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1. Introduction 

Recent advances in the performance of organic semiconductors such as organic light 
emitting diodes (OLEDs), organic field-effect transistors (OFETs), and organic solar cells 
have been dramatic. In particular for OLEDs, stability and durability have improved to 
levels that warrant their application in everyday life. In organic devices, the charge carriers, 
both electrons and holes, often have to be injected through organic/electrode interfaces. 
Therefore, an understanding of the interaction between metal electrode and organic 
molecules is quite important, because the electronic properties of metal/organic interface 
directly affect the performance of the OLEDs. (Tang & Slyke, 1987; Salaneck et al., 2002) But 
these are not well examined, especially the physical and chemical properties of buried 
organic/meal interfaces have been not well investigated. In order to understand the 
mechanisms that control the electron energetic levels of organic/metal interfaces, the 
determination of the energy barriers between the Fermi level of the metal and the HOMO 
and LUMO levels of organic materials across the interfaces has been main challenges to 
surface and interface studies of organic thin films. For understanding the occupied states, 
ultraviolet photoelectron spectroscopy (UPS) is one of the powerful techniques for studying 
the valence electronic structure of material. The electron injection barrier at the 
metal/organic interface is significantly altered by the interfacial dipole layer, by which the 
vacuum level at the organic layer is shifted relative to that at the metal layer. (Ishii et al., 
1999) The dipole layer has been studied for organic/metal interfaces by using photoelectron 
spectroscopic technique. Ishii et al. proposed various origins of the dipole layer at the 
organic/metal interface: (1) charge transfer, (2) mirror force, (3) pushback effect due to the 
surface rearrangement, (4) chemical interaction, (5) interface state, and (6) permanent dipole 
of the adsorbate. (Ishii et al., 1999) 
In contrast, the band gaps of the organic materials and the energy of LUMO are often 
determined by the optical absorption measurements of the “bulk”. Because of the surface 
confinement effect and the interaction between organic molecules and metal, the molecular 
conformation and the band gap at the buried interface are expected to be different from 
those in the bulk. Although the optical band gap obtained from the absorption spectroscopy 
is different from the corresponding charge transfer gap due to the exciton absorption to 

www.intechopen.com



 
Vibrational Spectroscopy 

 

116 

form Frenkel-type exciton, the optical band gaps at buried interfaces are still useful energy 
parameter to discuss the charge injection and overall efficiency of the OLED. However, it 
has been a great challenge to measure the buried interfacial electronic states because of a 
lack of a suitable probing technique. Traditional surface science techniques based on 
ultrahigh vacuum are not applicable to a buried interface, and absorption and emission 
spectroscopy do not have the necessary surface sensitivity. 
Nonlinear optical spectroscopy is one of the powerful techniques for the characterization of 

these issues due to its high interface sensitivity. Second harmonic generation (SHG) and 

sum frequency generation (SFG) have been used to investigate the molecular orientation of 

the materials at the interface. (Shen, 1984) IR-visible SFG spectroscopy has made it possible 

to study the vibrational spectra of surface or interfacial species. SFG is a surface-sensitive 

tool because its second-order nonlinear optical process is allowed only in non-

centrosymmetric media under the electric dipole approximation. Recently this technique has 

been applied to interfaces that include organic materials, allowing the interfacial structures 

to be elucidated. In our SFG studies of polymer/water, (Miyamae et al., 2007) 

polymer/oxide, (Miyamae & Nozoye, 2004) and air/liquid interfaces, (Miyamae et al., 2008; 

Iwahashi et al., 2008) we have found that the molecular structures, such as the orientation 

and orientation distribution of different chemical groups, are not the same at the different 

interfaces. 

IR-visible SFG spectroscopy has been traditionally carried out by using the frequency-fixed 

visible and tunable IR beams to obtain a surface vibrational spectrum, which identifies the 

surface chemical species. Recently, a new technique for vibrational SFG spectroscopy by 

tuning the incident visible and IR frequencies has attracted much attention. (Raschke et al., 

2002) When the photon energy of the SFG coincides with electronic transition energies of 

interface species, the output SFG intensity is drastically enhanced when the IR light is 

resonant with the vibrational state and the output SFG light is resonant with the interfacial 

electronic transitions. Such enhanced SFG process is called doubly-resonant (DR) SFG. With 

the capability of tuning both the incident IR and visible frequencies, doubly-resonant SFG 

spectroscopy becomes a powerful multi-dimensional technique for studying the interface 

electronic states coupled to a specific vibrational mode. The SFG electronic excitation 

profiles, which can be obtained by measuring the visible probe frequency dependence of the 

vibrational SFG band strengths, allow deduction of coupling electronic transitions and 

vibrational modes at the interface. (Miyamae et al., 2009) 

In addition, there are several advantages of the doubly-resonant SFG technique. The signal 

enhancement is expected only for species that have an electronic absorption at the photon 

energy of the SFG. Therefore, doubly-resonant effect offers a kind of molecular selectivity to 

SFG. Moreover, an electronic excitation spectrum of the interface species for each vibrational 

band can be obtained. Thus the SFG excitation profiles are useful to investigate mixed 

interface layers where several chemical species coexist and show complex vibrational 

spectra, because vibrational bands can be classified with reference to corresponding 

electronic spectra. In addition, the measurement of SFG excitation profiles may be an 

effective way to obtain electronic spectra of the molecules, especially at interface on opaque 

substrates where electronic absorption spectrum measurement is difficult. Furthermore, it 

can be possible to measure the interface of the OLED materials that show very strong 

photoluminescence in visible region, since the output SFG emerges at the Anti-Stokes side of 

the excitation wavelength. 
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This chapter is constructed as follows: in Section 2, we describe the theoretical backgrounds 
of the DR-SFG processes. Section 3 describes the experimental setup for the DR-SFG 
measurements and the sample preparation. Section 4 illustrates the DR-SFG study of the 
electronic and vibrational properties of the OLED interfaces. The chemical structures of all 
the organic compounds involved in this chapter are sketched in Figure 1.  
 

        

                              (a)                                            (b)                                    (c)                                (d)  

Fig. 1. Chemical structure of the various organic compounds under study: (a) PFO, poly(9,9-
dioctyl-fluorene); (b) PEDOT:PSS; (c) meridional Alq3, tris(8-hydroxyquinoline) aluminum; 
(d) facial Alq3. 

