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Abstract We have investigated the role of the trapping

process in degradation mechanisms of poly(9,9-dihexyl-

fluorene-co-N,N-di(9,9-dihexyl-2-fluorenyl)-N-phenyla-

mine) (PF) based diodes, after aging (at half lifetime) by

electrical stress. By using the Charge based Deep Level Tran-

sient Spectroscopy, we have determined the trap parameters in

PF light emitting devices. The mean activation energies of the

traps are in the range 0.13–0.60 eV from the band edges with

capture cross sections of the order of 10–18 to 10–20 cm2. The

trap densities are in the range of 10–16 to 10–17 cm-3. Upon

aging, no new trap levels have been found indicating that the

electrical stress did not create additional defect level in the

polymer in contrast to previous investigations on other organic

materials, which reported that the degradation of devices in

humid atmosphere lead to the onset of new traps acting as

recombination centers. Furthermore, aging would not affect

uniformly the defect levels in the polymer. Shallow trap states

(below 0.3 eV) remain stable, whereas the enhancement in trap

density of deeper trap levels (above 0.3 eV) have been observed,

suggesting that degradation by electrical stress leads to an

increase in density of deep levels.

1 Introduction

Since the launching of the first devices using organic

semiconductors on the market [1], research on

applications in this field have greatly progressed in the

understanding of the physical processes as well as in

improving the performance of commercial products. The

potential applications comprise organic light emitting

diodes (OLEDs), organic photovoltaic cells (OPCs), and

organic field effect transistors (OFETs). The most

promising products are OLEDs, and at present, small

screens equipping cell phones, mp3 players using these

devices are widely available. Compared to devices using

conventional semiconductors, the organic diodes suffer

from a lack of long-term stability. The lifetime of

organic devices is an order or two less that that of

equivalent inorganic ones and requirements for many

applications are in the range of at least several tens

thousands of hours [2]. In order to improve the lifetime,

it is essential to control the degradation processes

occurring in the organic semiconductors, but these pro-

cesses have not fully understood so far. Several models

have been proposed to explain the degradation behaviour

[3]: diffusion of metal oxide atoms from the electrode,

instability of the morphology, and ionic impurities. It is

however obvious that degraded organic materials would

contain an important amount of defects like conventional

semiconductors [4] and degradation behaviour would

accompany an important change in the defect states of

the active materials. Recently, defect states in OLEDs

have been investigated by several groups using electrical

techniques such as Thermally Stimulated Currents (TSC)

[5, 6] or Deep Level Transient Spectroscopy (DLTS) [7,

8]. These results gave interesting information on trap

parameters in organic materials, which have been so far

studied through models based on the transport in devices

[9]. In particular, the relation between degradation and

traps was examined in small molecule based devices [5,

10]. It has been demonstrated that aging of the organic
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materials exposed to specific atmospheres such as oxy-

gen or humidity may favour the formation of new

defects in the active layer [5]. However, degradation

experiments have been carried out in artificial conditions,

i.e., intentional exposure of the material to air or specific

atmosphere, and it is not possible to relate these results

to operational aging effects, which result from electrical

stress during the operations. Kondakov et al. [10] per-

formed capacitance–voltage measurements on diodes

aged by electrical and temperature stresses and estab-

lished that positive charge carriers that were trapped at

the hole injection layer/electron transport layer interface

are responsible for the exciton quenching upon aging.

There is, however, no quantitative evaluation of the trap

parameters in this work, and it was not possible to

evaluate the importance of the defect formation in

degraded devices. As for polymer-based devices, and to

our knowledge, no direct measurements of defects have

been carried out so far to correlate the defect formation

and aging processes.

We report in this work the results obtained from mea-

surements of electrical defects or traps in polyfluorene (PF)

derivative based devices. The trap parameters in freshly

prepared diodes were determined by using a variation of

the conventional Deep Level Transient Spectroscopy

(DLTS) then compared to those having been aged to half-

life by electrical stress (the device lifetime being defined as

the time for luminance to decay to 50% of its initial value).

From the trap analysis, we discuss the role of defects in the

aging process of the material and devices.

2 Experimental

Devices of structure Indium Tin Oxide (ITO)/polyethylene

dioxythiophene: polystyrene sulfonate (PEDOT-PSS)/poly

(9,9-dihexylfluorene-co-N,N-di(9,9-dihexyl-2-fluorenyl)-N-

phenylamine) (PF-N-Ph)/Calcium (Ca)/Aluminium (Al)

were fabricated using the following procedure. On cleaned

ITO coated glass, a PEDOT-PSS layer of 80 nm thick was

deposited by spin coating, and annealed under vacuum at

150 �C for 1 h. The active polymer thin film of thickness

*100 nm was then deposited from a 10 mg/mL solution,

followed by deposition of the cathode under vacuum with a

base pressure of 10-7 mbar. The fabricated devices were

encapsulated by a glass lit using an epoxy resin.

