
Materials Science-Poland, Vol. 27, No. 3, 2009 

Ambipolar injection into pentacene field effect 
transistor observed by time-resolved optical 

second harmonic generation imaging* 
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Ambipolar carrier injection from gold electrode into pentacene was investigated by time-resolved 
optical second harmonic generation (TRM-SHG) imaging. Smooth hole injection is verified by rapid 
decrease of the SHG intensity at the electrode edge, indicating the absence of an injection barrier. In 
contrast, TRM-SHG results clearly indicated the presence of electron injection from the high-work func-
tion metal into the electrode, though after injection electrons were trapped in the channel and could not 
contribute to the conduction. Transient electric field distribution due to the injected holes and electrons 
were evaluated based on the SHG intensity distribution. 
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1. Introduction 

For organic electronic devices such as organic field effect transistors (OFETs), 
device operation is ruled by the injection, accumulation and transport processes of 
a carrier. In this sense, metal–semiconductor contacts play an important role in organic 
electronic devices, because injected carriers dominate the device operation [1]. For 
instance, ambipolar behaviour in OFETs was observed upon using appropriate elec-
trode metals: electrons and holes are selectively injected from the electrode with a low 
and a high work function, respectively [2–4], clearly showing the significance of elec-
trode contact. In contrast, for Si and other inorganic semiconductors, intentional dop-
ing precisely determines the type of majority carrier and carrier density in the semi-
conductors, and thus the injection and transport processes can be fully controlled. 
 _________  
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Owing to the irregularities of the metal–organic interface, the situation becomes more 
complicated for organic devices, and adequate control of injection and transport proc-
esses is not satisfactory at present. It was reported that the preparation process of 
a metal electrode significantly affects properties of the device [5]. Therefore, an ade-
quate evaluation and control of injection processes is of great importance to improve 
device performance effectively. 

For pentacene FETs, holes inject smoothly from Au electrode because the energy 
level of the highest occupied molecular orbital (HOMO) in pentacene [6] is close to 
the work function of Au [7]. On the other hand, since an electron should be injected 
into the lowest unoccupied molecular orbital (LUMO), the metal with a low work 
function such as Ca and Mg is suitable for electron injection into pentacene [2]. In this 
way, use of an appropriate electrode is a general way to realize the ambipolar opera-
tion in OFET. Nevertheless, we reported the presence of the electron injection from 
Au electrode into pentacene FET observed by the electric field induced optical second 
harmonic generation (EFISHG) [8]. In the present paper, ambipolar carrier behaviour 
in pentacene FET is reported based on results of time resolved, optical second har-
monic generation (TRM-SHG). In our previous paper, TRM-SHG measurement was 
introduced for visualizing carrier motion in OFETs based on the EFISHG [9]. Since 
the SHG signal is activated by an electric field applied to organic materials [10, 11], 
carrier motion can be observed by following the time evolution of the electric field 
distribution in the devices because charges are the source of a local electric field. One 
of the important advantages of the TRM-SHG method is the capacity to discriminate 
the injection and transport processes in devices. By using this technique, injection of 
an electron from noble metals such as Au into pentacene is revealed, and the motion of 
both carriers in pentacene FET is visualized with a high spatial resolution lower than 
1 μm. Furthermore, we introduce the method of evaluation of transient electric field 
distribution in OFET by analyzing the TRM-SHG results. Quantitative analysis of the 
time-dependent electric field distribution would be helpful for subsequent discussion 
regarding the device operation mechanism. 

2. Experimental 

The samples used in the experiments were top-contact pentacene FETs. Heavily 
doped Si wafers covered with a 500 nm thick oxide (SiO2) layer were used as the base 
substrate. Before the pentacene deposition, a 100 nm thick poly(methyl methacrylate) 
layer (PMMA) was spin-coated in order to improve the on-off ratio of the devices. 
Then, the pentacene layer, approximately 100 nm thick, was deposited on a surface. 
The process pressure during deposition of pentacene was kept at less than 1×10–4 Pa, 
and the deposition rate was controlled at approximately 3 nm/min. After the deposi-
tion of pentacene, top-Au electrodes (source and drain electrodes) 100 nm thick were 
deposited. The designed channel length (L) and width (W) were 50 μm and 3 mm, 
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respectively. Pentacene FETs were operated with the application of pulse voltages using a 
function generator (NF Corp., WF1947) and a high speed bipolar amplifier (NF Corp., 
HSA4101). All measurements were performed in laboratory ambient atmosphere. 

