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Role of electron injection in polyfluorene-based light emitting diodes containing PEDOT:PSS
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We report electromodulatiofEM) studies of polyfluorene-based light-emitting diodes containing(Bely
ethylene-dioxythiophenepoly(styrene-sulfonaje(PEDOT:PS$ in which the barrier to hole injection is large
(~0.7 eV). Measurements are reported on devices fabricated with aluminium and barium cathodes to provide
respectively poor and efficient electron injection into the active layer. The Al devices exhibit low currents,
indicating low rates of electron and hole injection, whereas the Ba devices exhibit high currents and high
electroluminescence efficiencies, implying efficient injection of both electaod$oles despite the large hole
injection barrier. The Al devices show conventional field-induced EM behavior consistent with the Stark effect
(SE). The Ba devices show conventional SE behavior for low applied biases but, above turn-@ielthe
induced SE features vanish, indicating suppression of the internal field, and are replaced by charge-induced
bleaching and absorption features. The behavior of the devices is attributed to the presence of electron traps
close to the PEDOT:PSS/organic interface. The experimental findings are consistent with earlier findings by
Murataet al, Van Woudenberglet al, Poplavskyyet al, and Laneet al.
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[. INTRODUCTION tively. They found that hole-only devices show low currents

Semiconducting polymers are of scientific and commerWhereas double-carrier devices show high currents and high
cial interest owing to their applications in optoelectronic de-€fficiencies—implying that the presence of electrons in the
vices such as light-emitting diodes, solar cells and thin-filmdevice enhances hole injection. They attributed this to elec-
transistors. There has been significant progress in the develtron accumulation close to the anode, leading to an enhance-
opment of polymer devices in recent years with, for examplement in the local electric field and a consequent improve-
polymer light-emitting diodesLEDs) now entering the mar- ment in hole injection. Poplavskygt al. showed via a
ket place as viable contenders to liquid crystal displays. T@ombination of current-voltage-luminance, dark injection
some extent, however, attempts to optimize the efficienciegransient current, time-of-flight photocurrent, and impedance
and performance of polymer LEDs have been hindered bgpectroscopy measurements that the high current regime is
the relative absence of detailed models describing device opeached via a transitionary regime in which an additional
eration. The fundamental processes governing device charaiciterfacial impedance component is generated at the anode
teristics are the subject of debate and there is considerab#nd the contact becomes OhrfitThe switching effect re-
interest in experimental measurements that provide insighjuires a cathode capable of injecting electrons. Most re-
into device operation. cently, Van Woudenberght al. have also published a study

In recent studie$;* we used electromodulatiofEM) of PFO devices that confirmed the findings of Poplavs&yy
spectroscopy to investigate the strength of the internal eleal. and additionally demonstrated an important role for the
tric field in polyfluorene-based operational light-emitting di- detailed chemical structure of the PFO polymer, specifically
odes. These measurements indicated that, for many polymére choice of end grougs.
LEDs under light emission conditions, screening effects by The degree of field-redistribution assumed by Murata
injected charge carriers lead to near-complete cancellation @f.6 and Van Woudenbergét al.” was relatively small, caus-
the internal field. In the absence of a sizeable bulk field—andng only a modest reduction in the bulk field-strength com-
hence drift current—carrier transport is mediated primarilypared with the complete screening observed in our devices.
by diffusion in a manner similar to light-emitting electro- However, given the similarity in device structure, in our pre-
chemical cell$. In order to screen the bulk semiconductor vious manuscrip&s* we tentatively proposed that electron
from the external field, the injected charges must accumulataccumulation at the PEDOT:PSS/polyfluorene interface was
at the counter electrode, and we therefore concluded that theso responsible for screening in our devi¢sse Fig. 13)].
observed field screening was due to either trapped electrongnfortunately, we were not able to test this assumption di-
at the anode or trapped holes at the cathode. In separatectly at the time since our measurements were performed on
studies Murataet al,® Van Woudenberghet al,” and commercially sourced LEDs of a fixed structdteln this
Poplavskyyet al® had previously found evidence for elec- work, by fabricating in-house two device types in which the
tron accumulation close to the hole-injecting contact usingcathode is selected to provide either efficiéBg) or ineffi-
devices based on pdl,9-dioctylfluorene-alt- cient (Al) electron injection, we sought to test our earlier
benzothiadiazole [F8BT], a dialkoxy-p-phenylenevinylene postulate that trapped electrons are responsible for the
[OC,C,5-PPV], and poly9,9-dioctylfluoreng [PFO] respec- screening effect.
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0 (vacuum)

