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Thermally stimulated photoluminescence~TSPL! in disordered organic materials subjected to the polaron
formation was studied both theoretically and experimentally. Since TSPL measurements were performed after
some dwell time on samples, which have been photoexcited at helium temperature, the initial energy distribu-
tion of polarons was formed in the course of low-temperature energy relaxation. In order to calculate this
distribution, an analytic model of low-temperature energy relaxation of polarons in a disordered hopping
system was formulated. This model proves that energy relaxation of polarons is much slower than that of
charge carriers in a similarly disordered but rigid hopping system. At moderate values of the polaron binding
energy the suppressed rate of low-temperature relaxation leads to a shift of TSPL curves to lower temperatures
as compared to what could be expected in the absence of the polaronic effects. This shift is both obtained from
analytic calculations and observed experimentally in some polysilylene derivatives.
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I. INTRODUCTION

In the last decade, the hopping concept was success
applied to the analysis of a broad variety of charge-car
transport and relaxation phenomena in various disordered
ganic materials.1–5 Recently this formalism was extended
include intersite energy correlation and/or long-range pot
tial flactuations.6 In parallel with the development of th
hopping formalism polaron effects on charge transport in
ganic solids were extensively discussed in the literature d
ing last two decades.2,7–14 The small polaron model7–9 was
often exploited implying that a localized carrier is strong
coupled to vibrations of the molecule at which it resides. T
strong electron-phonon coupling causes carrier self-trapp
and creates a quasiparticle, a polaron, which can move t
adjacent molecule only by carrying along the associated
lecular deformation. The adiabatic zero-field activation e
ergy of the polaron mobility isEp/2, whereEp is polaron
binding energy. Typical values of the apparent activation
ergy Ea range from 0.3 to 0.6 eV in organic materials th
would imply the polaron binding energy of 0.6̄1.2 eV.
Such large values ofEp is hardly justifiable for small organic
molecules especially if one bears in mind that their crys
line counterparts usually reveal the value of 0.15 eV as
0163-1829/2002/65~16!/165218~8!/$20.00 65 1652
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upper limit of the polaron binding energy.15

The essential difference between the polaron and diso
models is that the latter, at variance with the former, impl
a sufficiently weak electron-phonon coupling and, concom
tantly, the activation energy of charge transport reflects
static energy disorder of the hopping sites. In contrast,
polaron model suggests a strong electron-phonon coup
and negligible contribution of energy disorder to the activ
tion energy of carrier mobility. Since the structural distortio
is an intramolecular process,Ep is not subjected to meaning
ful variation. Concomitantly, the polaronic charge transp
must obey the Gaussian statistics and the photocurrent
sients should neither feature a long tail nor become disp
sive at any temperature. However, neither of these pre
tions was confirmed experimentally in disordered orga
materials. In addition, the small polaron model fails to a
count for the observed Poole-Frenkel-type field and n
Arrhenius temperature dependences of the thermally equ
rium carrier mobility.

Nevertheless, the importance of polaron effects for cha
transport is still under debate since the deformation ene
might be comparable to the disorder effects in some orga
systems. In principle, upon adding or removing an elect
from a molecule the molecular skeleton must change beca
©2002 The American Physical Society18-1
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of the readjustment of the individual bond lengths. It w
demonstrated12–14 that the interplay between the polaron
and disorder effects may be responsible for the specific t
perature dependence observed in such materials. Ba¨ssler
et al.12 suggested that the effective zero-field activation
ergy of the mobility,Ea

(eff) , can be approximated by a sum
the disorder and polaron contributions as

Ea
~eff!5Ea

~p!1Ea
~d!5

Ep

2
1

4

9

s2

kT
, ~1!

whereEa
(p) andEa

(d) are the polaronic and disorder contrib
tions, respectively,s is the width of the density of state
~DOS! distribution,T the temperature, andk the Boltzmann
constant.Ep is mostly determined by intramolecular disto
tions and therefore it is not affected by the spatial and ene
distributions of hopping sites. Equation~1! provides the basis
for determination of boths and Ep from a plot of Ea