Current–voltage-luminance characteristics of devices

were measured at room temperature using a Keithley 2400

coupled with a Photo Research Spectra Scan 650 radiance

metre. Charge based DLTS (Q-DLTS) experiments were

performed using an Iomtek Asmec set-up. All measure-

ments were performed under vacuum and in the dark.

3 Results and discussion

Figure 1 shows the current–voltage-luminance of a freshly

prepared diode at room temperature. The diode emits a blue

light (k = 444 nm) with a turn-on voltage Vto * 4.5 V and

a maximum luminance of L *75 cdm-2. The lifetime of the

diodes at this luminance was estimated to be *500 h.

In the conventional DLTS [11], traps in the semicon-

ductor are filled by applying a voltage pulse of charging time

tc to the sample, which injects charge carriers into the sam-

ple, and changes the capacitance associated with a p–n

junction or a Schottky barrier of the device. Next, the trapped

charges are released in the external circuit and the variation

of the sample capacitance DC is measured as a function of

time. In the DLTS technique, detection of the capacitance

change is performed by using a time window s, which is

related to the time interval between two measured times t1
and t2 by:

s ¼ ðt1 � t2Þ=½lnðt1=t2Þ� ð1Þ

For the Q-DLTS technique, the variation of the released

charges DQ is measured instead of DC and the Q-DLTS

spectrum is the plot of DQ as a function of s. Whenever the

rate emission en,p of the trapped charges coincides with the

window rate sm
-1, the charge variation DQ shows a maximum,

provided that the ratio t1/t2 is constant. Trap parameters such

as activation energy or trap level ET, capture cross-section r,

and concentration NT can be determined by measuring the Q-

DLTS spectra as a function of the temperature [12].

Figure 2 shows the Q-DLTS spectrum obtained from a

fresh device at T = 300 K, with an applied voltage of

DV = +6 V, and different values of the charging time tc. The

spectra show five apparent peaks (denoted as A, B, C, D, and

E) which are progressively saturated with increasing values

of tc. The relaxation time of each peak is then carefully

determined from the spectra, and using these values, the

decomposition of the Q-DLTS spectrum can be performed as

shown in Fig. 2. The trap parameters such as activation

Fig 1 Current–voltage-luminance characteristics of a fresh ITO/

PEDOT/PF/Ca/Al diode at T = 300 K
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energy and capture cross-section can be determined by

recording the spectra as a function of the temperature

(Fig. 3), and by analysing the Arrhenius plot of the maxi-

mum of the spectra versus 1000/T [12] The results are given

in Table 1. Previous investigations of carrier trapping in

polyfluorene type polymers by using the TSC technique have

shown that several trap types are present in the polymers

[13]. One of these with a depth of 0.24 eV is assigned to hole

traps and another with a depth of 0.6 eV is assigned to on

chain keto defects, which are electron-like traps. These trap

levels are comparable to those labeled B and E in our sam-

ples, although they were found distinctly in two different PF

type polymers in the mentioned study. Furthermore, the

concentration of different traps levels found in our devices

are also in fair agreement with that estimated in recent

studies on PF based diodes [14, 15].

In order to determine the trap states in degraded devices,

the fresh diode was electrically aged at half-life, and

Q-DLTS measurements were performed under identical

conditions as for the fresh device. Figure 4 shows the

Q-DLTS spectra obtained in a device before and after

aging at T = 300 K, with an applied voltage of +6 V, and

a charging time of 1 s.

It can be seen that in the aged sample, the DLTS

spectrum is similar in shape to that of the fresh one. Only

some peaks has increased in intensity, but no new peaks are

observed in the spectrum, indicating that the degradation of

the sample is not accompanied by formation of new type of

defects in the diodes. The trap parameters of the aged

device were determined by using the same analysis as

previously described and the results are shown in Table 2.

It should be noted that in our experiments, the devices were

aged during their normal operations and were not exposed

to air. Therefore, it may be inferred that there is no direct

relation between degradation processes in the studied

devices and oxidation of the materials as suggested several

previous investigations [16–18], and exposure of devices to

air may artificially introduce defects to the material struc-

ture. We suggest that the aging increases the amount of

Fig. 2 Q-DLTS spectrum and resolved components of a fresh ITO/

PEDOT/PF/Ca/Al diode at T = 300 K with the following experi-

mental conditions: charging time tc = 1 s, charging voltage

DV = +6 V

Fig. 3 Q-DLTS spectrum of a fresh ITO/PEDOT/PF/Ca/Al diode at

different temperatures (250–310 K) with the following experimental

conditions: charging time tc = 1 s, charging voltage DV = +6 V

Table 1 Trap parameters of a fresh ITO/PEDOT/PF/Ca/Al diode

obtaine with a charging voltage of +6 V

Q-DLTS Peak DV (V) ET (eV) r (cm2) NT (cm-3)