2. Theoretical background of the doubly-resonant sum frequency generation. 

In the electric dipole approximation, SFG is forbidden in centrosymmetric materials, but not 

at their interfaces, where the inversion symmetry of the bulk is broken. For such an air–

metal interface, the SFG intensity reflected from the surface is given by 

  
2(2) : ( ) ( )SF IR VISeffI E E    , (1) 

where (2)eff is the effective second-order nonlinear susceptibility tensor and E(IR) and 

E(VIS) are the input fields. The second-order nonlinear susceptibility contains nonresonant, 
singly resonant, and doubly resonant contributions. The latter dominates strongly if the 

vibrations (l) and electronic transitions (eg) probed by IR and SFG are coupled. Both IR–
visible (vibrational transition followed by an electronic transition) and visible–IR processes 
(electronic transition followed by a vibrational transition) contribute to doubly–resonant 
SFG.(Raschke et al., 2002; Hayashi et al., 2002) However, the IR–visible sequence is expected 
to dominate, as a result of the quicker relaxation of the electronic excitation compared to the 
vibrational one. Assuming harmonic potential surfaces for the electronic states and the 

Born–Oppenheimer and Condon approximations, the doubly–resonant (2)ijk can be 
described as 
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where N is the surface molecular density, egi represents the i component of electronic 

transition moment, ql is the normal coordinate, Sl is a dimensionless coupling constant 
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known as the Huang-Rhys factor, n labels the vibrational state, g and e label the ground and 

excited electronic states, respectively, S is the SFG frequency, l and eg are the resonant 

vibrational and electronic frequencies, respectively, l and en,g0 are the damping constants, 

the angular brackets indicate an average over molecular orientations, and (2)NR,ijk describes 

the non-resonant contributions. Sl is related to the shift dl of the harmonic potential of the 

vibration in the excited electronic level by 

 21

2
l l lS d
 .

 (3) 

As shown in Fig. 2, DR-SFG occurs thus for IR =l and for several visible frequencies, when 

S matches an allowed vibronic transition to the excited electronic level. The intensity of 

each vibronic resonance depends on the Frank-Condon overlap integrals of the vibrational 

levels involved in the transition. Since the initial and final vibrational states, respectively of 

the visible and SFG transitions, always differ, the vibration and the electronic transition 

must therefore be coupled ( 0ld  ) to have a non-zero transition probability for the global 

DR-SFG process. Thus the DR-SFG spectrum allows for the determination of the coupling 

strength and characteristics. 
 

 

Fig. 2. Energy diagram for DR-SFG. The vibration harmonic potentials are shifted between 
the ground and excited states. The resonant transitions involved in the DR IR–visible (and 
visible–IR) sum-frequency generation processes are shown schematically. 

Equation (2) includes all the vibronic transitions series. However, in general, the visible–IR 

SFG is much weaker and not detected because of the very fast relaxation of the electronic 

excitation. For example, the dephasing times of vibronic transitions are in the femtosecond 

region for Alq3. Therefore, by assuming en,g0>>e0,g0, the nonzero vibronic transitions can be 

neglected. 

It is worth pointing out that a significantly larger en,g0 also suppresses the aforementioned 

visible–IR SFG, which starts with an electronic transition followed by a vibrational 

transition. 

To analyze the spectra, we note that with the visible input frequency vis fixed, Eq. (2) can be 

approximated by the form 
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where Al, l, l are the peak amplitude describing the electronic resonance, the resonant 

vibrational frequencies, and the damping constants, respectively. (2)NR,ijk and  describes the 
non-resonant contributions and the phase difference between resonant and non-resonant 

term, respectively. We use Eq. (4) to fit all the measured spectra with l, l, Al, , and (2)NR 
as adjustable parameters. 

3 Experimental methods and materials 

3.1 Doubly-resonant sum frequency generation 
Figure 3 schematically depicts the SFG experimental setup for the doubly-resonant SFG 
measurements. (Miyamae et al., 2009 & 2011) Tunable IR and visible laser beams were 
generated by two optical parametric generators/amplifiers (OPG/OPA, Ekspla, 
PG401VIR/DFG) pumped by a mode-locked Nd:YAG laser at 1064 nm (Ekspla, PL-2143D, 
25ps, 10Hz). The IR beam, tunable from 1000cm-1 to 4300 cm-1, was produced by difference 
frequency mixing of the 1064 nm beam with the output of a LiB3O5 (LBO) crystal mounted 
in OPG/OPA, which is pumped by the 355 nm beam. The visible beam, tunable from 420 to 
640 nm, was generated in a LBO crystal mounted in OPG/OPA pumped by the 355 nm 
beam. The visible and IR beams were overlapped at sample surface with the incidence 

angles of 70 and 50, respectively. The spectral resolution of the tunable visible beam was 
about 8 cm-1, and its frequency was calibrated with the Hg lines. The spectral resolution of 
the IR beam was 6 cm–1, and the IR frequency was calibrated with the absorption lines of 
polystyrene standard. In order to minimize the irradiation damage, both tunable infrared 
and visible beams were defocused. The focus size of the infrared and visible beams were >1 
mm and >3 mm, respectively. Further, in order to avoid photo-irradiated damage, the 

fluence of the visible beam was kept below 100 J per pulse. The absence of the damage 
effect was confirmed by repeated SFG measurements. In order to eliminate the scattered 
visible light and the photoluminescent light from the samples, the sum-frequency output 
signal in the reflected direction was filtered with short-wave-pass filters (Asahi Spectra Co. 
Ltd.), prism monochromator (PF-200, Bunkoukeiki Co., Ltd.), and grating monochromator  
 

 

Fig. 3. The schematic arrangement of the SFG spectrometer for the DR-SFG. OD; Optical 
delay, SWP; short wave pass filters, PMC; prism monochromator, GMC; grating 
monochromator, PMT; photomultiplier tube. 

www.intechopen.com



 
Vibrational Spectroscopy 

 

120 

(Oriel MS257). Then the SFG signal was detected by a photomultiplier tube (Hamamatsu 

R649). The signal was averaged over 300 pulses by a gated integrator for every data point 

taken at a 3 cm-1 interval and was stored in a personal computer. In the frequency region 

between 2000 and 1300 cm-1, significant portion of the infrared beam is absorbed by water 

vapor in the optical path. The effect was minimized by purging the optical path of the IR 

beam and the sample stage by dry nitrogen gas. Each SFG spectrum was normalized to the 

visible and IR power to compensate the laser intensity fluctuations.  