Keideasiiy FIG. 1. (a) Schematic diagram
oftrappede- showing the HOMO and LUMO
l energy levels in a trap-rich LED
containing a high density of
trapped electrons close to the an-
ode; the charge accumulation at
2.6 Ba the anode causes local enhance-
PFO ment of the electric field, leading
3.1 to an increased rate of hole injec-
F8BT tion, better balance between elec-
|41 tron and hole currents, and higher
Al overall device efficienciegb) En-
ergy level diagram for an ITO/
PEDOT:PSS/5BTF8/cathode de-
e vice, where the cathode material is
5F8BT chosen to be either ARef. 29 or
Ba (Ref. 29 in order to achieve
poor or efficient electron injec-
tion. The work function of the
ITO/PEDOT:PSS anode is taken

(a) (b) from Ref. 30.

Il. RESULTS AND DISCUSSION between initial application of the step-voltage and each mea-

Devices were fabricated by successively coating arptement was employed to allow reasonable time for steady-
indium tin oxide anode with 80 nm thick layers state to be achieved. A striking feature of both devices is the

of poly(3,4-ethylenedioxythiophegoly(styrene-sulfonate symmetry of the .Cl_Jrre'nt—voItage cha}racteristicg in the range
(PEDOT:PS$and a polymer blend containing 5% by weight —_2 to +2 V._'_rhe injection qf charg_e into a semlconductor is
poly(9,9-dioctylfluorenealt-benzothiadiazole (F8BT) and highly sensitive to _|nterfaC|aI barrler_ h_elg_hts and in general
95% poly(9,9-dioctylfluoreng (PFO). This blend is referred strong rectification is expected for dissimilar eleptr_ode mate-
to as 5BTF8 and has previously been characterized as a{hetls. The symmetric current-voltage che}r_acter|st|cs are at-
effective material for green light-emitting resonant cavity iPuted to the presence of small quantities of conducting
and small area pulsed LEB&The active layer was then filaments in the active layer that act as shorts between the
capped with 100 nm of either Ba or Al and the completedeleCtrOde_s' _These fllame_nts (_jom|_nate the current-vpltage
device was encapsulated in a nitrogen atmosphere glove-bo&aracteristics at low applied biasesince the rate of carrier
Current-voltage-luminance measurements were recorder' ‘
with a Keithley 6517a electrometer. 10°
Figure Xb) shows approximate values for the work func-
tions of PEDOT:PSS, Ba and Al and for the HOMO and _
LUMO energies of F8BT and PF&:* The HOMO levels ~ “g10°
of F8BT and PFO are approximately coincident
(~5.8+0.1 eV, and therefore similar hole injection barriers
of 0.7£0.2eV exist for the two materials at the
PEDOT:PSS/5BTF8 interface. This barrier height is rela-
tively large and ordinarily one would expect only weak hole
injection for typical drive voltage$<8 V). The LUMO of
F8BT lies well below that of PFO so for an Al cathode elec- | o —1gf————— |
tron injection will occur preferentially into F8BT subject to 10" Applied Bias (V) -
an approximate barrier height of 1.0£0.2 eV. The Fermi . . .
level of Ba lies 0.6+0.1 eV above the LUMO of F8BT and w2 0 2 4 J 8
will therefore form an Ohmic contact with F8B¥.Hence, Anpied Blae:)