(eff) vs
1/T. Concomitantly, the deviation from linearity of both lnm
vs T21 and lnm vs T22 dependences was the only expe
mentally accessible indication for the importance of the
laron effects.4,12–14

So far, the study of the carrier mobility activation ener
seems to remain the only possibility of estimating the p
laron binding energy in disordered organic solids. This
rather a complicated and dubious procedure because i
quires precise measurements of field and temperature de
dencies of the mobility as well as extrapolatingEa

(eff) to the
infinite temperature. Therefore new experimental approac
are essential in order to obtain more certain evidences
possible polaron formation and provide a deeper insight
the role of this effect in charge carrier kinetics in disorder
organic materials. In the present work we make an attemp
elucidate a possible effect of polaron formation on therma
stimulated photoluminescence~TSPL! in organic systems.

Prior to TSPL measurements the sample is photoexcite
helium temperature and therefore the initial energy distri
tion of localized carriers is formed in the course of the lo
temperature energetic relaxation.16–18 The polaron effects
must lead to considerablyslowerlow-temperature energy re
laxation as compared to the polaron-free systems. The
laron binding energy will also affect the rate of therma
assisted carrier jumps during the heating run and both th
effects must be revealed in TSPL curves. Therefore
evaluation ofEp from TSPL experimental data requires mo
eling both low-temperature energy relaxation and therm
assisted hopping in disordered materials with the polaro
effect. These models are formulated in Sec. II and III of
present paper.

Several polysilylene derivatives were chosen as mo
systems for the experimental study of TSPL. Polysilylen
being s-conjugated main chain polymers have attrac
much attention as a new class of advanced material on
count of their unique photophysical properties, most
which arise from thes-electron delocalization along the sil
con backbone, and their potential utility.19–21The high quan-
tum photogeneration efficiency22,23 and the large charge
carrier drift mobility24,25 of the order 1024 cm2 V21 s21

stimulated their research. The charge-carrier transport
16521
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been believed to be controlled by charge hopping throu
intrinsic states derived from domainlike segments of the s
con chain.26,27 Recently, it was well established that charg
carrier mobility in polysilylenes is influenced by side-grou
substituents:28–30the temperature dependences of mobility
polysilylenes containing only nonaromatic alkyl substitue
were smaller than those including aromatic groups. One
pothesis explaining this fact is that polaron binding ene
increases for polysilylenes containing highly polarizable a
matic substituents.30

The polaron binding energy in these materials has b
earlier estimated from the charge transp
measurements.12,31 The electric field has a strong influenc
on the polaron dynamics and polaronic effects may pla
different role in the carrier transport at strong fields than
TSPL experiments in which the field is absent. Therefore
polaron binding energy estimated from transport and TS
measurements might be somewhat different.

In the present study we concentrate mainly
poly~biphenyl-methylsilylene! ~PBPMSi! for which the po-
laron binding energy of Ep50.22 eV was recently
reported.31 This value is the largest one so far found in d
ordered organic materials. A strong coupling of the exc
elementary charge to a torsional mode of the biphenyl un32

as well as a large polarizability of this substituent31 are pre-
sumably responsible for the strong polaronic effect in t
material. The characteristics of TSPL observed in PBPM
are remarkably different from those measured earlier
many disordered organic systems and we attribute this
ference to a strong polaron effect in this polymer. For co
parison, TSPL peaks were also measured in poly~methyl-
phenylsilylene! ~PMPSi! in which the polaron binding
energy is known to be smaller. Chemical structures of
two polymers are shown in Fig. 1.

