classical character of Eql), it is an exact expression if
The Faster capture may be of a special importance if We.( ) is taken from strict quantum mechanical calculations
take into account that in most polymer-based compositeggnsidering all possible electron transitions at the frequency
embedded NCs are passivated by ligand molecules creating 5nq is equivalent to calculations of the corresponding tran-
an additional shell, which inhibits direct capture of carriers.gjiion probabilities(see Refs. 3 and)4In cited articles de-
The present communication is devoted to a theoretical dejgied to energy losses by quantum wells or dots, the role of
scrlptlon_of the capture of r?onequmbrl.um Frenkel excitonsipe energy recipient medium was played by the matrix so
created in a polymer matrix by semiconductor NCs—theyn; (r o) refers to the polymer and the integration covered
process which ultimately determines the quantum yield Ofpe \whole matrix. In our case, energy is transferred to the NC

oy Im e(r,w)|E(r)|?d>. (1)

polymer-semiconductor light-emitting devices. and the integration region is the spherea. The situation is
quite opposite to that of Refs. 3 and 4 and we are no longer

II. TRANSITION PROBABILITY FOR A SINGLE interested in dielectric properties of a polymer. The energy

NANOCRYSTAL recipient medium is now the NC so that the functien, )

is determined by its energy spectrum and electron and hole
We consider a spherical semiconductor NC with radius wave functions.
and a Frenkel exciton at the point(|r¢/>a) in a polymer Generally speaking, the energy spectrum of an ideal NC
is purely discrete and the frequency dispersion ofloon-
dAuthor to whom correspondence should be addressed; electronic maiBISts of a.se”es ob peaks. .S'nce the Frenkel exciton is also
shik@ecf.utoronto.ca characterized by a fixed discrete enefy(w=Eg /%), we

0021-8979/2003/94(6)/4066/4/$20.00 4066 © 2003 American Institute of Physics

Downloaded 20 Dec 2003 to 128.100.138.68. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 94, No. 6, 15 September 2003 Shik et al. 4067

can expect that the electron transition we are interested iNCs may result in a reasonable, at least qualitatively, de-
can occur only at resonance whEgp coincides with a gap scription of the Foster mechanism in real structures with not
between some electron and hole states or correspondirextremely small NCs. For further analytical calculations we
Wannier—Mott exciton energies in NC. Such coincidencewill use €(r,w) for bulk semiconductors and containing no
(assumed also in Ref) ®ceurs only occasionally, so that for coordinate dependence. For exact quantitative results one
most ideal NCs the Freter-type transitions are impossible. In can use the dielectric functions obtained by numerical
other words, dependence of the transition probability on syssimulatiorf for particular quantum dots.
tem parameterge.g., on the NC radiua) should represent a In the above-mentioned continuous approximation, Eq.
system of§ peaks. However, in real systems such resonantl) is simplified. Using the connection between ¢tw) and
behavior may not be observed. If the difference in energyhe optical absorption coefficient(w), we have
gaps between a polymer and a semiconductor is large, the
energyEg for a moderately sized NC will lie far above the _NCa (o) 123
ground state of an electron—hole péir Wannier—Mott ex- T 2nhe f [E(r)[*d*r
citon), close to the states with large quantum numbers. These
states in ideal NCs are highly degenerate but any deviatiowheren, is the NC refractive index. Thus for calculations of
from ideal spherical shape in real structures will remove thighe Faster transition rate we need the spatial distribution of
degeneracy creating instead a number of quasi-continuowdectric field created in the NC by a single Frenkel exciton in
levels. Furthermore, inevitable dispersion of NC size willthe immediate vicinity of it. To obtain a simple analytical
additionally broaden any spectral dependence observed infarmula, we ignore for the time being the difference in po-
macroscopic sample. It is also worth adding that, due to thdarizability between the NC and the matrix, describing them
relatively low electron affinities in most conducting poly- by the same effective real dielectric constaggt (this ap-
mers, the band diagram of polymer—semiconductor interfacproximation also implies Ina<<¢p). This allows us to ignore
often represents the so-called type-Il heterostructure wherine image forces and to write for a dipaleat the origin, the
NC is a potential well for electrons but a barrier for hotés.  squared electric field in the pointR as E?=(1
this case the hole spectrum in NCs is continuous andteo  + 3 co$ ©)d%/ &R, where® is the angle betweed andR. If
transitions are always possible. the dipole is located at the point with polar coordinates
All of the mentioned arguments suggest that neglectindr,0,0) and oriented along the polar directioh,0), then at
the detailed quantum structure of the energy spectrum iman arbitrary point , 6, ¢)