on the basis of simple energy considerations, we would ex- £ 2 current-voltage-luminance measurements for devices
pect Al devices to show low currentdue to poor electron ased  on  ITO/PEDOT:PSS/5BTFS/Ba (circles  and
and hole injection and Ba devices to show high currents |10/pEDOT: PSS/5BTF8/Alsquares The symmetrical-V char-
(due to good electron injectiorut low efficienciesdue t0  acteristics at low applied biases indicate the presence of conducting
poor hole injection The observed behavior of Ba devices, filaments in the active layer. The Ba device shows a high sharp
however, did not match this simple model as we describ@nset in current at 2.2 V whereas the Al device shows a much
below. weaker threshold. The inset shows the EL intensity from the two
Figure 2 shows the bias dependence of the current andevices in arbitrary units; as shown, the limit of detectibfO/D)
luminance for typical Al and Ba devices. A delay of 10 s coincides with thex-axis.
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injection into the semiconductor is x10° : .
comparatively weak in this regimeand their presence (@Al |
gives rise to symmetric often nonlinear current-voltage oy
characteristicd®’ The higher conductivity of the Al device £ | sov
< +3.
in the low bias regime indicates that filament formation oc- O&ﬁ aov

curs more readily for Al than Ba. The formation of filaments,
although widely evident in literature devices, is in general ,
considered undesirable since it provides leakage pathway (b)Ba

-

[~ r\+ .
for injected carriers and is thought to accelerate device deg % // \a\ev
radation through localized Joule heating. The erratic behave 40 §° Sozamn b DE
ior of the current in the Al device between 3.6 and 5.4 V S 2, 20v v
(which corresponds to genuine fluctuations in the circulating B e om0 | zov
current rather than noise in the measurement sysietypi- 0
cal of systems with residual filamentary conduction, and is 350 400 250 500 550
due to continual rupture and regeneration of the filaments a. Wavelength (nm)

elevated drive voltages and temperatures. It should be
stressed that the field-screening effects described below ag,
not dependent on filament formation, and have also bee{ilve

observed in highly rectifying commercial devices that ShOWAI device is dominated by the electroabsorpti@?) response of

. . o4
no evidence of filament formaticf: the polymer at all applied biases. The EM response of the Ba device

The current through the Ba device increases Sharl?'y 3t also dominated by electroabsorption in reverse bias but, when the
2.2 V followed by the onset of measurable electroluminesye,jice is operating in forward bias, the EA features are replaced by

cence at 3 V, indicating a transition to a regime in whicheycited state bleaching and absorption due to injected charge.
charge transport occurs predominantly through the semicon-
ductor rather than the filaments. The Al device has a much

shallower current threshold and is significantly more resis-m]ecnon in the Al device due to the higher average field

tive than the Ba device for biases above 2 V. As describeisrength' It is therefore clear that the presence of electrons in

above, due to the high barrier to hole injection, the efficiency, active layer leads to a substantial enhancement in the
of the 'Ba devices isgex ected to be IowJ In fac’t the measurgrﬁ]ﬂo'e injection current. The same conclusion was drawn by
P ' urata et al® in their comparison of single- and double-

external quantum efficienc® of the Ba devices was unex- carrier devices
pectedly high at around 0.8%-3.5 cd/A) implying a sur- Further insight into device operation can be obtained from

prisingly even balance of electron and hole injection despiteEM spectroscopy which has been widely used to study inter-

the mismatched barrier heights. If as expected holes are ﬂ}?al electric fields in organic devicd&2? Figures 3a) and

minority carrier, a lower limit for the hole injection current at - : ; . :
the anode may be e;timated from the EL efficiency and th%a) :gggr(f;;:r \:ﬁgez g;gpggeﬂe%ﬁ;? trr;ipflerii\?;;m?nm;
measured current using EQ), typical EM measurement, a combined ac and dc bias
ol V=V +VgcSin(wt) is applied to the device, and changes in
——=——— (1) the transmission of a probe beam are monitored using phase
Yot X b X Lout sensitive lock-in detection. If the origin of the EM signal is
electroabsorptiofi.e., the Stark effegt the fractional change