3.2 Sample preparations for the SFG measurements 
3.2.1 Preparation of the PFO samples 
The samples of the PFO endcapped with dimethylphenyl (MW=48.8K) were obtained from 

American Dye Source and used as received. Thin film of the PEDOT:PSS solution (CREVIOS 

Al4083) was spin-coated at 3000 rpm on the top of the fused quartz or CaF2 substrates and 

then baked at 150 C for 60 min in an oven with N2 flow. PFO layer was then spin-coated at 

3000 rpm from 1% w/v toluene solution on top of the PEDOT:PSS layer. Then the films 

were evacuated to eliminate residual solvent. 

For the measurements of the buried Al/LiF/PFO interface, the LiF and the Al were directly 

deposited on the spin-coated PFO/PEDOT:PSS onto CaF2 substrates in a vacuum chamber. 

The thicknesses of the LiF and Al are about 1 and 40 nm, respectively.  

3.2.2 Preparation of the Alq3 samples 
For the preparation of the Alq3/Al samples, the Al substrates were prepared by vacuum 

evaporation of Al on Si substrates by using a tungsten filament. Here, the notation of A/B 

indicates a system prepared by depositing A on B. Deposition of Alq3 was performed using 

a quartz crucible coiled with a tungsten wire heater. Alq3 were deposited on them under 

dark condition in a vacuum chamber. In order to avoid the influence of the air, 50 nm thick 

CaF2 was deposited after the deposition of the 2 nm thick Alq3. For the observation of the 

Al/Alq3 interfaces by SFG, the Alq3 films were directly deposited on CaF2 substrates, and 

thick Al layers were then deposited under dark condition. For Al/LiF/Alq3, thin LiF film of 

1 nm thick was deposited on the Alq3 from a tungsten basket. Then 50 nm thick Al layer was 

deposited on the LiF layer. After the deposition, the SFG measurements were subsequently 

performed in ambient conditions.  

4. DR-SFG study of organic/metal Interfaces 

4.1 DR-SFG study of poly(9,9-dioctylfluorene) surfaces and Al/LiF interfaces  
Polymer LEDs are one of the most promising applications given the current high interest in 
developing ultra thin computer monitors and television sets, i.e., flat-panel displays. The 
research on polymers in LEDs has undergone a rapid expansion beginning in 1990, when 
results on a light-emitting diode with poly(p-phenylenevinylene) (PPV), as the emitting 
layer was published. (Burroughes et al., 1990) Recently, one particular classes of conjugated 
polymers, the poly(9,9-dioctylfluorene) (PFO, chemical structure is shown in Fig. 1) and 
fluorene-arylene copolymers have been studied intensively because of its applications in the 
LEDs due to their highly efficient blue photoluminescence. (Mallavia et al., 2005) Although 
the bulk electronic and optical properties of PFO have been studied extensively by UV-
visible absorption, Raman, and photoluminescence spectroscopy,(Ariu et al., 2000; Montilla 
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& Mallavia, 2007) the optical and electronic properties of PFO at the buried electrode 
interface remain unexplored. Because the electronic properties of electrode/organic 
interface affect the performance of the organic LEDs, understanding of the interaction 
between the electrode and organic molecules and the electronic structures at the buried 
interfaces are quite important. In an organic device, the charge carriers have to be injected 
through polymer/electrode interfaces. Therefore, the band gaps of conjugated polymers at 
the buried interface are important energy parameters to discuss the charge injection and 
overall efficiency of the organic devices. In this study, we present the surface and the buried 
interfacial vibrational and electronic structure of the PFO using SFG. (Miyamae et al., 2010) 
Figure 4 shows the SFG vibrational spectra from the PFO/PEDOT:PSS/quartz surface with 
various visible wavelengths in a SSP configuration (S-, S-, and P-polarized for SFG, visible, and 
IR, respectively). SFG susceptibility of the quartz is expected to be approximately constant in 
the visible region because it is transparent to visible light. A strong vibrational band was 
observed at 1610 cm-1 in all spectra, and the band intensity increased when the visible probe 
wavelength was changed from 550 to 435 nm. The vibrational band at 1610 cm-1 is assigned to 
the C=C symmetric stretching of the fluorene rings located at the backbone of PFO. The 
electronic resonance enhancement of the SFG spectra is observed when the visible wavelength 
is near 435 nm, which produces a SFG wavelength near 407 nm with an IR beam of 1610 cm-1. 
It should be noted that the PFO surface does not change during the SFG measurements. It has 
been reported that the oxidative defect are formed during the operation or UV light 
irradiation. (List & Guentner, 2002; Gong et al., 2003) The UV-visible and IR absorption 
signature allow an identification of the defects as ketone groups attached to the 9-position of 
the fluorene unit; thus, the fluorene unit becomes a 9-fluorenone due to oxidative degradation. 
The SFG spectra clearly shows that the absence of the oxidative peak derived from the 
fluorenone, indicating that the PFO surface is not oxidized during the SFG measurements. 
 

 

Fig. 4. SFG vibrational spectra of PFO surface with various incident visible wavelengths. 
Spectra are offset for clarity 

Next, we show in Figure 5 the SFG spectra from the buried Al/LiF/PFO interface with various 
visible wavelengths in SSP polarization combination. In this project, the LiF and the Al layers 
were directly deposited on the spin-coated PFO/PEDOT:PSS onto CaF2 substrate. Since the 
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deposited Al layer can act as superior gas barrier, the extent of the oxidation of the Al 
interfaces is expected to be much reduced. The vibrational band at 1610 cm-1 is still observed in 
all SFG spectra. As discussed later, the 1610 cm-1 peak is not derived from the buried 
PFO/PEDOT:PSS interface due to the less orientational order at the polymer/polymer 
interface. The peak position of the band does not change between the PFO surface and the PFO 
interface, indicating that the PFO is not degradated by the Al deposition. In the case of the DR-
SFG spectra of the Al/LiF/PFO interface, it should be noted that the SFG peak shows different 
shape from that of the air/PFO interface. This difference is caused by the different interference 
phenomena with the SFG non-resonant contribution arising from the Al substrate.  
 

 

Fig. 5. The SFG spectra of buried Al/LiF/PFO interface with various incident visible 
wavelengths. The experimental data and the fitted curves using eq. 4 are represented by 
dots and solid lines, respectively. Experimental SFG setup for probing the buried interface is 
shown in the inset. Spectra are offset for clarity. 