II. LOW-TEMPERATURE ENERGY RELAXATION OF
POLARONS IN A DISORDERED HOPPING SYSTEM

Low-temperature relaxation of charge carriers in a dis
dered hopping system can occur only via energetically do
ward hopping. The rate of carrier jumpsn from a starting site
of the energyEs to a target site of the energyEt.Es is
determined by the rate of tunneling over the distancer sepa-
rating these two sites:

FIG. 1. Chemical structures of the studied polymers.
8-2
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n5n0 exp~22gr !, ~2!

wheren0 is the attempt-to-jump rate andg the inverse local-
ization radius. Once a carrier jumped into a target site
energy must decrease due to the polaronic relaxation dow
E5Et2Ep where Ep is the polaron binding energy. Al
though one might expect thatEp is also subjected to varia
tion in a disordered material the present consideration wil
restricted to the case of a constant polaron binding ener

If a carrier has jumped into a state of the energyEt and
undergone the polaronic relaxation only states of ener
lower thanE5Et2Ep are accessible for further jumps
low temperatures. The average number of such sta
n(r ,E) within a sphere of the radiusr centered at an occu
pied starting site of the energyE is given by the following
expression:

n~E,r !5
4pr 3

3 E
2`

E

dE8g~E8!, ~3!

whereg(E) is the density-of-states~DOS! distribution func-
tion. The probability densityW to find the nearest deepe
neighbor at the distancer is determined by the Poisson pro
ability distribution as

W~E,r !5exp@2n~E,r !#
]n~E,r !

]r
. ~4!

The probabilityw that, at the timet, the carrier still occupies
a starting site, which is separated from the nearest de
neighbor by the distancer, is also given by the Poisson dis
tribution:
r

dis

th
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t

en
pl
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w~r ,t !5exp@2n0t exp~22gr !#. ~5!

Combining Eqs.~4! and~5! and integrating overr yields the
occupational probabilityf (E,t) for a localized state with the
energyE at the timet,

f ~E,t !5E
0

`

dr
dn~E,r !

dr
exp@2n~E,r !#

3exp@2n0t exp~22gr !#. ~6!

The last exponential in the integrand of Eq.~6! is a steep
function of the variabler aroundr 5r j that can be approxi-
mated as

exp@2n0t exp~22gr !#>0, r ,r j~ t !
exp@2n0t exp~22gr !#>1, r .r j~ t !, r j~ t !5~1/2g!ln~n0t !.

~7!

Concomitantly, Eq.~6! reduces to33,34

f ~E,t !5expF2nS E,
1

2g
ln~n0t ! D G

5expS 2
p

6g3 @ ln~n0t !#3E
2`

E

dE8g~E8! D . ~8!

The normalized occupational density of statesr(E,t) can be
calculated as a product of the occupational probability a
the DOS function. The result reads
r~E,t !5
f ~E,t !g~E1Ep!

*2`
` dE f~E,t !g~E1Ep!

5

g~E1Ep!expS 2
p

6g3 @ ln~n0t !#3*2`
E dE8g~E8! D

*2`
` dEg~E1Ep!expS 2

p

6g3 @ ln~n0t !#3*2`
E dE8g~E8! D . ~9!
e

ar-
se,
-

Temporal evolution of the functionr(E,t) is shown in
Fig. 2~a! for a Gaussian DOS distribution of unoccupied ta
get sites:

g~Et!5
Nt

A2ps
expS 2

Et
2

2s2D , ~10!

with s being the width of the distribution. Figure 2~b! illus-
trates the low-temperature energy relaxation in a similar
ordered hopping system but withEp50. Although the po-
laronic effect does cause an immediate downward shift of
carrier energy distribution further energy relaxation
strongly impeded by the activation energy comparable
Ep . This implies a very weak dependence of the carrier
ergy distribution upon the dwell time between the sam
photoexcitation and the onset of the heating run.
-
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o
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III. THERMALLY STIMULATED HOPPING OF
POLARONS IN A DISORDERED MATERIAL

At a finite temperatureT the rate of carrier jumps over th
distancer between hopping sites of the energiesEs andEt is
described by the Miller-Abrahams expression35 that can be
written in terms of a universal hopping parameteru defined
as

n5n0 exp~2u!, u52gr 1H 0, DE,0,

DE

kT
, DE.0,

~11!