- s - in transmission is proportional to the third order dc Kerr
quantum _efﬂmency of the compasite filr},, is the outcou-  onlinear susceptibility and the square of the electric figld.
pling efficiency of internally generated photoifisis the hole 1,4 yiterential transmission is therefore modulated at both

current at the anode, ards the total current. The measured yhe first and second harmonic frequencies in accordance with
PL efficiency of 5BTF8, the singlet-triplet ratio and the out- Egs.(28) and (2b)

coupling efficiency are all certainly less than 100% so from
Eq. (1) the hole current at the anode must certainly be
greater than 0.008 The total current density at 3.7 V is
5.72x10°° A/cm?, implying a minimum hole injection
current density of 4.& 10°° A/cm?. This hole current is 35 AT 1
times larger than thetotal current in the Al device l2o= 7| =35 Im X*(ME cog20t). (2b)
(1.3x10°® A/cm?). Moreover, due to the losses associated 20

with vs_(, &, Lous the ratio of hole injection current§?/ 17" Under conditions of low carrier injection, the bulk fiel}.

in the two devices is likely to be substantially higher still. is related to the dc component of the applied volteggeby
This is unexpected because the barrier to hole injection is thEq.= (V4.— Vi) / d, whereV,,; is the built-in potential, and is
same for both devices but as we show later in Fig. 5, the Athe width of the devicel,, therefore varies linearly witVy,
device has a significantly lower flat-band bias of 1.8 V com-(passing through zero at=V,;), andl,, is independent of
pared with 2.5 V for the Ba device. Therefore, at any givenV,; any deviations from this behavior indicate nonuniform
bias above 1.8 V, one would ordinarily expect stronger holénternal fields arising from the presence of substantial charge

FIG. 3. First harmonic electromodulation spectra for the Al and
devices, using 1.4 V and 0.7 V RMS modulation biases respec-
ly, and a variety of applied dc offsets. The EM spectrum of the

Q= Y5t X b X Lou X I/l — 1=

where vy, is the singlet-triplet ratiogy is the fluorescence

o 2 1M x3(N)EgEqcSin(wt), (2a)

w
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T T T

in the device. The measurement of electroabsorption spectr (a) Al

in operational LEDs is complicated by the presence of strong +5.0V (414 nm)
modulated electroluminescen(€L) that is typically several

orders of magnitude larger than the EM signal. The data , ° £ T R

reported here were obtained using a double modulation tech
nique previously reported by Pire$ al?* In short, the probe
beam was modulated at a frequensy;,,e and the applied
bias was modulated at a lower frequengy,, Two lock-in
amplifiers were used, the first acting ad@w time-constant
prefilter tuned towyqpe @and the second locking into the,s.
frequency component of the prefiltered signal. In this way it
was possible to attenuate the EL signal below the noise-flool
of the measurement, permitting EM signals as small as one
part in 10 to be obtained even for highly emissive opera- . . ,
tional devices. 500 1000 2500 5000
The Al device shows a number of oscillatory electro- Frequency (Hz)
modulation features with peaks at 344, 415, 460, and 504 nm
and nodes at 443 and 481 nm. These oscillatory features are FIG. 4. The frequency dependence of the EM signalqdpAl
typica| of e|ectroabsorption' and this assignment is Conand(b) Ba devices. The EM response of the Al device, measured at
firmed by the observation®ot shown that the spectra scale 414 nm, shows no frequency dependence in the range 0.1-5 kHz in
linearly with the dc bias and quadratically with the ac bias,either reversecircles or forward (triangles bias, indicating a fast
as expected from Eq&2a) and(2b). The behavior of the Ba response that is consistent with electroabsorption. The EM response
device however is more Comp|ex_ The reverse bias EM Spe@f the Ba device in reverse bias is also consistent with(&ikles
trum shows equivalent peak844, 415, 460, and 504 nm but the forward bias EM signal measured at 375 (tnangles,
and nodeg443 and 481 nm which also vary linearly with squaresshows a strong frequency dependence which fits well to a
dc bias and exhibit a quadratic dependence on the ac biagonomolecular decay of lifetime 4ds and is consistent with
indicative of electroabsorption. However, these features artiapped charge. The curves labelgtlv) andly(w) correspond re-
absent above 2.5 V and are replaced instead by a peak cespectively to the in-phase and quadrature components of the for-
tered at 375 nm with shoulders at 335 and 400 (Fhe inset ~ ward bias EM response of the Ba device.