Because of the electronic transitin of the PFO, the refractive index of PFO in the investigated 
region is wavelength-dependent. (Campoy-Quiles et al., 2005) Therefore, the Fresnel factors 
need to be considered to obtain the actual dispersion relation of the second-order nonlinear 
susceptibility. In the electric-dipole approximation, the effective second-order nonlinear 
susceptibility tensor for the SSP polarization can be written as 

 (2) (2)( ) ( ) ( )sinYY SF YY VIS ZZ IR IR yyzeff L L L      , (5) 

where LYY() and LZZ() are the Fresnel coefficients at frequency ; IR is the reflection angle 

of the IR frequency; and yyz is the nonvanishing yyz component of the second-order 
nonlinear susceptibility in the laboratory coordinate. In the SSP polarization, the Fresnel 
factor can be written as  

 ( ) ( ) ( )sinyyz YY SF YY VIS ZZ IR IRF L L L    , (6) 

The refractive indices for PFO and metallic aluminum reported by Campoy-Quiles et al. 
(Campoy-Quiles et al., 2005) and the literature (Parik, 1985) were used for the evaluation of 
the Fresnel factors.  
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In general, there are two types of processes in IR-visible SFG, as mentioned in the theoretical 
section. The first type starts with an electronic transition followed by a vibrational transition 
(VIS-IR SFG), and the second type begins with a vibrational transition followed by an 
electronic transition (IR-VIS SFG). (Hayashi et al., 2002) Because the electronic relaxation 
times are generally much shorter than the vibrational relaxation times, the contribution of 
the VIS-IR SFG is generally negligible. If the VIS-IR SFG occurs, increase of the non-resonant 
background is expected due to the ultrafast dephasing dynamics of the S1 state. (Wu et al., 
2009) Therefore, only the IR-VIS SFG will be considered in the following analysis.  
 

    

Fig. 6. (a) Optical absorption spectrum of the PFO spin cast film. (b) The SFG electronic 
excitation profile of air/PFO interface and the Fresnel factor Fyyz (continuous blue curve) at 
air/PFO interface, and (c) the SFG electronic excitation profile of Al/LiF/PFO interface and 
the Fyyz at CaF2/Al interface (red curve). Solid black lines are guide to the eyes. (d) Proposed 
model for the planar configuration at the interface. 

The curves b and c in Figure 6 show the changes in the Al of the 1610 cm-1 peak deduced from 

the fitting of the DR-SFG spectra in Figs. 4 and 5 as a function of the photon energies of the 

SFG. Figure 6a shows the optical absorption spectrum of the PFO spin cast film. The broad 

optical absorption band originates from inhomogeneously broadened →* transitions of the 

glassy PFO. (Cadby et al., 2000) As shown in Fig. 6, the SFG electronic excitation spectrum 

obtained from the air/PFO interface is slightly red-shifted with respected to an optical 

absorption maximum of PFO film. The SFG excitation spectrum at the Al/LiF/PFO interface is 

also plotted in Fig. 6c, and it is further red-shifted with respected to that of the PFO surface. It 

should be noted that these red-shifts are not caused by the visible variations of the Fresnel 

factors. As shown in Fig. 6, the wavelength variations of the Fyyz both air/PFO and CaF2/Al 

interfaces do not explain the SFG electronic excitation profiles of the air/PFO and the buried 

interface. Thus we conclude that the changes of the Fresnel factors do not much affect on the 

spectral shape of the SFG excitation profile of the 1610 cm-1 peak. 

We attribute that the origin of the red-shifts of the SFG electronic excitation spectra from the 
air/PFO and Al/LiF/PFO interfaces are due to the stress-induced surface confinement 
effects of the polymer backbone, as in the case of the MEH-PPV interfaces. (Li et al., 2008) In 
general, the optical band gap of a conjugated polymer is closely related to the conjugation 
length. Conjugated polymer chains consist of a series of connected segments, each of which 

(d)
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has a different extent of -electron delocalization. Although the extent of the conjugation is 
limited by the twists in the polymer backbone, the longer the segment is, the smaller the 
optical band gap of the conjugated polymers due to the increasing average effective 
conjugation length. The restriction of the torsion angle between adjacent segments at the 
air/polymer and the Al/LiF/polymer interfaces produce a longer conjugation length. 
Similar red-shift of the electronic excitation profile at the interface has been also reported by 
the SFG measurements for the MEH-PPV interfaces. (Li et al., 2008) 
To gain further structural information at the PFO surface, we performed the SFG 
measurements in the CH stretching region. The SSP SFG spectrum of the PFO surface taken 
at the visible wavelength of 532 nm exhibits peaks derived from the aliphatic hydrocarbon 
peaks that originate from the side chain of PFO, as shown in Fig. 7a. The tiny SFG signals 
derived from the CH stretching mode of PFO ring are observed around 3050cm-1 at the 
visible excitation wavelength of 532 nm. We also tried to measure the SPS and PPP 
polarization combinations, however, the intensities of the peak around 3050 cm-1 in SPS and 
PPP were much weaker than those of SSP spectra. One may think that the PFO surface must 
be covered with the side chain of the PFO because the peaks derived from the aliphatic 
hydrocarbon peaks are clearly detected. However, this 3050 cm-1 peak is clearly observed 
when the visible excitation wavelength is changed to shorter wavelength, as shown in Fig. 7. 
This result indicates that the planes of PFO rings are nearly parallel to the surface plane at 
the air/PFO interface, and the PFO surface is not fully covered with the aliphatic side chains. If 
the molecules take a planar orientation at the surface, it is hard to detect in SFG without the 
electronic resonance. It is well known that planar ordering of the polymer chains parallel to the 
interfaces due to the confinement effects occurs and this creates highly anisotropic optical 
properties to the film surface. (Kawana et al., 2002; Knaapila et al., 2003) The planar ordering of 
the polymer chains at the surface is in good agreement with the X-ray diffraction studies and 
the optical investigation by emission spectroscopy.(Cheum et al., 2009) 
 

 

Fig. 7. SFG spectra of (a) PFO on quartz substrate taken by the 532nm (●) and 450nm (○), (b) 
PFO/PEDOT:PSS on quartz, and (c) PEDOT:PSS on quartz.  

It is well known that the bulk solid PFO film exhibits complex phase behavior. Disordered 
PFO forms the glassy phase where the polymer backbones do not form a particular 

conformation with long-range order. In contrast, PFO in the so-called -phase is extended 
conformation of PFO chains and possesses lower energy, due to the backbone planarization. 