 

Fig. 1. Optical configuration of the TRM-SHG measurement. Wavelength of the SHG measurement 
can be changed using OPO, and fundamental light with the wavelength of 1120 nm was chosen in this 

experiment [12]. The fundamental light is focused on the device using a microscopic objective lens 

The light source for the TRM-SHG measurement was an optical parametric oscil-
lator (OPO: Continuum Surelite OPO) pumped by the third-harmonic light of  
a Q-switched Nd-YAG laser  (Continuum:Surelite II-10). An external Q-switch signal 
from a YAG laser was also supplied from a function generator to synchronize the 
voltage pulse applied to the OFET with the laser pulse. A timing chart of the voltage 
pulse applied to the OFET and of the laser pulse is presented in [10]. Fundamental 
light was focused onto the channel region of OFET with normal incidence using 
a long working distance objective lens (Mitutoyo: M Plan Apo SL20×, NA = 0.28, 
W.D. = 30.5 mm). The fundamental light irradiated a large area (spot size was ap-
proximately 150 μm) of the channel region for taking SHG image by using a beam 
expander (Fig. 1). SH light generated from the FET was filtered by a fundamental-cut 
filter and an interference filter to remove fundamental and other unnecessary light. 
Finally, SH light generated was detected by a cooled CCD camera (Andor technology: 
DU420-BV). In this configuration, the polarization direction of the fundamental light was 
chosen in the direction corresponding to the channel direction (source-drain direction). 

3. Results and discussion 

3.1. Hole injection 

Figure 2 represents the SHG images from an OFET channel captured with various 
delay times. To take these images, positive pulses were applied to the source elec-
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trode. Here, a source electrode is defined as an electrode from which carriers are in-
jected by the applied voltage pulse. As shown, the SHG peak moves rapidly from the 
source to the drain electrode with an increase of delay time. It should be noted that no 
SHG signal was observed from the FET without the pentacene layer. Needless to say, 
such a device does not show any FET characteristics, though the SiO2 insulator is sub-
jected to an external electric field. Thus the SHG signal from the gate insulator is neg-
ligibly small and the SHG signal from the pentacene layer was selectively observed. In 
our previous paper, it was shown that migration of the peak position of the SHG inten-
sity follows a novel, diffusion-like behaviour; namely, the square of the peak position 
of x  is proportional to time t [13]. As just described, the time-resolved measurement 
successfully demonstrated the emission band movement of the SHG. 

 

Fig. 2. SHG images from OFET channel with various delay times under the application  
of positive pulse to the source electrode. These images are top-view of pentacene OFET,  

the region between two dashed lines corresponds to the channel of the FET. Actual channel length 
was 45 μm. S and D represent the source and drain electrode, respectively 

For hole injection, the injected holes from the source electrode spread immediately 
over the FET channel. It should be noted that SH intensity immediately disappears 
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(actually it takes less than 100 ns) at the electrode edge: this indicates a low injection 
barrier for holes between the Au and the pentacene. After carrier injection, carriers 
adequately accumulate in the channel. Sufficiently accumulated charges in the channel 
form the space charge field that cancels out the source field, so that no SHG signal is 
generated from the edge of the source electrode. Disappearance of the SHG signal 
around the electrode clearly supports this assertion, that is, no electric field is concen-
trated at the edge of the electrode. Under our experimental condition, vacuum evapo-
rated pentacene film is composed of a number of small-size domains (domain size was 
less than 1 μm), and the a- and b-axis of pentacene crystals align parallel to the sub-
strate surface [14], that is the c-axis almost aligns normally to the surface. In that case, 
electronic conduction is dominated along in-plane direction [15], reflecting strong 
intermolecular interaction along the ab direction. Therefore, it is reasonable to con-
sider that χ(3) components of pentacene film along the c-axis are small compared with 
that along the in-plane direction. Consequently, the SHG signal is sensitive to the in-
plane components of the electric field in pentacene film under the normal incidence 
condition. 

3.2. Electron injection 

Figure 3 shows the SHG images from an OFET channel with various delay times 
associated with an applied negative pulse. To capture these images, negative pulses were 
applied to the source electrode. It was found that the emission band of the SHG slightly 
moved away from the source electrode, as shown in the figure. This result indicates that 
electron injection from the Au electrode to pentacene film was actually possible. Since 
the energy difference between the LUMO of pentacene the and Fermi level of Au is 
approximately 2.0 eV [6], electron injection is quite difficult and it is reasonable to con-
sider that electron injection from Au into pentacene is not possible. Metal deposition 
onto the pentacene layer leads to the penetration of metal atoms into the pentacene layer 
[5]. Such penetration of metal results in appearance of the interfacial states near the pen-
tacene–Au interface. For hole injection with negligible injection barrier, such interfacial 
states must prevent the injection, and lead to the degradation of device parameters, such 
as field effect mobility. However, these interfacial states presumably accept electrons 
via a tunnelling process from the Au surface. Electron injection, which is strongly inhib-
ited by the energy difference between the LUMO of pentacene and the Fermi level of 
Au, is presumably promoted under the presence of such states. 