shows normalized spectra at —2.0 V reverse bias and +3.6 \I/'he calculated lifetime of the trapped charge is 41+0s5

forward bias for ease of comparisphese features grow . .
superlinearly with dc biagand show a complex nonquadratic (The spectral features observed in the reverse bias EM spec-

dependence on the ac biasut do not otherwise change trum of the Ba device_ and in the reverse and forward bias
shape as the bias is increased. The absence of the EA featuffctra of the Al device were found to be independent of
observed in reverse bias and the anomalous bias dependerfg@dulation frequency consistent with the near-instantaneous
of the spectral features indicates that the forward bias sped¢esponse expected for electroabsorption, see Fig. 4.

trum cannot be due to electroabsorption but must arise from The EM response of the Ba device is typical of many
another effect. The most probable cause, as described in preelyfluorene-based LEDs containing PEDOT:PSS as we
vious manuscriptd;* is modulation due to the injected have reported in previous manuscriptéThe complete sup-
charge, referred to here as excited state bleaching and apression of the field-induced spectral features above turn-on
sorption(ESBA). The response times of most organic LEDsindicates that the internal field is screened by the injected
are less than s (Ref. 25 and therefore for modulation charge as has been previously explained in Refs. 2—4. In
frequencies below 1 MHz the injected charge is expected torder to screen the bulk semiconductor from the external
follow the bias modulation, resulting in an EM signal that is field, the injected charges must accumulate at the counter
independent of the modulation frequency. The data in Figelectrode?’ causing a substantial enhancement of the local
4(b) however reveals a strong reduction in the ESBA signakjectric field and leaving the bulk semiconductor largely
with increasing frequency, indicating a widening phase-lagie|d-free. The observed field screening is therefore due to
between the current and the sinusoidal bias as the ac driviner trapped electrons at the anode or trapped holes at the
frequency is raised. The observed frequency dependence (§,oqe The absence of comparable effects in the Al device

broadly consistent with the dynamics of trapped charge, fof_ . : : o
which the in-phase and quadrature ESBA signals are relate[ dicates that electrons are responsible for the screening, giv

. PiasE © . ing rise to the situation illustrated in Fig(a. This conclu-
to the excitation lifetimer and the modulation frequenay sion is further supported by the observed current-voltade-
by Egs.(3a) and(3b)?® pp y g

luminance characteristics since the enhanced local field at the

2.0V (414 nm)

AT/T (arb. units)
G
w
o

Iy(m) (+3.0V, 375 nm)

AT(w) |, = (3a) anode will increase the rate @field-dependenthole injec-
14 (0n? tion, leading to a better balance of electron and hole injection
(and hence higher EL efficienciethan would otherwise oc-
oT cur, as seen in Fig. 2.
AT(w) |y T+ (0 (3b) In Fig. 5 we show the dc bias dependence of the first

harmonic electroabsorption response(fothe Al device and
We therefore attribute the ESBA signal of the Ba device in(ii) the Ba device. The first harmonic response of the Al
forward bias to trapped, as opposed to free, injected chargélevice varies linearly with applied bias in accordance with
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x10° l ‘ x10%*
) Al oF . T T T T T ]
— fit
0 st 6 /B ]
= charge-induced
'E modulation
ok +1.8V 4 E a E 4 1
£
g 2
o 3+ B
g of °
e
= L 300 400 500 600 i
o 2
i = Wavelength (nm)
'—
< 1 @ .
field-induced
R modulation
: : , : : 0 R s ..
-2 -1 0 1 2 3 4 -2 -1 0 1 2 3 4
DC Bias (V) DC Bias (V)

FIG. 5. The dc bias dependence of the first harmonic electro- FIG. 6. The variation of the weighting coefficientsand 8 with
modulation signal at 414 nm fofi) Al and (ii) Ba devices; the applied dc bias, where indicates the field-induced modulation and
dashed line indicates the expected signal in the absence of field indicates the charge-induced modulation. Above 2.6:\6 ap-
redistribution. proximately zero, indicating suppression of the electric field. The

inset shows a typical fit to Eq4) obtained at 3.6 V.
Eq. (23 indicating a linear variation of bulk field with ap-
plied bias. The first harmonic response of the Ba devicesorption. C(\) was set equal td (\,2.6), the modulation
however, shows a linear variation with dc bias only in thespectrum measured close to the flat-band voltage, at which
range -2 to +1 V; at higher biases the signal deviates sigbias the field-induced contributions are negligiieHow-
nificantly from the linear(dotted ling when charge-induced ever, since the shapes of the forward- and reverse-bias spec-
modulation becomes important. tra are not found to vary substantially with bias, it does not