(Grell et al., 1999) Single molecule spectroscopy demonstrates that the -phase features of 
PFO are the results of stress-induced backbone planarization of polymer chain. (Becker & 
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Lupton, 2009) The optical absorption spectra of -phase PFO exhibits the characteristic 
shoulder absorption around 430 nm in comparison with the glassy PFO. The SFG electronic 

profiles of the PFO interfaces have maximum around 410  420nm, and this peak position is 

close to the shoulder absorption of the -phase PFO, rather than that of the glassy PFO. 
Because of the restriction of the torsion angle between adjacent segments, the conformation 
of the polymer backbone is limited at the polymer interfaces. As a result, the effective 
conjugation length at the interface is increased. Thus we conclude that the optical band gaps 
at the Al/LiF/PFO interfaces become smaller than that of the bulk glassy PFO, due to the 
stress-induced chain planarization at the air/PFO and the Al/LiF/PFO interfaces. The 
appearance of β-phase in the PFO films can be affected by many experimental treatments, 
such as, thermal annealing, organic solvent vapor exposure, mechanical stress, chemical 
modification of PFO chains, and so on. (Zhu et al., 2008) In addition to these treatments, our 
findings indicate that the interface confinement effect is also affected to induce the planar 
orientation of the polymer chains. Proposed planar orientation of the PFO chains at the 
interfaces is shown in Fig. 6 (d). 
Figure 7 also indicates that the SFG signals are not derived from the buried 
PFO/PEDOT:PSS interface. To endure the observed SFG is truly generated at the air/PFO 
interface without a contribution from the buried PFO/PEDOT:PSS interface, we compare 
the SFG spectra for the PFO coated on PEDOT:PSS and the PEDOT:PSS films in the CH 
stretch region. The SFG spectrum of the PEDOT:PSS exhibits three vibrational resonances 
from CH stretches at 2855, 2927, and 3074 cm-1. (Silva & Miranda, 2009) With an additional 
PFO layer, the SFG spectrum changes both in intensity and shapes. The SFG spectra of the 
PFO on PEDOT:PSS layer is very close to that of the PFO. Consequently, the topmost 
molecular orientation of the PEDOT:PSS does not affect the surface molecular orientation of 
the PFO. From this observation, we conclude that only the topmost layer has a net 
orientational order and contributes to the SFG spectra while the interface between PFO and 
PEDOT:PSS does not have contributions to the SFG spectra due to less orientational order 
that is inactive for SFG.  

4.2 DR-SFG study of tris-(8-hydroxy-quinoline) aluminium (Alq3)/Al interfaces  
4.2.1 DR-SFG study of Alq3 films: Peak assignments and the thickness dependences 
In this section, DR-SFG was applied to detect the interfacial vibrational and electronic states 
of tris(8-hydroxyquinoline) aluminum (Alq3)/Al interfaces. (Miyamae et al. 2011) In OLEDs, 
Alq3 is most widely used as electron transport/light emitting material. It is well known that 
Alq3 has two possible geometrical isomers of meridional (C1 symmetry) and facial (C3 
symmetry) forms, as shown in Fig. 1. In the meridional isomer, the three quinolate ligands 
around the central Al atom are not equivalent, while they are equivalent in the facial isomer. 

It has been reported that - and amorphous Alq3 consist of the meridional isomer, while - 
and -Alq3 consist of facial isomer. (Nishiyama et al., 2009) Elucidating the electronic 
structures of the Alq3/metal interface is required for its applicability to OLED. Such 
necessity should increase, due to the recent report of a significant enhancement of the 
current injection and OLED output induced by the insertion of an insulating layer such as 
LiF,(Hung et al., 1997) MgO, or MgF2 (Shaheen et al., 1998) between the Al cathode and the 
Alq3. Various mechanisms for this enhancement in the device efficiency have been 
proposed, and investigated using various techniques such as XPS, UPS, (Mason et al., 2001) 
and high resolution electron energy loss spectroscopy (HREELS). (He et al., 2000) One 
hypothesis is that thin LiF layer protects the Alq3 from the deleterious reaction with Al. 
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Another hypothesis is that Li atoms produced by the dissociation of LiF by Al deposition 
lead to formation of the Alq3 radical anion, is also considered. (Mason et al., 2001; Kido & 
Matsumoto 1998) 
Figure 8 (a) shows the SFG spectra of 10 and 20 nm thick Alq3 films on CaF2 substrate 
excited by the visible light of 450 nm with the PPP polarization combination. In Fig. 8 (b), we 
compare the transmission IR spectrum of 69nm thick Alq3 film deposited on CaF2 substrate 
and the simulated IR spectrum for the Alq3. The observed IR spectra of pristine Alq3 agreed 
well with the IR spectrum of the meridional isomers in literature. (Kushto et al., 2000; 
Sakurai et al., 2004) The observed SFG spectra reasonably correspond to the IR spectrum in 
terms of the energies of the spectral features. Two peaks around 1600 cm-1 are derived from 
the C=C stretching modes of the quinolate ligands. The observed total SFG intensity of 
20nm thick Alq3 film shown in Fig. 8 was significantly larger than that of 10nm thick film, 
and the relative intensity of each peak also showed variation. We measure the SSP and PPP 
SFG spectra from 2 nm thick Alq3 film deposited on CaF2, however, the SFG signals derived 
from the Alq3 were not observed.  
 

 

Fig. 8. (a) The SFG spectra of 10 and 20 nm thick Alq3 on CaF2 substrate excited by the 
visible light of 450 nm. (b) IR spectrum of 69 nm thick Alq3 deposited on CaF2 substrate. 

