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Photoelectric phenomena in polymer-based composites
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We consider photoelectric phenomena in a composite medium in which inclusions form a type-ll
heterojunction with a host matrix. The model describes, in particular, polymer-based photosensitive
structures with different types of semiconducting or insulating inclusions. It is shown that the
separation on nonequilibrium carriers due to interface electric fields increases the hole component
of photoconductivity, decreases the electron component, and results in a substantial increase of the
total photoconductivity. The effect is observed experimentally in a wide range of polymer-based
composites with disparate inclusions. For photodiode structures, this same phenomena either does
not change, or slightly decrease, the quantum yield. 2@0 American Institute of Physics.
[S0021-897€00)03719-1

I. INTRODUCTION Il. MODEL BAND DIAGRAM

Conducting polymers provide a prospective basis for  An essential feature of conducting polymers used in pho-
physically flexible, functionally versatile, low-cost, large- tovoltaic devices is their relatively low electron affinigy;
area electronic systems. Compared to inorganic elemental ghe energy separation between the vacuum level, and the
compound crystals, the added degrees of freedom associat®yvest unoccupied molecular orbitdlUMO) (which plays
with molecular chemistry, structure, and organizationthe role of conduction band in conducting polymefsr the
broaden the range of functional application. At the saménOSt popular conducting polymers—including polyphe-

time, this added complexity poses new challenges in theorf}y!€ne vinylene(PPV), triphenyldiamine(TPD), polyvinyl

and fabrication carbazole(PVK), oxadiazole derivativgPBD)—y ranges

L . . _from 2.3 to 2.6 e\2. This is less than typical electron affini-
I h f f -
-Con-ductlng polymers have benefited from extensive mties in CdS(3.8-4.8 eV), CdSe(4.0 eVf), and TiG, (4.2
vestigation over more than two decades. Polymer-based phos

. : . . eV®). Though the experimental values gf even in well-
toelectric devicege.g., photoresistors and photodiode=p- ). gn. b R
. studied materials may vary from one source to another by
resent an important area for research.

R ) 'In spite of greale,qrq) tenths of eV and for CdS even moydpr polymers
progress made in this direction, the existing polymer-basegjS nevertheless always much less than for all above-

devices still suffer from relatively low quantum yield. To @ hentioned materials. Investigations of the PPy-6ystert
great extent, this may be attributed to the very low carrieryso demonstrate thatggis an electron acceptor for PPV.
mobility in polymers which prevents complete separation of |y sum, in most polymer-based composites, the polymer
photoexcited electron—hole pairs. component has a lower value of electron affinity than the
Recent experiments have shown that polymer photocorimbedded material. The band gap of the latter can be larger
ductivity can be improved by embedding semiconductorthan that of the polymefas in TiQ,) or smaller typically by
nanocrystalgincluding, but not limited to, CdS and CdS®¥  only 0.1-0.5 eV(as in CdS and Cd$eGiven these param-
dielectric TiO, nanocrystal$, or fullerene G, moleculed  eters, the energy band diagram of the system has a form
within the polymer matrix. These “sensitizers” include dis- shown in Fig. 1a). This is known in semiconductor struc-
parate classes of materials—some conducting, others insuldtires as a type-Il heterojunction. Thus, our aim will be to
|ng, some absorbing/gain producting, others pure|y disperanalyze the main |ight'indUCEd regularities in CompOSites
sive. It would seem that the photoconductivity enhancemengonsisting of the materials which form the type-Il hetero-

has a general character associated with inclusion of embedfnction. The model which we elaborate is applicable both to
ded materials. polymer-based mixtures and also to purely inorganic semi-

It has been propos&d that an increase in photoconduc- conductor quantum dot structures in type-Il heterosystems,

7 .
tivity may be related to charge separation at the interfacéSUCh as IB‘XGQ‘AS'GaS_Q‘VASY or CdS—PbS. While a
. . : reat number of publications are devoted to the type-I quan-
between polymer matrix and the inclusions embedde