@

) d?{r24r2—2rr ,cosf+ 3[coSh(r COSH—T)+T Sin b, smecos¢]2}
E (r,6,¢;re,09)= > 2 (3)
eo(r +rg 2_2rr «C0S0)

Substituting Eq(3) into Eqg. (2), integrating over the whole dielectric constants;; ande,. In our system with a spheri-
NC volume, and averaging over the dipole orientatiyn cal dielectric nonuniformity this modification consists in the-
we obtain the resulting formula for the transition probability appearance of image charges so that the potential of a charge
or a dipole is given by an infinite seriésThe situation is,
-~ 4nca(w) 4 however, simplified for the case of NCs noticeably larger
N 3hwed(re—a)d(re+a)’ @ thana,. In this case, the NC interf_ace can be appro_ximated
by a plane and the potential of a dipole beyond the interface
To estimateW given by Eq.(4), we assume&l=1D unit  coincides with that in uniform medium with the dielectric
(10 ¥ CGSB, n,=3, £0=5, a=10°cm !, andfiwo=2 eV.  constant §,+¢,)/2. Thus the capture probability is de-
The value ofW increases dramatically when the position of scribed, as before, by E¢) with the replacemen¢é,— (e,
the Frenkel excitom, approaches the NC surface. For esti- +¢,)/2.
mates, we assume a minimal possible value.efa to be of
the order of interatomic distance in the polynegy. Taking
a,=0.5nm, we obtain for the maximal transition probability
W~1.5x10ts 1 (transition time~7 ps. Note that in the The knowledge of the transition probability E@) and
limit r,—a<a, whenW is maximal, the answer does not its dependence on exciton distance from the NC center
depend on the NC sizeéand is inversely proportional to the W(r.) allows us to find the net rate of carrier capture by NC.
cube of distance between the exciton and NC surf&¢e: A complete description of the process must include genera-
~(re—a) 3. This asymptotic answer could be also obtainedtion of excitons in the polymer, their diffusion towards NCs,
by replacing NC with an infinite semispace, which is pos-partial recombination in the matrix, and capture by NCs. The
sible due to the very fast decreaseEsf with distance. specific feature of the Fster capturdEq. (4)] is its very
The formula Eq.(3) ignores modification of the dipole strong distance dependence so that.ata exceeding sev-
potential by the difference of polymer and semiconductorerala,, Wbecomes negligibly small. For this reason, we can

d?a®

IIl. NET CAPTURE RATE
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analyze the processes in the polymer matrix considering N@&fficient, and the lifetime of Frenkel excitons in a bulk poly-
capture as a phenomenon occurring almost directly at the N@er. One of the boundary conditions to E@) describes the
interface and described by some effective surface recombgapture

nation rates. To obtain the expression fa& we note that if

the excnon_ density in thg vicinity of a NC ig then the total D (a)=sn(a). )
rate of exciton capture is dr
dn ” 7hn,Ca(w)d?a® The other condition will be obtained by the approach similar

—=4mn W(rg)radre= (5)
p

dt a+ta to that used for description of nonequilibrium carriers in the
low-temperature grown GaAs with arsenic clusfeWe as-
sume that NCs form a periodic lattice with unit cells centered

by a NC. By symmetry, the diffusion flux must vanish at the

2.2
3ﬁw80ap

The recombination fluy, = (4m7a?) ~1(dn/dt) and hences,
representing the proportionality factor betwegnand n, is

equal to cell boundaries. By analogy with the Wigner—Seitz method
n,ca(w)d? of band structure calculations, we replace the unit cell by a
= (6)  sphere with radiuR,=[3/(47=N)]"® (N is the NC density,
1%0)8%3,23 which results in the boundary condition
To describe the behavior of Frenkel excitons in the ma- n
trix, we find the radial distribution of their density(r) (r —(Rg)=0. (9)
>a is measured from the NC centefrom the continuity dr
equation

With Egs.(8) and(9) we find the distributiom(r) and,
d ,dn} n particularly, the value oh(a) determining the capture rate
= , (7 by a NC. We present the final expression for the quantum

yield » representing the fraction of all nonequilibrium exci-
whereG, D, and 7 are the generation rate, the diffusion co- tons captured by NCs

_ 4ma’sn(a) 3z (xy+1)(y—Dexgd —y(x—1)]—(xy—1(y+Dexdy(x—1)] |
”__W(Rs_ag)e T yoe-1) [(xy+D(y—1-yziexd —y(x—1)]-(xy—1)(y+1+yzexdy(x—1)]]’
3 0
(10
R a sL
L=Dr, x=;0, y=1 Z=B=S\/§.