In general, the growth of the SFG signal intensities with increasing the film thickness can be 
interpreted by the several reasons. First, the bulk SFG signal effect may come from the 
dipole-forbidden transitions. It is known that the dipole-forbidden transition observed in 
the SHG of the solid C60 films. (Koopmans et al., 1993; Kuhnke et al., 1998) Second-order 
nonlinearities of C60 are forbidden by symmetry under the electric-dipole approximation, 
but nonlocal bulk electric-quadrupole and magnetic-dipole processes appear due to its 
spherical character. However, such bulk contribution is not observed in the thickness 
dependence of the SHG on the photo-irradiated Alq3 films. (Yoshizaki et al., 2005) Thus the 
bulk dipole-forbidden effects are excluded. Second, due to the existence of the two (air/Alq3 
and Alq3/CaF2) interfaces, the interference of the SFG signal between the two interfaces will 
induces the enhancements of the SFG signal intensities. The interference effects of the SFG 
signal due to the multiple layers are well analyzed by Hirose et al. (Hirose et al., 1998; Ishida 
et al., 1998) However, the SHG on the photo-irradiated Alq3 films does not show such 
interference pattern. (Yoshizaki et al., 2005) Moreover, the decrease of in the intensity of the 
SHG signal was observed when the Alq3 film was heated at a temperature lower than 100 
°C. (Kajimoto et al., 2006) Although the part of the SFG signal might be influenced by the 
interference between the two interfaces, these SHG results suggest that the interference 

www.intechopen.com



Probing Metal/Organic Interfaces 
Using Doubly-Resonant Sum Frequency Generation Vibrational Spectroscopy 

 

127 

effect is not the main origin of the increase of the signal intensities. We attributed that the 
growth of the SFG signal is due to the non-centrosymmetric orientation of the bulk film, as 
in the case of the ordered formic acid layers on the Pt. (Hirose et al., 1998) It has been 
reported that a large potential is built in as-deposited Alq3 thick film in dark and it decays 
rapidly by exposure to the ambient light observed by the Kelvin probe method. (Yoshizaki 
et al., 2005; Ito et al., 2002) According to the Kelvin probe experiments, (Ito et al., 2002) the 
surface potential increased rapidly, in the initial stage of Alq3 deposition up to 1 nm on Al 
substrate, corresponding to the formation of the interfacial dipole layer. (Seki et al., 1997) 
After the initial shift, the surface potential increased linearly over a wide range of thickness 
from 5 to 550 nm. And this behaviour is independent on the kind of the substrate. (Hayashi 
et al., 2004) For Alq3, meridional isomer possesses permanent dipole moment. Thus the 
permanent dipole moment of Alq3 makes a significant contribution to the surface potential 
when these dipoles align unidirectionally in the film. On the other hand, the large surface 
potential is rapidly reduced by exposure to ambient light. (Yoshizaki et al., 2005; Ito et al., 
2002) At first, this was considered with the photo-induced randomization of molecular 
orientation, (Sugi et al., 2004) however, the first-order electroabsorption measurements for 
the Alq3 confirms that the non-centrosymmetric molecular orientation remains even after 
the light irradiation, indicating that the reduction of the large surface potential is not caused 
by the orientation randomization. (Isoshima et al., 2009) It is also suggested that the 
orientation polarization of Alq3 film is maintained in OLED structure even under light 
illumination after the device fabrication. (Noguchi et al., 2008)  
To gain further information about the thickness dependent SFG signal intensities, in Fig. 9 
we show the SFG spectra of the Alq3 films deposited on Au substrate excited by the visible 
light of 450 nm with the PPP polarization combination. In this experiments, we used the Au 
precoated Si substrates instead of the CaF2 in order to investigate how thickness the non-
centrosymmetric orientation in the bulk films appears from. As shown in Fig. 9, the 
significant increase of the SFG signal intensities are observed from the range of the thickness 
from 5 to 20 nm. This observation clearly indicates that the thickness of more than 5 nm 
thick Alq3 film has uniaxial dipole orientation, because the SFG process is allowed in non-
centrosymmetric media. In these spectra, it should be noted that the SFG peak shapes also 
shows the thickness dependence. This behavior must be mainly comes from the decrease in 
the intensity of the non-resonant contributions from the Au. It is known that the intensity of 
the non-resonant term of the SFG is changed by the coverage of the surface. (Himmelhaus et 
al., 2000) In contrast, the SFG spectra of the 1, 2 and 5 nm thick Alq3 films deposited on Au 
does not show the significant thickness dependence, and these spectra show almost the 
same shapes and the same intensities. Since the Alq3 thickness of 1 nm is comparable to the 
average thickness of the Alq3 monolayers, (Yokoyama et al., 2003) these results indicates that 
the observed SFG peaks mainly come from the Alq3/Au interface, and the molecular 
orientation of the inside of the Alq3 films from the range of the thickness from 1 to 5 nm 
does not show the preferred orientation in the bulk. This finding is consistent with the 
previously reported thickness and the substrate dependence of the surface potential 
measurements for the Alq3 evaporated films. (Hayashi et al., 2004) This result is also 
suggestive that the SFG signals from air/Alq3 interface is negligibly small than those from 
the Alq3/Au interface. SFG signal contribution from the air/Alq3 interface will be further 
discussed in the next section. Consequently, we conclude that the inside of the thin films of 
Alq3 does not form the effective non-centrosymmetric molecular orientation except the 
Alq3/Au interface in the case of the film thickness under 5 nm. 
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Fig. 9. Thickness dependence of the SFG spectra of Alq3/Au.  

As mentioned above, non-centrosymmetric orientation in the bulk films are remained even 
after the light irradiation, (Isoshima et al., 2009; Noguchi et al., 2008) while the surface 
potential observed in the Kelvin probe is rapidly reduced by the light-illumination. (Ito et 
al., 2002) The remaining of the molecular orientation on the bulk is consistent with our 
results of the thickness dependence of the SFG signal intensity. If the reduction of the 
surface potential is caused by the randomization of molecular orientation by the light-
illumination, our probing lights should induce the randomization leading to much reduced 
SFG intensity and lack of thickness dependence in contrast to the observation, because the 
wavelength of the incident visible lights are near the absorption edge of Alq3. Because the 
relation between the permanent dipole of the meridional Alq3 and the vibrational transition 
dipole is not known, the mechanism for the appearance of the large surface potential in Alq3 
thick film is not elucidated by our SFG measurements. However, we conclude that the Alq3 
molecules spontaneously orient and form non-centrosymmetric orientation in the bulk even 
after the light irradiation in the case of the film thicknesses more than 5 nm.  