. . . . . tum with simultan I nfin lectrons and hol
therein. In this work, we consider the theory of this effect in um dots with simultaneously confined electrons and holes,

detail. elucidate it | feat d determine its infl the properties of type-II dots, particularly, their photoelectric
etall, elucidate 11s general features, and determine 1ts in uéharacteristics, remain almost uninvestigated.

ence on the properties of composite-based photoconductors | o presence of illumination the band diagram of Fig.

and photodiodes. 1(a) will be altered due to the charge of nonequilibrium car-
riers. During the initial period of excitation, electrons are

dElectronic mail: shik@ecf.utoronto.ca captured by the potential well, giving rise to an accumulating
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»

recombination-generation carrier balance. The answer de-
pends on the relationship between band gaps in the polymer
matrix Eg and in the inclusior‘E'gJ and is derived below con-

Y a sidering different possible cases. We assume that electrons in
the conduction/LUMO band and holes in the valence/highest
occupied molecular orbitdHOMO) band are in a quasiequi-
librium and distributed in the potential relief according to the
L) Boltzman formula. The validity of this assumption is dis-
cussed in Sec. Ill.

AE,

Eg1

Eg2

A. Narrow-gap inclusions

Vo

— In polymer-based composites with semiconductor
nanocrystals inclusions, such as PPV-CdS and
PPV-CdSé;>1% the valence band offsek, is less than
that in the conduction banfl.. As a result, the recombina-

tion of electrons inside and holes outside inclusions occurs
via hole activation over the potential barrigy . If the light
frequencyw, with E§<ﬁw< Eg, illuminates the structure,

then both generation and recombination occur only inside
inclusions. When the recombination rate described by the
bimolecular quadratic expressignnp, the balance between
generation and recombination at steady state is given by

FIG. 1. Energy band diagram of a polymer-based compdajtan equilib-
rium and(b) under illumination.

of negative charge- Q therein. An equal number of holes in ¥PoQN} L{ AU> 4
kT

the surrounding matrix provide screening of this charge. The NE - ?ea3Gi ' S
resulting band diagram is shown schematically in Figp).1 Y
If we assume the inclusion to have a spherical shape with thehereG,; is the optical generation rate in the inclusions and
radiusa, then the electric field at the interface N;¢ are the effective densities of states in the valence bands
of inclusion () and matrix €). Together with Eq(3), this
d_‘P(a): & (1) allows solution for the electron charge
dr Eeaz ’
, , , . ( 16m2e€,a’KTNE

wheree, is the dielectric constant of polymer matrix. In the Q= ——
close vicinity of the interface, the potential varies linearly. If 37N,
the holes have a quasiequilibrium distribution, this results in
an exponentially varying hole concentration(r)=p, exp
[— eQr—a)/(ea’kT)]. The number of holes concentrated in
this region is given by

1/3 A,
exp{ T) . (5)

If hw> Eg, the formula should be modified to reflect the
fact that nonequilibrium carriers are generated mostly in the
matrix rather than in the inclusions. This entails replacing
47ra%G;/3 in Egs.(4) and (5) by G./N.

sz p(rdr=4mea*kTpy/(eQ). 2

The amplitude of band bending, cannot be found from B. Wide-gap inclusions
tnesg. approxmatg Tonﬁlderr?tlon;, S'Ece rt]h'sr'f determlne_(jhby For dielectric wide-gap inclusions, such as, Jj®there
the distant potential tail rather than by the thin region Withy.q 1o main distinctions for the physical picture as com-

large p close to the interfaceV, is readily estimated from ared with that of the previous subsectidi: carriers are

another copsideration. S!nce the potential in accumulatiogenerated only in the polymer matriéii) the energy barrier

layers  varies Iogarlth_rr;/lgglly(see, €9, Ref. 9 Vo o electronsA . is smaller than for holea,, and recombi-

_szIr_1(I/rS), whe_:rel =N IS t_he average dls_tance between nation occurs predominantly in the matrix. If electrons and

|nclu5|onsz. N _'f,z _the densn_y of |ncI_u3|0ns andr holes separately are in a quasiequilibrium, then the recombi-