The loss of EA signal in the Ba device suggests that theyreatly matter which spectra are selectedR(x) andC(\),
internal field is screened above the turn-on bias, as wes long as they are, respectively, drawn from measurements
have previously reported for other devices containingthat are taken well into reverse and forward bias. The results
PEDOT:PSS. In earlier manuscripts, we were able to test thigf the fitting procedure are shown in Fig. 6. The inset shows
hypothesis by identifying spectral regions in which, the meaa typical fit to Eq.(4) obtained at 3.6 Va, the field-related
sured EM signal was due entirely to the Stark effect, withcoefficient, decreases linearly with dc offset until reaching
negligible contamination from charge-induced modulation.zero at 2.6 V. This behavior is expected and indicates a linear
Hence, by monitoring the dc bias dependence of the EMjecrease in the bulk field with increasing applied bias until
signal at these “SE-only” wavelengths, we were able to showhe flat-band condition is reached.does not however sub-
that the field-induced modulation signal fell to zero abovesequently rise in magnitude as would be expected for the
turn-on, indicating full screening of the internal field. The formation of a forward biased electric field in the device
charge-induced spectral features of the devices reported hefglotted ling but instead it remains close to zero indicating
however, overlap strongly with the dominant electroabsorpneutralisation of the internal field. The charge-related coeffi-
tion features, making an equivalent analysis difficult. In or-cient g8 increases rapidly with dc-offset reflecting the rapid
der to analyze the relative importance of field- and chargeincrease in carrier injectiotand the consequent increase in
induced modulation in these devices we instead make thghe population of trap sités The behavior ofa and 3 is
crude assumption that the measured first harmonic EM spegonsistent with previous measurements using materials with
trum 1,(\,V) at an applied biay/ may be expressed as a spectral regions in which the measured EM signal was due
simple linear superposition of two bias-independent spectraentirely to the Stark effect.

L.\ V) = a(V)F(V) + B(V)C(N), (4)

where o and B8 are bias-dependent weighting coefficients,
andF(\) andC(\) are the field- and charge-induced modu- In conclusion, we have fabricated ITO/PEDOT:PSS/
lation spectra, respectively. We are interested in determiningBTF8/metal devices, where the top metallic electrode is
how a and 8 depend on the applied bias, and this may bechosen as either Ba or Al to provide, respectively, efficient or
straightforwardly determined by fitting the electromodulationinefficient electron injection. The Al devices exhibit low cur-
spectra in Fig. 3 to Eq4) using least squares optimization. rents, indicating low rates of electron and hole injection,
To do so, it is necessary first to select suitable spectra fowhereas the Ba devices exhibit high currents and high elec-
F(\) and C(\). F(\) was arbitrarily set equal to the mea- troluminescence efficiencies, implying efficient injection of
sured modulation spectrum at -2 V, since the spectral feaboth electronsnd holes despite sizable hole injection barri-
tures in reverse bias are known to correspond to electroalers of 0.7+0.1 eV. The Al devices exhibit conventional field-

[lI. CONCLUSION
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induced EM behavior consistent with the Stark effect. Theto improved balance of injection rates for electrons and holes
Ba devices show conventional SE behavior for low appliedand higher device efficiencies. The findings are consistent
biases but, above turn-on, the SE features vanish due twith complementary studies by Muragh al.® Van Wouden-
screening of the internal field, and are replaced by chargeserghet al,”1%and Poplavskyt al®° Finally, we note that,
induced bleaching and absorption features. The behavior b date, we have only observed screening in polyfluorene
the devices is consistent with the presence of electron tragsased devices that also contain PEDOT:PSS, and the poten-
close to the PEDOT:PSS/organic interface. Al electrodes pratial role of PEDOT:PSS in trap formation is a subject that
vide poor electron injection, which leaves the traps unpopuwill be addressed in a future manuscript.

lated and the bulk field unaffected. Ba electrodes provide

efficient electron injection, which populates the trap-sites, ACKNOWLEDGMENTS
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