whereDE is the energy difference between starting and t
get sites andk the Boltzmann constant. In the adiabatic ca
the transfer energyDE which is required for an upward po
laron jump from a starting site of the energyEs2Ep to a
8-3
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FIG. 2. Energy relaxation of charge carriers
a positionally and energetically disordered ho
ping system~a! with and ~b! without the po-
laronic effect.
le

a
he
lle

e

s
nt
et
i
o

l-
w
cc

o
b
d

re

he
-
d

d

-
of
s,

-

the
re-
oc-
n-
er
ell
target site of the energyEt is DE5Et2Es1Ep/2. Almost all
previously studied disordered organic materials revea
double-peak DOS distributions in TSPL experiments.16,17 In
materials with such DOS functions most carriers are loc
ized within the lower peak while carrier jumps occur via t
upper one. Therefore charge-carrier relaxation is contro
by jumps withDE.Ep/2.

The average number of target sitesn(u,T,E), whose hop-
ping parameters are less thanu with respect to a starting sit
of the energyE5Es2Ep , may be evaluated as

n~u,T,E!54pE
0

u/2g

drr 2E
2`

E1~Ep/2!1kT~u22gr !

dEtg~Et!

5
pu3

6g3 F E
2`

E1~Ep/2!

dEtg~Et!

1E
E1~Ep/2!

E1~Ep/2!1kTu
dEtg~Et!

3S 12
Et2E2~Ep/2!

kTu D 3G . ~12!

Since, according to Eq.~11!, the jump rate strongly decrease
with increasing hopping parameter, most carriers jump i
target sites characterized by the minimum hopping param
umin available for a given starting site. This parameter
determined by the condition that the average number of h
ping neighbors withu<umin must be equal to 1:

n~umin ,T,E!51. ~13!

In TSPL experiments, the initial energy distribution of loca
ized carriers is formed in the course of rather a long lo
temperature energy relaxation. Increasing temperature a
erates the carrier random walk and therefore first jumps
carriers from localized states, which they have occupied
fore the heating started, must be rate limiting steps that
termine the TSPL kinetics.

In the following, we consider a linear heating regime,

T~ t !5T01bt, ~14!
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where T0 is the initial temperature at which carriers we
generated andb the heating rate. The probabilityw(T,E) for
a carrier to remain in a localized state of energyEs when the
temperature reaches a given valueT is determined by the
Poisson distribution of probabilities as

w~T,E!5expH 2
n0

b E
T0

T

dT8 exp@2umin~T8,E!#J .

~15!

The total density of carriers which remain localized at t
temperatureT, p(T), can be found by integrating over en
ergy the product of the initial energy distribution of localize
carriers,r0(E), and the probability for a carrier to avoi
thermally activated jump from a localized state of energyE
up to the temperatureT. The result reads

p~T!5E
2`

`

dEr0~E!expH 2
n0

b E
T0

T

dT8

3exp@2umin~T8,E!#J . ~16!

The TSPL intensityI (T) is proportional to the radiative re
combination rate which is, in turn, controlled by the rate
first carrier jumps from initially occupied deep state
ubdp(T)/dTu. Differentiating Eq.~16! then yields

I ~T!}n0E
2`

`

dEr0~E!exp@2umin~T,E!#

3expH 2
n0

b E
T0

T

dT8exp@2umin~T8,E!#J . ~17!

Equations~12!, ~15!, and~17! determine the temperature de
pendence of the TSPL intensity for given functionsg(E) and
r0(E). These equations can be further simplified under
specific conditions of TSPL measurements. The energy
laxation of photoexcited carriers towards deeper states
curs during rather a long dwell time before heating. Co
comitantly, carriers have no hopping neighbors for furth
downward jumps on the time scale shorter than the dw
8-4
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FIG. 3. Temperature dependence of TSPL
tensity in a disordered material with different po
laron binding energies. The inset shows the init
distribution of localized carriers over the effec
tive activation energyE1(Ep/2). The following
set of parameters was used for the calculatio
s50.1 eV, Nl /g350.01, b50.15 K/s, v0

51013 s21, t rel5100 s.
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time. In addition, increasing temperature makes easier ca
jumps to hopping sites with higher energies. Under th
circumstances, one may disregard the possibility of dow
ward carrier jumps as rate-limiting steps during the heat
run. This corresponds to neglecting the first term in the rig
hand side of Eq.~12!. The result is

n~u,T,E!5
p

6~gkT!3 E
E1~Ep/2!