4.2.2 DR-SFG study of Alq3 thin films deposited on Al 
In Fig. 10 we show the SFG vibrational spectra of the 2 nm thick Alq3 deposited on Al with 
various visible wavelength in a PPP polarization (P-, P-, and P-polarized for SFG, visible, 
and IR, respectively) combination measured in the ambient condition. To minimize the 
influence of the air, the Alq3 was covered with the 50 nm thick CaF2. The SFG spectra of the 
1 nm thick Alq3/Al show almost the same to that of the 2 nm thick one. Since the film 
thickness of 1 nm is comparable to the average thickness of the Alq3 monolayers, the 
observed SFG spectra of 2 nm thick Alq3/Al are mainly originated from the Alq3/Al 
interface. The 1 nm thick data is unstable and much worse reproducibility. On the other 
hand, the SFG spectra of the 5 nm thick Alq3/Al systems show relatively stronger signals 
than those of the 1 and 2 nm thick Alq3/Al. Such thickness dependent signal enhancements 
must be due to the effect of the uniaxial orientation of the molecular dipole, as mentioned in 
the preceding section. In order to minimize the effect of the uniaxial orientation, we used the 
2 nm thick Alq3 films for the SFG measurements. In the SFG spectra of the CaF2/Alq3/Al 
shows the bands at 1344, 1386, 1426, 1465, 1504, 1583, and 1612 cm-1. The bands at 1583 and 
1612 cm-1 are derived from the C=C stretching modes of the quinolate ligands. (Kushto et al., 
2000; Sakurai et al., 2004) As shown in Fig. 10, remarkable changes in intensity of these 
peaks can be clearly observed by changing the visible wavelength. Figure 10 (b) shows the 
changes in the two representative peak strengths (Al) of the peaks deduced from the fitting 
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Fig. 10. (a) The SFG spectra of the Alq3 on Al with various visible wavelengths. Spectra are 

offset for clarity. (b) Changes in the peak strengths of the 1583 and 1504 cm-1 as a function of 

the photon energies of the SFG. Optical absorption spectrum of the Alq3 film is also shown 

by gray line. (c) Evolution of the Fresnel factors of Fzzz (black line) and Fxxz (red line) for the 

air/Al, Fzzz for the air/Alq3 (green line), and Fzzz for the CaF2/Alq3 (blue line) interfaces. The 
3/air Alq

zzzF  and 2 3/CaF Alq
zzzF  are multiplied by 10. 

of the DR-SFG spectra in Fig. 10 (a) using eq. (4) as a function of the photon energies of the 
SFG. In order to observe the enhancement ratios of the peak strength with the output SFG 
frequencies, the peak strengths are normalized with the strength of the SFG spectrum taken 
at the visible wavelength of 532 nm. For comparison, we show the optical absorption 
spectrum of the 20 nm thick Alq3 film on CaF2 in Fig. 10 (b). The excitation spectra exhibit a 
resonance almost coincident with the absorption spectrum for the Alq3 thin film. Especially, 
significant increase in intensity is observed for the band at 1583 cm-1. In contrast, the 
enhancements ratio of the SFG peak strength of the band at 1504 cm-1 is relatively weaker 
than that of the bands at 1583 cm-1. These vibrational mode around 1583 cm-1 is assigned to 
the C=C stretching of the quinolate group while the 1504cm-1 peak is mixed modes that 
contain the contributions from the C-C and C-H in-plane bending motions. (Kushto et al., 
2000) They are expected to have different degrees of coupling with the electronic transition. 

For Alq3, the electronic transition at 390 nm is dominated by the -* excitation of the 
quinolate ligands. (Halls & Schlegel 2001) Thus it is reasonable that the C=C stretching of 

the quinolate ligands are effectively enhanced due to the resonance with the -* transitions. 
The SFG electronic excitation spectra in Fig. 10 (b) are slightly shifted to lower frequency as 
compared to the optical absorption spectrum of the Alq3. The shift of the electronic 
transition peak may be suggestive that the electronic excitation gap at the interface becomes 
smaller than that of the bulk. Since the SFG excitation spectra are not measured in the whole 
region across the optical transition peak, and therefore, further experiments with the shorter 
wavelength excitation are needed to reveal the definitive information of the excitation 
profiles at the interface.  
For the analysis of the doubly-resonant SFG, it should be important to note that the changes 

of the Fresnel factors have to be considered since it might change with the variation of the 

visible wavelength. The effective the second-order nonlinear susceptibility tensor 

components of an azimuthally isotropic sample contributes to the PPP SFG signals can be 

written as 
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where Lxx() and Lzz() are the Fresnel coefficients at frequency ; SF, VIS, and IR are the 

reflection angles of the sum frequency, visible, and IR pulses, respectively; and ijks are the 

nonvanishing elements of the second-order nonlinear susceptibility. (Zhuang et al., 1999) 

We found that xzx and zxx are much smaller than xxz and zxx. Thus the Fresnel factors 

( ) ( ) ( )sin sin sinzzz ZZ SF ZZ VIS ZZ IR SF VIS IRF L L L       and 

( ) ( ) ( )cos cos sinxxz XX SF XX VIS ZZ IR SF VIS IRF L L L       were calculated using the complex 

refractive indices of metallic aluminum. (Parik, 1985) As shown in Fig. 10 (b), the Fzzz at 

air/Al interface monotonically decreases with the increase of the photon energy of the SFG, 

and it does not explain the evolution of the SFG intensities of the Alq3/Al. Thus we 

conclude that the changes of the Fresnel factors do not much affect on the spectral shape of 

the SFG excitation profile of the Alq3/Al.  
The analysis of the Fresnel factor is also important for the investigation of such a thin 
layered sample. We calculated the Fresnel factors Fzzz at air/Alq3 and CaF2/Alq3 interfaces, 
assuming that the air/Alq3 interface is azimuthally isotropic. The wavelength dependence 
of the refractive indices for Alq3 were used for the evaluation of the Fresnel factors at 
air/Alq3 and CaF2/Alq3 interfaces. (Djurišiċ et al., 2002) As shown in Fig. 10 the Fzzz at 
air/Alq3 and CaF2/Alq3 interfaces are much smaller than the Fzzz at air/Al interface. From 
this observation, we conclude that the experimentally observed SFG should be mainly from 
the Alq3/Al interface. 
In the previous UPS study of the Alq3 deposited on Al systems, an extra occupied state 
above the HOMO level was detected, suggesting a strong chemical interaction between Alq3 

and Al. (Yokoyama et al., 2003) It was suggested that the interaction between Al and Alq3 is 
somewhat different from the charge transfer as reported for alkaline metal doped Alq3. 
(Curioni & Andreoni, 1999) On the other hand, a theoretical calculation of Alq3 layer on Al 
(111) suggested that the interfacial interaction is weak, (Yanagisawa & Morikawa 2006) 

These previous findings are controversial and not easy to discuss consistently, but one 
possible reason of this discrepancy must be due to the least reactivity of the clean Al(111) 
surface used in the DFT. (Yanagisawa & Morikawa 2008) If the strong chemical interaction 

occurs at the interface, the vibrational SFG spectra and the corresponding electronic 
excitation profiles should provide different behavior to those of the bulk. On the contrary, 
the SFG excitation profile of the 1583 cm-1 band is almost identical to the visible optical 
absorption spectrum of the pristine Alq3, and we cannot find such spectral changes. 