= (4mpee/kT) is the effective screening length. nation rate at all points in the matrix has the same value
In the absence of external current, the number of h0|e§yepoQ NE exp(— A /KT)/(4me@N) =G, (NL° are the corre-

gi)len bﬁ{ ﬁq.(Z) muﬁt b? equsl to Ithe nur:nbcta)r of eleCt(rjonssponding densities of states in the conduction hahdcom-
Q/e, which eventually gives the relationship betwe@mn bination with Eq.(3) this gives the expression similar to

the hole concentration near the interfapg, Eq. (5)
Q?=4mea*kTpy. (3) .
e _ - , 16m2eea’kTN, |\ [ A,
An independent equation, which link3 with p, and Q=|——F————Ge| ex 3KT) (6)
allows them to be found separately, is deduced from 37yeNc
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I1l. CHARGE SEPARATION AND
PHOTOCONDUCTIVITY IN A POTENTIAL RELIEF 1
. L. ]
We discuss the general features of charge separation in a
semiconductor with a built-in nonuniform potenti&i(r)

having the characteristic spatial lendthnd amplitudev,.
The principal properties of nonequilibrium carriers in the o
system are determined by the relationship between the re- .
combination timer, and the characteristic time of charge
separation in internal electric fieldg~el?/(uV,) whereu
is the carrier mobility. If 7, <7, then drift in the internal
electric field does not noticeably shift carriers during their
lifetime, so that the carrier separation is negligible. In con-
tradistinction, atr, > 75 the separation is essential and results
in the formation of quasiequilibrium distributions of elec-
trons and holes in the potential religf{r).'? If the charge
separation is negligiblen=p=/G/y, so thatr,=1/(yn)
~1/\/yG and the conditionr,> 7 can be written as

el?\/yG
SV g

Vo @)

\
Even for very low carrier mobilities typical of conducting :
polymers, Eq(7) is satisfied at sufficiently low enough light ‘;

intensities. The carriers then obey a quuasiequlibrium distri-

bution. FIG. 2. Potential and concentration distribution in a polymer-nanocrystal
If a strong inequality opposite to E(Z]Y) is satisfied. then system. Darker areas represent regions of higher electron and lower hole

. L. . . concentration. Black circles depict inclusions. Percolation pathways for
the quantum yield of photosensitive devices, especially phoz P ’ v

electrons and holes are shown by solid and broken lines, respectively. The
todiodes considered in Sec. IV, is very low. This case is Okaddle points which dominate electron and hole conductivities are marked
little practical interest, and we therefore restrict our analysidy crosses.

to the quasiequilibrium case E¢/). The use of the Boltz-

mann distribution in describing occupation statics also de-

pends on these conditions being satisfied.

In the absence of current, and with carriers in quasiequi-

. . electron concentration, in principle favoring conduction, but
librium, electrons and holes can be described by the constant _. . . .

. X . . . eir nearest neighborhood presents a high barriers for elec-
quasi-Fermi levelg, and{,, which can be directly obtained

. . . . trons. For this reason, the electron current is determined by
from Eqgs.(5) or (6). Measuring energies from the inclusion . . . : .
; . . . . the regions far from inclusions. Here, the electrical potential
conduction band edgesee Fig. 1, the quasi-Fermi levels in

. . - - nd electron concentration are maximal relative to the rest of
the cases of narrow-gap inclusions illuminated under thé

ition E! the matrix.
conditionE < w<E{ ' . |
e (8) In contrast, the hole current is carried by the spherical