E1~Ep/2!1kTu
dEtg~Et!

3S E1
Ep

2
1kTu2EtD 3

. ~18!

After replacement of variables,

Etr5E1
Ep

2
1kTumin , ~19!

this equation becomes

E
E1~Ep/2!

Etr
dEtg~Et!~Etr2Et!

35
6

p
~gkT!3. ~20!

Bearing in mind that the minimum hopping parameter de
mines the carrier hopping rate asn}exp(2umin) and that,
according to Eq. ~19!, this rate can be written asn
}exp$2bEtr2E2(Ep/2)c/kT%, the energyEtr can be identi-
fied as the effective transport energy. Since realistic D
functions strongly decrease with increasing energy the m
contribution to the integral in the right-hand side of Eq.~20!
comes from energies close to the upper bound of integrat
Therefore, for sufficiently deep initially occupied states a
for temperatures well aboveT0 , Eq. ~20! can be written as

E
2`

Etr
dEtg~Et!~Etr2Et!

35
6

p
~gkT!3. ~21!

Equation~21! indicates that most carriers, localized on sta
deeper thanEtr , make thermally assisted jumps to hoppi
sites of energies aroundEtr and that the energyEtr does not
depend upon the energy of a starting siteE.
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In terms of the effective transport energy16,17,36,37 the
TSPL intensity can be written as

I ~T!}n0E
2`

`

dEr0~E!expF2
Etr~E,T!2E2~Ep/2!

kT G
3expH 2

n0

b E
T0

T

dT8

3expF2
Etr~E,T8!2E2~Ep/2!

kT8 G J . ~22!

Equations~20!–~22! have the same forms as the equatio
describing the TSPL intensity in the absence of the polaro
effect16,17 with E replaced byE1(Ep/2). This implies that
the major effect of polaron formation is a significant
slower low-temperature energy relaxation as compared
that in materials withEp50.

It is worth noting that nongeminate recombination
charge carriers into excitons can also contribute to TS
signal. However, the kinetics of both geminate and nonge
nate recombination is controlled by carrier release from
calized states. Therefore the interpretation of TSPL data
quires specific assumptions regarding mechanisms of ne
photogeneration nor recombination of charge carriers.

TSPL glow curves, calculated from Eqs.~20! and~22!, for
a double-peak Gaussian DOS distribution parametric in
polaron binding energyEp are shown in Fig. 3. The effect o
polaron formation on TSPL curves is remarkably nonm
notonous. Increasing polaron binding energy fromEp50 to
Ep50.3 eV shifts the TSPL peak to lower temperatur
while further increase ofEp breaks this trend and move
TSPL curves back to higher temperatures. This evolution
the maximum peak position is accompanied by monoto
increase of the peak width. One should expect that the
laron binding energy, which causes the strongest lo
temperature shift of the TSPL peak, must depend upon o
material parameters, notably upon the DOS width. Theref
the above-mentioned characteristic value ofEp is bound to
the specific set of parameters used for calculating the cu
in Fig. 3.
8-5
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The nonmonotonous dependence of the TSPL peak p
tion upon the polaron binding energy can be explained by
quantitatively different effects of the polaron formation o
thermally stimulated hopping and low-temperature ene
relaxation. The polaron contribution to the activation ene
of thermally activated upward carrier jumps is only a half
the polaron binding energy. Therefore the polaronic eff
suppresses thermally activated jump much weaker than
low-temperature energy relaxation. If the polaron binding
ergy is not too large the energy distribution of polarons
fore the onset of the heating run can be effectively shallo
for upward jumps than the energy distribution of charge c
riers in the same hopping system devoid of the polaron
mation. However, at larger values ofEp the polaronic con-
tribution to the activation energy of carrier jumps becom
dominant and, concomitantly, TSPL peaks shift to high
temperatures with increasing polaronic binding energies
general, a broad TSPL peak, whose maximum is located
temperature lower than one could expect at this peak wi
can be considered as an indication of an important contr
tion of the polaronic effect to the carrier kinetics in a diso
dered hopping system.