containing three dimensionless paramet&rss, z. The first  importance since, due to a large quantum yield of radiative
of them characterizes the NC densitye relative volume recombination in semiconductor NGsonsiderably higher
occupied by NCs is #Na/3=x"3), y describes the prop- than in a polymer matrix large  is a condition of a notice-
erties of the matrix, whilez is proportional tos and is the able increase of the light emitter efficiency in organic—
measure of the capture efficiency. inorganic nanocomposites, as compared to that in a pure

Let us discuss the requirements for these parameters spelymer. We note first of all thag increasing withz, satu-
curing high values ofp. The question has a high applied rates at the value

3 (xy=1)(y+DLexgdy(x—1)]—(xy+1)(y—1)exd —y(x—1)] a
(ERTREY y-Dexdyx- DI+ (xyt Dexd —yox-1] |

which at largexy=R,/L is considerably less than 1. This matrix, exceeding the NC separation. Quantitative estimates
reflects the fact that at large the factor restricting NC cap- should answer two question§) what values ofs are high
ture is not the capture itself but the exciton diffusion to theenough to use the asymptotic expression @8d) and (ii)

NC surface andy is determined by the interplay between what are the requirements for the polymer matrix guaranteer-
diffusion and recombination in the matrix. To acquire highing the corresponding values @f, to be close to unity.

values ofy, the sample must have not only effectivergter We begin with the second question. Figure 1 demon-
capture(larges) but also high enough diffusion length in the strates the values of andy corresponding top.,.,=0.8. To
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1.6 nanocrystal contact while in many real composites NCs are
] protected by a layer of ligands suppressing surface recombi-
nation, which may increase effectieg up to 2—-10 nm(de-

.29 pending on the length of ligand moleculesd suppress the
104 capture efficiency. This agrees with the experimentally ob-
served dependence of the electroluminescence intensity in
o % PbS/polymer nanocomposites on the length of ligand ¢hain
0.6 and clearly displays the necessity of optimization the ligand
0o material in light-emitting nanocomposites.
0.2 4
] IV. CONCLUSION
0.0+

—_——T——— T T T 7T To summarize, we have considered capture of non-
to 15 20 25 30 35 40 45 50 38 equilibrium excitons by semiconductor NCs in a polymer
X matrix via dipole—dipole(Forstep mechanism, which ulti-
FIG. 1. Relationship between dimensionless nanocomposite parametersmately determines the efficiency of nanocomposite-based
andy corresponding to a capture gfficie_:nw=0._8_. Tht_e region below the light emitters. The capture is a two-stage process including
curve corresponds to structures with higher efficiencies. direct energy exchange between Frenkel excitons in a poly-
mer and electron—hole pairs in NCs and diffusion delivery of
excitons to the surface of NCs where this energy exchange is
obtain highers.., the x andy values should lie below the effective. Estimates show that in most real cases the bottle-
curve. Since for a fixed (given NC density, 7., is deter- neck determining the net capture probability is related to the
mined by one single parametgr=a/L, small NCs are pref- exciton diffusion. Thus high efficiency of capture and hence
erable for reaching highy. We take for estimates the values high quantum vyield of light emission from NCs can be
L=5nm, D=2x10"“cn?/s experimentally determined for achieved by using polymers with high enough exciton diffu-
the PPV polyme?. We see that forx=2 (12% volume of  sion length and minimizing the inter-NC separation, which,
NCs), one can reachy.,,=0.8 only fora<<3 nm while forx in turn, requires a suitably small size and high density of
=5 (1% volume of NC} the estimate givea<0.5nm, NCs.
which corresponds to a single interatomic distance and hence
cannot be realized in a polymer with the given diffusion
lengthL. L. Bakueva, S. Musikhin, E. H. Sargent, H. E. Ruda, and A. Shik, in

. Handbook of Organic-Inorganic Hybrid Materials and Nanocomposites
It can be easily shown fro_m the g.eneral formulg Bd) edited by H. S. NalwdAmerican Science, 2003
that for thex andy corresponding to Fig. 1y.. approximates  2g M. conwell, Synth. Met83, 101 (1996.
the real valuen with the 10% accuracyin other words, *®D. Basko, G. C. La Rocca, F. Bassani, and V. M. Agranovich, Eur. Phys.
7=0.7) if z=10 (atx=2) orz=30 (atx=>5). For theL and ~ ,J- B8, 353(1999. _ _
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of parameters as in our previous estimates, we obtain fron¥a. Engelmann, V. I. Yudson, and P. Reineker, Phys. Re\678 1784
Eq. (6) values ofs several times larger. Thus, in most cases 6(1998.
the main hurdle to high efficiency NC capture might be cre-,L-W- Wang and A. Zunger, Phys. Rev.38, 9579(1996.
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