A, 1 9K Te NEG; shells surrounding the inclusions, and through the local po-
(=5t 3In —; tential minina connecting thertFig. 2). For both electrons
3 3 4me*a®yiN,(No)® and holes, the saddle region of maximal resistance which
5 5 oD determines the current lies approximately halfway between
24 —lln 4me7a’(N,)"G; neighboring inclusions. The electron and hole energies in
3 3 9yfee(NL)2(Ng)3' this region, which in fact represent percolation levgls, in
the conduction and valence ban@ee, e.g., Ref. 13 are
As previously mentioned, whehw>Eg, 4ma’G;/3 is re- approximately equal ta\,—V, and A,—ES—V,, respec-

v

{p=—EgtA,—

placed byGe/N. For wide-gap inclusions tively. (To be more exact, for a random position of inclu-
A1 OKTe.G sions, the saddle points for electrons and holes do not coin-
§n=—c +Zn A cide and have slightly higher carrier concentrations which is
3 3 4me?ayNE(N))? typical for a three-dimensional percolatibhHowever, for a
. logarithmically varying potentiaV/(r) this factor is of a mi-
__pes Ac EI 4me’a’(N,)*G; © nor importance and for our semiquantitative analysis can be
&=~y 3 3N 972es(NEZ(NE)3’ neglected.

To obtain the electron and hole photoconductivities of
To calculate the photoconductivity, we must take intothe composite system, we note thg=kT In(l/rg), and pg
account the detailed spatial distribution of electron and holevhich determines is given by Egs(3), (5), and (6). We
currents. The inclusions are characterized by a very highind
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In inhomogeneous crystalline semiconductors, the pho-
toconductivity increases as the temperature decrease. In
polymer-based structures, this may not be the case in spite of
the explicit exponential factors in Eggll), (13), and (15).

The hopping character of polymer conductivity implies a
mobility w, with an activation temperature dependence of
opposite sign, so that the total characterogfvs T depen-
dence remains indefinite.

It is worthwhile to follow the change in photoconductiv-
ity with the concentration of inclusionhl. Equations(11)
and (15) show a weak increase ef, with N. This occurs
because the drift barrier for holes is lowered as the interin-
clusion distance is decreased and the height of potential pro-
file Vo lowered. On the other hand, if carriers are generated
in the wide-gap matrix but recombine in the narrow-gap in-
clusions, then the recombination rate increases WitfThe
corresponding decrease in carrier concentration compensates
the above-mentioned decreaseqf so thato, remains in-
dependent oN [see Eq(13)].

Qualitative changes occur atrNa®/3=0.2when perco-
lation through inclusions becomes possible. At lard&r
electrons can move from one inclusion to another across the
whole sample, and the drift barrier for electrons disappears.
The drift barrier for holes also disappears since the regions of
maximal hole concentration lie near the matrix—inclusion in-
terface and become connected simultaneously with inclu-
sions. At the same time, electrons and holes remain spatially
separated and the recombination barrier is still determined by
the band offsets. As result, at this critical concentration of
inclusions, the partial photoconductivities of both electrons
and holegqespecially, electronsand, hence the total photo-
conductivity, must show a marked increase.

IV. QUANTUM YIELD OF A PHOTODIODE

It is worthwhile to compare these expressions with that

for the photoconductivity of uniform matrix in the absence of
potential relief: crg’p=e,un,p\/Ge/ye. If the band offsets

An p>KT, then, due to exponential factors in E¢B0)—(15),

o< a'g but o,> a'g

. Thus, except for the case of anom
lously low u, compared tou,, the presence of inclusions

In this section we calculate the quantum yiejdof a
polymer-based photodiode structure. We assume that the
photosensitive material occupies the regior»0<L with

a- the electron-injecting contact at=0 and the hole-injecting

contact atx=L. The voltageU is applied between contacts,

increases photoconductivity of the system, which, in thisdiVing rise to the internal electric fielf=U/L.

case, occurs purely by hole conduction.