IV. EXPERIMENTAL AND RESULTS

Polysilylene films were prepared from a toluene solut
by casting on stainless-steel substrates. After deposition
films were dried at 1023 Pa at 330 K for at least 4 h. TSP
measurements were carried out with a laboratory-made
paratus for optical thermoactivated spectroscopy, cove
the temperature range from 5 through 350 K. After cooli
down to 5 K, the samples were illuminated for 30 s with
high-pressure 500 W mercury discharge lamp and t
heated at the rate of 0.15 K/s. Following photoexcitatio
TSPL signal was detected with a cooled photomultiplier o
erated in the photon-counting mode, which was position
immediately next to the cryostat window. The measureme
were performed both at the constant heating rateb
50.15 K/s and under the fractional heating regime~addi-
tional details of the TSPL technique are describ
elsewhere32,38,39!.

Normalized TSPL glow curves of PMPSi and PBPM
measured after UV excitation at 4.2 K are shown in Fi
4~a! and ~b! by curves 1 and 5, respectively. Additional in
frared ~IR! irradiation through a filter with the transparenc
band ranging from 900 to 4500 nm affects the TSPL gl
curves of the studied polysilylenes. During the IR irradiatio
the sample was immersed in liquid helium and no sam
heating was detected. However, the IR irradiation shifts
TSPL peaks to higher temperatures and decreases the T
intensity. Curves 2–4 and 6–8 in Figs. 4~a! and ~b! show
normalized TSPL glow curves of PMPSi and PBPMSi, o
tained after the exposure of the samples to IR irradiation
4.2 K for 5–30 min following the conventional UV excita
tion. It is worth noting that the IR irradiation only slightl
shifts the TSPL peak of PMPSi while the shift is really hu
for PBPMSi.
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V. DISCUSSION

The apparent activation energy of the charge carrier m
bility, Ea

(eff) , increases from 0.3 eV in PMPSi~Ref. 25! to
0.36 eV in PBPMSi.31 It is believed thatEa

(eff) consists of two
components, one of which is caused by the energy diso
and a further activated component is related to the pola
binding energy. Dohmaruet al.30 suggested that the latte
component is determined by the nature of the substitue
highly polarizable aromatic substituents will make this co
ponent bigger than nonaromatic ones. In addition, one m
expect that the polaron binding energy in PBPMSi should
higher because of the stronger charge coupling to the
sional mode of the biphenyl unit. A similar effect has be
reported for molecularly doped polymers in which the pre
ence of a biphenyl substituent in some charge transpor
molecules was responsible for small polaron formation13

The polaron binding energy was indeed found to beEp
50.22 eV in PBPMSi~Ref. 31! and 0.16 eV in PMPSi.12

Recently, Panet al.40 reported an even somewhat small
value of the native polaron binding energyEp50.08 eV in
PMPSi.

TSPL characteristics of PMPSi are rather similar to tho
measured in many other disordered orga
systems.16,17,32,38,39A more detailed description of TSPL in
PMPSi can be found elsewhere.38 The polaron binding en-
ergy in PMPSi was estimated asEp50.16 eV.12 With the

FIG. 4. Normalized TSPL glow curves of~a! PMPSi and~b!
PBPMSi measured after UV excitation at 4.2 K~curves 1 and 5!
and after additional IR irradiation~curves 2–4 and 6–8!.
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Gaussian DOS widths estimated as either 0.07 eV~Ref. 12!
or 0.078 eV~Ref. 38! the polaronic contribution may accoun
for about 25% of the totalEa

(eff) in this polymer.12 One ar-
rives at the same conclusion, of course, if the reasonin
based on a smaller value ofEp50.08 eV in PMPSi obtained
by Panet al.40

