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Trap states, present in any semiconductor, have a large in-
fluence on charge transport as well as various other phys-
ical processes relevant for device performance. Therefore,
quantifying the density of trap states (trap DOS) in an or-
ganic semiconductor is a crucial step towards understand-
ing and improving organic field effect transistors (OFET),
organic photovoltaic cells (OPV) and organic light-emit-
ting  diodes  (OLED).  In  recent  years  there  has  been  a
huge progress in characterizing the trap DOS for n- as
well as p-type OFETs. Most trap DOS extraction methods,
however,  are limited to an energy range close to the re-
spective  transport  level,  leaving  a  large  part  of  the
bandgap unexplored.  Here  we present  an estimation  of
the density of trap states in the whole bandgap using am-
bipolar  organic  field  effect  transistors.  The  ambipolar
OFETs employ the semiconductor PDIF-CN2 with hybrid
V2O5/gold contacts to inject electrons and holes. 

1. Introduction
Charge  transport  in  organic  field-effect  transistors  is

affected by trap states close  to the respective transport level
(0-0.5  eV),  where  charge  carriers  are  repeatedly
trapped/detrapped  while  drifting  from  the  source  to  the
drain electrode. Already in the very first  study of OFETs
the importance of these trap states was recognized and their
spectral distribution has been measured. [1] In the follow-

ing  years  various  methods  have been  used  to  investigate
trap states in organic semiconductor devices in a wide range
of processing conditions and layer configurations. [2][3][4]
In rubrene it has recently been shown that the density of
deep trap states relevant for the subthreshold region is lower
than in the best Si/SiO2 field-effect transistors. [5] Such a
low density of trap states is quite surprising considering the
flip-crystal fabrication in ambient air.

All of these studies focused on the density of trap states
relatively close to  the respective  transport  level  therefore
leaving a huge energy range of these wide bandgap organic
semiconductors  unexplored.  These  very  deep  lying  trap
states  are  especially  important  for  charge  recombination
and therefore a loss of efficiency in OLEDs and OPVs. [6]
Here we present an analysis of ambipolar OFETs to esti-
mate the density of trap states in the whole bandgap of the
semiconductor.

2. Experimental Setup

We build ambipolar evaporated organic thin-film tran-
sistors  using  N,N’-1H,1H-perfluorobutyl  dicyanoperylene
carboxydiimide,  PDIF-CN2 (Polyera  Corp.),  as  semicon-
ductor.  PDIF-CN2  is very well known as a high mobility n-
type semiconducting material which can be processed using
a wide range of methods. [4] The lowest unoccupied molec-
ular orbital (LUMO) is at an energy of -4.5 eV and the ma-
terial  therefore  is  perfectly  suited  for  electron  injection
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Figure 2: Layer structure of the organic field-effect tran-
sistors

 

Figure 1: Molecular structure of PDIF-CN2
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through gold contacts. The highest occupied molecular or-
bital (HOMO), however, sits very deep -6.6 eV and there-
fore the injection of  holes  is  not  possible using standard
electrodes. Here, we modify the gold contacts with a thin
layer of evaporated Vanadium pentoxide (V2O5), a transition
metal oxide with a workfunction between 6-7 eV [7] and
therefore allowing holes to be injected into the HOMO level
of PDIF-CN2. All evaporation steps are done in a high-vac-
uum environment  (<  10-7 mbar).  The  samples  are  trans-
ferred  to  an  attached  probe  station  without  breaking  the
vacuum. The devices are exposed to oxygen in a controlled
fashion to improve the injection of charge carriers.

   
3. Results and Discussion

The field-effect transistors clearly show ambipolar be-
havior (Fig. 3). Even though the bandgap is large (2.1 eV)
the hybrid  V2O5/gold contacts therefore allow injection of
charge carriers into LUMO level as well as the very deep
lying HOMO level. This is a first demonstration of ambipo-
lar transport in this usually n-type semiconductor.

A short exposure of the OFETs to oxygen improves the
charge  injection  slightly,  whereas  longer  exposure  sup-
presses p-type transport completely. This is due to the reac-
tion of V2O5 with  oxygen and the high sensitivity of the
workfunction on the chemical composition of the V2O5. [7]
Contact resistance becomes visible at a larger current, but
the subthreshold as well  as saturation regime the devices
are unaffected by the contact resistance.

Several OFETs are built, measured and analyzed. Each
device shows a unique transfer behavior in terms of sub-
threshold swing and the difference between the respective
turn-on voltage for p- and n-type transport. These variations
originate from a difference in the density of trap states close
to the respective transport level, as well as in the middle of
the bandgap. We use an analytical framework and a simula-
tion model to analyze the density of trap states close to the
respective transport  levels,  [5][8]  whereas  the cumulative
number of trap states in the middle of the bandgap is esti-
mated from the difference of the turn-on voltage between n-
and p-type transport. 

We find the density of trap states close to the transport
level as well  as in the middle of the bandgap to vary by
about one order of magnitude. The number of trap states in
the middle of the band gap is consistent with the extrapola-
tion  from the  spectral  distribution  close  to  the  bandgap.
Therefore, this study gives a first hint, that there is no accu-
mulation of defect states in the middle of the bandgap for
PDIF-CN2.

4. Conclusion
   We have built ambipolar transistors with a normally n-
type  semiconductor  using  hybrid  V2O5/gold  source-drain
contacts.  These hybrid contacts allow charge to be injected
in  the  LUMO level  as  well  as  the  deep  lying  (-6.6  eV)
HOMO level. The estimation of the density of trap states re-
veals that there is no pool of defect states in the middle of
the bandgap. 
   These findings are especially important for devices using
ambipolar properties of organic semiconductors. In OLEDs
as well as OPVs for example, a low density of trap states in
the middle of the bandgap reduces charge recombination re-
sulting in a higher device efficiency. [6]
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Figure  3:  Transfer  curves  show  ambipolar  transport  in
PDIF-CN2
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