A +6 0.13 1.2 9 10-20 1.5 9 1016

B +6 0.22 8.1 9 10-20 4.4 9 1016

C +6 0.33 3.2 9 10-19 4.4 9 1016

D +6 0.48 4.6 9 10-18 2.0 9 1016

E +6 0.58 1.8 9 10-18 1.4 9 1017

The accuracies of parameter measurements are: DET = ±0.03 eV;

Dr/r = ±0.5; DNT/NT = ±0.3

Fig. 4 Q-DLTS spectra of a fresh and an aged ITO/PEDOT/PF/Ca/

Al diode at T = 300 K, with the following experimental conditions:

charging time tc = 1 s, charging voltage DV = +6 V
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existing defects (intrinsic defects) in material and/or

devices without modifying their nature. In other words, the

degradation results from a replication of structural defects

under the working conditions of the device. In fact, trap-

ping of carriers involves an amount of energy equal to the

energy difference between two levels. When this energy is

dissipated in the material, it causes structural damages to

the region around the trap sites, and increases therefore

their density. The available energy can also be transferred

to a free charge carrier, making it more energetic and then

can dissociate a molecule into radicals, which create then

new traps. This explanation is consistent with the con-

stancy of the different trap levels observed in fresh and

aged devices. The nature of the defects in polyfluorene and

its derivatives is not fully known. Previous studies have

suggested that keto could be a source of defects in PF [19,

20], and the formation of fluorenone in devices were

related to the decrease in performance. Furthermore, the

degradation turns the blue emission color into a blue green

one, which is not desirable. However, the devices in

question were operating in air and were not protected, and

oxidation and photo-oxidation of the material occurred. It

is not excluded that such defects could exist in our samples

and are introduced into the polymer during synthesis, but

other defect formation possibilities, for instance interface

instability [21], or structural disorder [22] have to be also

considered, and further investigations are needed to clearly

identify the nature of these defects.

4 Conclusion

The defects in PF based light emitting diodes have been

examined by using the charge-based Deep Level Transient

Spectroscopy technique. The Q-DLTS spectra of freshly

fabricated ITO/PEDOT-PSS/PF/Ca/Al devices indicate

five distinct levels with a density in the range of 1016 to

1018 cm-3. After aging of the encapsulated devices by

electrical stress, the decrease in performance of the diodes

is accompanied by a noticeable increase in the density of

several trap levels, but no new defect levels were observed.

We suggest that the degradation of the copolymer is closely

linked to the enhancement of the defects in these materials,

and there is no evidence that these defects are directly

introduced by oxygen with the formation of keto sites, as

suggested previous studies.

References

1. T.P. Nguyen, Recent Res. Dev. Polym. Sci. 6, 45 (2002)

2. J.R. Sheats, D.B. Roitman, Synthetic Metals 95, 79 (1998) doi:

10.1016/S0379-6779(98)00031-9

3. H. Aziz, Z. Popovic, Chem. Mater. 16, 4522 (2004) doi:

10.1021/cm040081o

4. C.W. Wang, T.J. Sheu, Y.K. Su, M. Yokoyama, Appl. Surf. Sci.

113/114, 709 (1997) doi:10.1016/S0169-4332(96)00931-2

5. J. Steiger, S. Karg, R. Schmechel, H. Von Seggern, Synthetic

Metals 122, 49 (2001) doi:10.1016/S0379-6779(00)01359-X

6. Y. Hashimoto, T. Kawai, M. Takada, S. Maeta, M. Hamagaki,

T. Sakakibara, Jpn. J. Appl. Phys. 42, 5672 (2003) doi:10.1143/

JJAP.42.5672

7. H.L. Gomes, P. Stallinga, H. Rost, A.B. Holmes, M.G. Harrison,

R.H. Friend, Appl. Phys. Lett. 74, 1144 (1999) doi:

10.1063/1.123469

8. A.J. Campbell, D.D.C. Bradley, E. Werner, W. Brütting, Org.

Electron. 1, 21 (2000) doi:10.1016/S1566-1199(00)00004-5

9. J. Yang, J. Shen, J. Appl. Phys. 85, 2699 (1999) doi:10.1063/

1.369587

10. D.Y. Kondakov, J.R. Sandifer, C.W. Tang, R.H. Young, J. Appl.

Phys. 93, 1108 (2003) doi:10.1063/1.1531231

11. D.V. Lang, J. Appl. Phys. 45, 3023 (1974) doi:10.1063/

1.1663719

12. O. Gaudin, R.B. Jackman, T.P. Nguyen, P. Le Rendu, J. Appl.

Phys. 90, 4196 (2001) doi:10.1063/1.1403669

13. A. Kadashchuk, R. Schmechel, H. Von Seggern, U. Scherf,

A. Vakhnin, J. Appl. Phys. 98, 024101 (2005) doi:10.1063/1.

1953870

14. D. Poplavskyy, W. Su, F. So, J. Appl. Phys. 98, 014501 (2005)

doi:10.1063/1.1941482

15. M. Arif, M. Yun, S. Gangopatdhyay, L. Fadiga, F. Galbrecht,

U. Scherf, S. Guha, Phys. Rev. B. 75, 195202 (2007)

16. F. Papadimitrakopoulos, X.M. Zhang, Synthetic Metals 85, 1221

(1997) doi:10.1016/S0379-6779(97)80214-7

17. V. Kazukauskas, H. Tzeng, S.A. Chen, Appl. Phys. Lett. 80, 2017

(2002) doi:10.1063/1.1459114

18. E.W. List, R. Guentner, P. Scanduci De Freitas, U. Scherf, Adv.

Mater. 14, 374 (2002) doi:10.1002/1521-4095(20020304)14:5

\374::AID-ADMA374[3.0.CO;2-U

19. S. Gamerith, C. Gadermaier, U. Scherf, E.J.W. List, Phys. Stat.

Sol. (a) 201, 1132 (2004) doi:10.1002/pssa.200404345

20. Y.Y. Noh, D.Y. Kim, Y. Yoshida, K. Yase, B.J. Jung, E. Lim,

H.K. Shim, R. Azumi, J. Appl. Phys. 97, 104504 (2005) doi:
10.1063/1.1897068

21. P.J. Brewer, P.A. Lane, J. Huang, A.J. Demello, D.D.C. Bradley,

J.C. Demello, Phys. Rev. B 71, 205209 (2005) doi:

10.1103/PhysRevB.71.205209

22. T. Kreouzis, D. Poplavskyy, S.M. Tuladhar, M. Campoy-Quiles,

J. Nelson, A.J. Campbell, D.D.C. Bradley, Phys. Rev. B 73,

235201 (2006) doi:10.1103/PhysRevB.73.235201

Table 2 Trap parameters of an aged ITO/PEDOT/PF/Ca/Al diode

obtained with a charging voltage of +6 V

Q-

DLTS

Peak

DV

(V)

ET

(eV)

r (cm2) NT (cm-3) Ratio NT

aged/NT

fresh

A +6 0.14 1.7 9 10-20 1.5 9 1016 *1

B +6 0.25 1.0 9 10-19 5.4 9 1016 *1.2

C +6 0.34 4.1 9 10-19 2.1 9 1017 *4.8

D +6 0.49 5.5 9 10-18 1.1 9 1017 *5.5

E +6 0.58 1.8 9 10-18 9.6 9 1017 *6.9

The accuracies of parameter measurements are: DET = ±0.03 eV;

Dr/r = ±0.5; DNT/NT = ±0.3

J Mater Sci: Mater Electron (2008) 19:S92–S95 S95

123

http://dx.doi.org/10.1016/S0379-6779(98)00031-9
http://dx.doi.org/10.1021/cm040081o
http://dx.doi.org/10.1016/S0169-4332(96)00931-2
http://dx.doi.org/10.1016/S0379-6779(00)01359-X
http://dx.doi.org/10.1143/JJAP.42.5672
http://dx.doi.org/10.1143/JJAP.42.5672
http://dx.doi.org/10.1063/1.123469
http://dx.doi.org/10.1016/S1566-1199(00)00004-5
http://dx.doi.org/10.1063/1.369587
http://dx.doi.org/10.1063/1.369587
http://dx.doi.org/10.1063/1.1531231
http://dx.doi.org/10.1063/1.1663719
http://dx.doi.org/10.1063/1.1663719
http://dx.doi.org/10.1063/1.1403669
http://dx.doi.org/10.1063/1.1953870
http://dx.doi.org/10.1063/1.1953870
http://dx.doi.org/10.1063/1.1941482
http://dx.doi.org/10.1016/S0379-6779(97)80214-7
http://dx.doi.org/10.1063/1.1459114
http://dx.doi.org/10.1002/1521-4095(20020304)14:5&lt;374::AID-ADMA374&gt;3.0.CO;2-U
http://dx.doi.org/10.1002/1521-4095(20020304)14:5&lt;374::AID-ADMA374&gt;3.0.CO;2-U
http://dx.doi.org/10.1002/pssa.200404345
http://dx.doi.org/10.1063/1.1897068
http://dx.doi.org/10.1103/PhysRevB.71.205209
http://dx.doi.org/10.1103/PhysRevB.73.235201

	Effect of electrical operation on the defect states in organic semiconductors
	Abstract
	Introduction
	Experimental
	Results and discussion
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