Similar photoconductivity growth occurs in chemically
uniform semiconductors with a random electrostatic poten
tial V(r) caused by strong compensation, irradiation, grai

For comparison, we consider a homogeneous polymer
containing no inclusions. For a sufficiently large field, we
can neglect carrier diffusion and focus on drift. We write the

rcontinuity equations for electrons and holes

boundaries, ett? The effect is caused by charge separation dn

in the built-in potentiaM(r), which created a potential bar-
rier for recombinationA, exponentially increasing the life-
time and, hence, the concentration of nonequilibrium carri-
ers. ThoughV(r) also creates also a potential barrier for

maEg =~ NP+ G; (16)

dp
~HpEg = p+G (17)

carrier transport, thereby suppressing conductivity, this drift

barrier Ay is less thatA, so that their joint influence results
in increased photoconductivity. In the case of the two-phase
system considered herein, similar arguments can be applie

For holes, the connection comes \a=(2/3)minfA.;A,}
and Ay=V,. It does not apply to electrons, for whicky

=A.—V,. The effect is sufficient to cause the increase in

photoconductivity.

to be solved with the boundary conditions
n(L)=0; p(0)=0 (18)

géscribing fast recombination of carriers at the respective
contacts.
Integration of the system Eqél6) and (17) yield

j=e(pan+ upp) E=constx) (19)
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indicating continuity of the total electric current. Eliminating The average generation rageis equal to 4ra*NG;/3 for

p from Eq. (16) with the help of Eq.(19), we obtain a first- generation inside inclusions and approximatély for gen-

order differential equation fon(x). It is readily integrated, eration outside inclusions.

and the boundary conditions E(.8) are used to determine In analogy with Eqs(16) and(17), the continuity equa-
the integration constant and the unknown paramgt&his  tions are given by

provides an expression for the quantum vyieje:j/(eGL)

o : : E do,
as an implicit function of a single parameteg — =G-R; (22)
= VnugEI(YGL) e dx
Iy E dcrp_
4arctar< @nﬁ>: 12 7. (20) “edx YR (23)
-7

It can be shown from Eq(20) that whené<1, p=2¢ with o, , already obtained in Sec. Ill and boundary condi-

whereas wheri> 1, the quantum yield tends to unity. The 10NS Q(L)=0; po(0)=0.

paramete has a simple physical interpretation. It is a ratio After the substitution ofR and oy, p into Egs. (22) and

of the characteristic recombination time to the average timé23) we obtain a set of equations fop=3Q/(4wa’) and

for carriers to drift between contacts. Po analogous to Eqs16) and(17), whereg replacesG and
It is fruitful to compare Eq(20) with the quantum yield ¥ #n» @ndu, are replaced by the effective values

of photoresistorsyes= (un+ up)E/(\yGL) taken for the Ne Vo—A,

sameE. Based on the asymptotic behavior of Eg0), we (M) eff= n— r{ T );

can see that these quantum yields coincide for staalh

symmetric structures withu,=u,, but in all other cases Vo

Mes> 7. This comparison, however, is in many cases is  (up)e= ,upexp( kT) (25

purely formal since, in contrast with resistors in which the

electric fieldE is created by an external voltage, the electric 4ma3NN % Av)

(24)

field in photodiodes us related to the built-in field opan Veii= Vi .
junction. 3N,
Our analysis applies not only to conducting polymers,
but to semiconductors as well. However, in real crystalline
semiconductors, as a rul&>1, and the problem of quantum NE
yield does not existexcept for the case of anomalously high =, exp(

ol

for narrow-gap inclusions;

for wide-gap inclusions. (26)

kT
density of recombination centérs In contradistinction, in
polymers, which carrier mobilities are typically very loy, If we now calculate the effective parametgy; using the
<1 and quantum yield is typically very low. values given above, we find that for wide-gap inclusiais,

Now we apply the general formula of the present sectionremains unchanged compared to the unperturbed polymer
to describe photovoltaic effects in composite structures. Tenatrix. For narrow-gap inclusions.; acquires the factor
do this, we generalize the results of Sec. Il to the case oéxg —(A.—A,)/(2kT)]<1. Taking into account the mono-
macroscopically nonuniform systems in which the concen+onic 5 on & given by Eq.(20), it is evident that the narrow-
trations of nonequilibrium carrier® andp, vary along the gap inclusions decrease the quantum yield of photodiodes,
direction of built-in electric field. For this reason we no whereas the wide-gap inclusions do not affect the quantum
longer assume local neutrality as expressed by (Bg.but  yield. This is connected with the simultaneous increase in
considerQ andp, as independent variables which different ().« and decrease inu,) e in composite structures. The
spatial profiles. qualitatively different behavior of photoconductivity and