The TSPL measurements in PBPMSi revealed the beh
ior which is very different from what was observed in PMP
as well as in all other so far studied disordered organic s
tems. The following major distinctions should be mention

~i! Charge transport measurements in PBPMSi yield
Ea

(eff)50.36 eV, which is the largest value among stud
polysilylenes, and the DOS width in this polymer was es
mated as large ass50.09 eV.31 However, the TSPL peak
maximum of PBPMSi is located at a very low temperatu
around 50 K well below TSPL maximum of PMPSi@cf.
curves 1 and 5 in Figs. 4~a! and ~b!#. This is in striking
difference with the commonly observed correlation betwe
the activation energy of the charge-carrier mobility and
temperature of the TSPL peak maximum.32,38,39 This indi-
catesmuch slowerlow-temperature charge-carrier energy r
laxation in PBPMSi than in PMPSi.

~ii ! The TSPL peak of PBPMSi is very asymmetric and
maximum gradually shifts towards higher temperatures u
IR irradiation. This asymmetry can hardly be explained
the presence of additional extrinsic traps since no indica
of them was found in the results of transport measurem
and the observed gradual IR induced shift of the peak m
mum did not indicate the occurrence of traps. Therefore
behavior seems to be an inherent property of PBPMSi. I
also worth noting that the observed shift of the peak ma
mum from 50 to;120 K is huge and that nothing comp
rable was observed in other polymers.

The observed characteristic features of TSPL in PBPM
can be readily explained in terms of polaron formation in t
material. As it was shown in Sec. II of the present pa
polaron relaxation leads to a much slower~hampered! energy
relaxation of photoexcited carriers than predicted by theo
formulated for a rigid disordered matrix. The energy dist
bution of relaxed polarons is therefore much closer to
maximum of the DOS distribution as illustrated by th
curves in Fig. 2~a!. The suppressed low-temperature ene
relaxation, in its turn, leads to an anomalously low tempe
ture of the TSPL peak maximum.

A very profound effect of IR irradiation on TSPL curve
can also be explained by the polaronic relaxation. IR irrad
tion causes local heating in the surrounding of charged m
ecules that, at low temperatures, efficiently stimulates ene
relaxation towards the deeper tail states of polarons wh
are otherwise stuck in rather shallow localized states. C
c
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comitantly, charge carriers get a possibility to occupy tho
tail states which would be accessible for them if there w
no polaron effects. Therefore the TSPL glow curves m
sured in PBPMSi after additional IR irradiation are in a go
agreement with the charge transport data. Particularly, cu
8 in Fig. 4~b! is shifted towards higher temperatures as co
pared to curve 4 in Fig. 4~a! just as one would expect on th
basis of the charge-carrier-mobility activation energy
those polymers.

VI. CONCLUSIONS

Polaron formation strongly affects both low-temperatu
energy relaxation and thermally assisted hopping of cha
carriers in disordered organic materials. If the polaron bin
ing energy is comparable with or larger than the DOS wid
the energetically downward hopping is strongly suppres
by the lack of deeper vacant sites which are only access
for further jumps at low-temperatures. Therefore after a f
initial polaronic relaxation the energy distribution of po
larons remains almost ‘‘frozen in’’ over the entire dwell tim
between low-temperature photoexcitation of the sample
the onset of TSPL heating run. With increasing temperatu
energetically upward polaron jumps become the domin
hopping mode and these jumps control the TSPL kinet
The polaronic contribution to the activation energy of eve
individual upward jump is equal tohalf of the polaron bind-
ing energy,Ep/2, while the low-temperature energy rela
ation of polarons within the DOS distribution is slowe
down because the polaron energy distribution is shifted do
by Ep . This leads to a stronger polaronic effect on the lo
temperature relaxation than on the thermally stimulated h
ping. Therefore, at moderate values ofEp , the polaronic
effect shifts TSPL peak to lower temperatures as compa
to its position for material with a similar DOS width an
with Ep50. This explains an apparent contradiction betwe
a high activation energy of the drift mobility in a low tem
perature of the TSPL peak in organic materials subjecte
the polaron formation.
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