Another possible mechanism for the electron injection is the interface dipole layer 
at the pentacene–Au interface. Formation of the interface dipole layer at the pentacene 
–Au interface was revealed using UPS measurement in [16], and such an interface 
dipole supposedly promotes electron injection. As well as at the pentacene–Au inter-
face, UPS measurement also confirmed the presence of the interface dipole at the pen-
tacene–Ag interface. For the Ag electrode, the work function of an Ag surface is lower 
than that of a Au surface, leading to a more efficient injection of electrons from the Ag 
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electrode. It should be noted that such electron injection was not observed in the de-
vices using an Ag electrode by the TRM-SHG measurement obtained within the con-
straints of our experiments. In this sense, penetration of metal atoms into the penta-
cene layer is more possible for the electron injection. However, at the present stage, 
the true mechanism of electron injection is not clear. To reveal the details of electron 
injection such as the mechanisms is our future task. 

 

Fig. 3. SHG images from OFET channel with different delay times under the application  
of a negative pulse to the source electrode. At the edge of source electrode, SH signal still 

remains at a delay time of 10 μs, though it disappears at the delay time of 100 μs 

Interestingly, after the electron injection, motion of the emission band of the SHG 
stopped immediately near the source electrode (see Fig. 3). Needless to say, it moved 
smoothly and continuously along the channel for hole injection as a positive pulse was 
applied (see Fig. 2). These results imply that injected electrons were trapped near the 
electrode in the FET channel. Benzocyclobutene (BCB) and PMMA layer inserted 
between organic semiconductor and insulator is frequently used to prevent the electron 
entrapment [3]. In the present study, PMMA was coated on the SiO2 surface but the 
trapping of electrons is actually observed, presumably owing to the presence of oxy-
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gen [17, 18] and moisture. Although the electron trapping at the organic semiconduc-
tor/insulator interface has been commonly discussed, there is as yet no detailed under-
standing of such traps. This is the first time to directly observe the interruption of the 
electron transport. Such observation certainly might help with solving the problem of 
carrier transport inhibition. 

3.3. Electric field distribution 

Quantitative evaluation of the transient electric field distribution is introduced, 
based on the analysis of the SH intensity distribution. For the discussion of the device 
mechanisms of OFET with the TRM-SHG measurement, some of the most important 
information which can be extracted from the TRM-SHG results is the time evolution 
of the electric field and the carrier distribution along the FET channel.  

 
Fig. 4. Typical example of the SH intensity distribution along the FET channel (a) obtained 

by taking a cross section of an SH image shown in Fig. 3. SH intensity distribution  
under the electron injection at the delay time of 100 μs is indicated, and electric field  

distribution along the FET channel (b) evaluated from an SH intensity distribution 

In Figure 4, an exemplary SH intensity distribution along the FET channel ob-
tained by taking a cross section of an SH image shown in Fig. 3 (for electron injection, 
at the delay time of 100 μs), and the distribution of the lateral component of the elec-
tric field in the FET channel, respectively. Since SHG intensity is proportional to the 
square of the local electric field for the EFISHG process, electric field distribution can 
be obtained with a high spatial resolution by only taking the square root of the SHG 
distribution. Note that the absolute value of the electric field strength cannot be ob-
tained directly from the SHG intensity. Nevertheless, we can evaluate the electric field 
strength by comparing it with the result of a reference measurement. Without carrier 
injection, a Laplace electric field is formed in the devices under the voltage applied to 



T. MANAKA et al. 716

the electrode. In that case, electric field distribution can be calculated based on the 
classical electromagnetic theory, taking into account the device geometry [19]. Thus, 
comparing the theoretical electric field strength with the SHG intensity, the electric 
field distribution in the devices can be experimentally evaluated. 

In a Laplace electric field, the electric field is concentrated between source and 
gate electrodes, and, accordingly, the peak position of the electric field is located at 
the edge of the source electrode. In contrast, the peak position of the electric field 
moves away from the source electrode and is located between the source and drain 
electrodes after electron injection (see Fig. 4b). This fact clearly indicates that the 
electric field, after electron injection, is dominated by the space charge field due to the 
injected electrons. The TRM-SHG measurement can evaluate the transient electric 
field in devices at high spatial (approximately 1 μm) and temporal (10 ns) resolutions. 

4. Conclusion 

Ambipolar carrier injection from gold electrode into pentacene was investigated 
by time-resolved, optical second harmonic generation (TRM-SHG) imaging. Although 
electron injection from Au into pentacene is quite difficult, because the energy differ-
ence between the LUMO of pentacene and the Fermi level of Au is approximately 
2.0 eV, TRM-SHG results clearly indicated the electron injection from high-work 
function metal into pentacene. For this electron injection, motion of the emission band 
of the SHG stopped in the channel, indicating that the injected electrons were trapped 
in the OFET channel. A transient electric field, due to injected electrons, was evalu-
ated based on the SHG intensity distribution. 
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