We assume that the total thickness of the structure  photovoltage results from the fact that photoconductivity is
much greater than the distanceetween inclusions. In this determined by the carriers with the higher mobility, while for
case we may divide our system into domains larger than  the photovoltage carriers of both types are equally important.
considerably smaller thaln and calculate their properties by The situation changes dramatically at the percolation
a spatial averaging. Unless the concentration of inclusiéns threshold corresponding toNa®/3=0.2. As mentioned in
is very small, the average electron concentration will be deSec. Ill, at this density of inclusions the drift barriers disap-
termined purely by the inclusionE—QN/e The hole con- pear while the recombination barrier remains. This means

centration is given byp=4me.a’kTNp/(eQ). Using the  that (un)eir=mn, (1p)er=pp Whereasyer remains expo-
formulas of Sec. II, we obtain the average recombination rat@entially small in comparison withy in a uniform matrix.

: The ultimate result is a sharp increaserzino a value much
¥iPoQNN, A, . __ greater than in uniform polymer structures.

=Tex Tl for narrow-gap inclusions;

e 12

V. DISCUSSION

exp{ - k—-lc-) for wide-gap inclusions. In Secs. Il and IV, we considered two different photo-
sensitive structures—photoresistors and photodiodes. Their
(21 properties were shown to be influenced by second-phase in-

_ 37ePoQ Ng
4mea’N,
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2 ~ loss of holes into thex=0 contact is compensated by the
~ ~ injection of holes ak=L, as in photoresistors. Photocurrent
~ _yacuum_ becomes equal te,upE\/G_/y as long as it remains less than
level the thermoionic emission from the contact, proportional to
exd —(x+Eg—®P)/KT]. In sum, real structures with the band
g diagram of Fig. 3 take on the character of photoresistors, at
least for a low light intensity.

Thus, from the results of Sec. lll, the sensitivity of such
practical devices must indeed be increased considerably by
any inclusions which result in the formation of type-Il het-
erocontacts with the polymer matrix. This conclusion is in
agreement with the experimental findings summarized in
Sec. |, in which a variety of different inclusions, each dis-

X parate medium forming type-ll contacts with the polymer
0 L matrix, increased the photosensitivity of polymer-based
FIG. 3. The energy band diagram for a photosensitive structure. 1 and 2 ar%tructures. Moreover, in full agreement with the predlctlons

the metallic contacts with work functionB, and®,. 3 is the photosensi- Of Sec. lll, the photosensitivity exhibited a steep increase

tive layer with electron affinityy and band gafE,. The electric field is  near the inclusion density corresponding to the percolation
given byE=(®,—®,+eV)/e, whereV is the external applied voltage. thresholdt

Another important consequence of charge separation in

composite structures is the slowing down of photoconductiv-

clusions in different ways. For this reason it is especiallylly kinetics, also reported experimentafiysccording to Eq.
important to elucidate which of two models describe real(26), the coefficient of quadratic recombinatigrin the pres-
polymer-based photosensitive structures better. These stru@C€ Of inclusions —acquires the additional factor
tures usually consist of a polymer layer provided with two®XH—Mmin{A¢,A,}/KT]. This will result in an exponential in-
contacts from different materiafsThe band diagram of such Créase in the characteristic time of photoconductivity relax-
a system is shown schematically in Fig. 3. This system sug@ion, which is typical for any inhomogeneous system con-
gests a photoresistor but contains a built-in electric field ref@ining recombination barrier$.
sulting from the difference in contact work functions and
gving rlse o the S.hort-CIrCUIt .phOtocurrent CharaCtenStIC of IN. C. Greenham, X. Peng, and A. P. Alivisatos, Phys. Re%4B17628
photodiodes. A suitable mapping between this physical sys- (199g.
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The boundary conditions, Eq(;18), correspond to the 3,(A. CgArango, S. A. Carter, and P. J. Brock, Appl. Phys. Lé#. 1698

. - 1999.
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