Although the electronic excitation profile does not show significant changes, however, the 
position of the C=C stretching peak shows slightly red-shifted. As discussed below, red-shift 
of the C=C peak is indicative of the charge transfer from the Al substrate to Alq3.  

4.2.3 DR-SFG study of Al layer deposited onto Alq3  
The traditional surface analysis techniques such as UPS have been applied to examine the 

interfaces formed by depositing organic material on metals, which are not much troubled by 

the factor of chemical reaction. (Ishii et al., 1999) Actually, in many cases the UPS spectra of 
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organic-on-metal systems show only rigid shifts on the energy scale, suggesting the absence 

of strong chemical interaction. In contrast, actual OLEDs are fabricated by organic layers 

sandwiched by a cathode and anode. The buried interface between metal anode and the 

organic layer is formed by the deposition of the metal on organic materials. When the metal 

is deposited on an organic layer by evaporation, the high reactivity of the vaporized hot 

metal atom often leads to a chemical reaction at the interface, and diffuse into the organic 

layer. Due to the energy transfer from the hot metal atom, deposition of the metal on organic 

materials may also induce the decomposition of the molecules, polymerization of the 

molecules, reorientation of the molecules, desorption of the organic materials from the 

substrate, and so on. Thus the “metal-on-organic” systems are generally much more complex 

than the organic-on-metal systems. Due to the high reactivity of the Al atom, reactions 

between the Alq3 and Al are expected by the deposition of the Al layer. For the 

characterization of the buried metal-on-organic interface, next, we measure the SFG spectra 

for the Al deposited on Alq3 film. The deposited thick Al layer can act as superior gas 

barrier, and the extent of the oxidation of the Al interface is much reduced.  

In Fig. 11, we show the SFG spectra of Al film directly deposited on 5nm thick Alq3 film on 
CaF2 substrate with various visible wavelengths in a PPP polarization. In the case of the 
Al/Alq3/CaF2 system, the thickness of Alq3 is set to 5 nm. When we use the Alq3 layer of 2 
nm thick sandwiched by CaF2 and Al, the SFG gives quite weak signal. Low sticking 
probability of the Alq3 on CaF2 is not plausible judging from the molecular weight of Alq3. 
Although the exact reason is not clear at this present, we tentatively thought that the 
detectable interface could not be formed by the deposition of the 2 nm thick Alq3. As 
mentioned above, the metal atoms often diffuse into the organic layer, and this process may 
prevent to form the clear interface for the 2 nm thick Alq3 sandwiched between CaF2 and Al. 
It should be noted that the SFG signal comes mainly from the Al/Alq3 interface, not from 
the Alq3/CaF2 interface, because no SFG signals are detected from the thin Alq3 layer 
deposited on CaF2. This is further supported by the Fresnel factor difference between Al and 
CaF2 interfaces. We show in Fig. 10 (b), the Fzzz at CaF2/Alq3 interface are negligibly smaller   
 

  

Fig. 11. (a) The SFG spectra of Al/Alq3/CaF2 substrate. (b) Changes in the peak strengths of 
the 1586 and 1500 cm-1 of the SFG spectra as a function of the photon energies of the SFG. 
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than Fzzz at air/Al interface. One may think that the SFG spectra in Fig. 11 are comes from 

the Alq3 bulk, since the thick Alq3 film shows uniaxial orientation. Although the evaluation 

of the bulk contribution needs transmission experiments, (Wei et al., 2000) if the SFG signals 

in Fig. 11 are mainly originated from the bulk Alq3, the spectral shapes and their behavior 

should be similar to those of the Alq3 on Al systems. Therefore, we thought that the main 

contribution of the SFG signals is the Al/Alq3 interface. 

The spectral features are different from the SFG spectra of Alq3/Al and the pristine IR 

spectrum of the Alq3. The relative intensities of bands derived from the C=C stretching 

around 1600 cm-1 becomes weak as compared to the case of the Alq3/Al. Figure 11 (b) shows 

the changes in the two representative peak strengths (Al) of the vibrational peaks deduced 

from the fitting of the DR-SFG spectra in Fig. 11 (a) as a function of the photon energies of 

the SFG. As shown in Fig. 11 (b), the SFG electronic profiles derived from the C=C bands 

does not agree with the linear optical absorption spectrum of the Alq3, indicating that the 

electronic-resonant effects associated with the -* transitions in the quinolate rings are 

almost vanished. According to the theoretical calculations for the Al-Alq3 complex, the 

energy diagrams near the gaps are significantly changed by the chemical bonding formation 

between Al and Alq3. (Curioni & Andreoni, 1999) In contrast to the case of the alkaline-

metal-Alq3 complex, HOMO of pristine Alq3 is destabilized by the interaction with the Al 3s 

orbital. The interaction with the Al is such that one of the Alq3 HOMOs is repelled to higher 

energy, and a state with predominant Al character appears in the same energy range. Al-

Alq3 interaction also induces the modification of LUMO. Previous NEXAFS study of 

Al/Alq3 interface suggests that the Al-Alq3 interaction is not simple electron transfer from 

Al to Alq3. (Yokoyama et al., 2005) Although the theoretical simulations for the 1:1 Al-Alq3 

complex cannot predict the observed NEXAFS results, modification of HOMO (LUMO) 

level occurs at the Al/Alq3 interface. Thus we conclude that disappearance of the doubly-

resonant effect associated with the -* transitions must be caused by the perturbation of the 

HOMO and LUMO of Alq3 by the interaction of the Al.  

4.2.4 Effects of the LiF insertion between Al and Alq3 

In this section, we discuss the effects of the insertion of a LiF layer between Al and Alq3 

interface. The SFG spectra of the Al/LiF/Alq3 system with various visible wavelengths in a 

PPP polarization are shown in Fig. 12 (a). The spectral features are quite different from those 

of Alq3/Al and Al/Alq3. The new broad bands, which show the weak excitation wavelength 

dependence, appear around 1335 and 1450 cm-1. The C=C stretching modes of the quinolate 

ligands are observed at 1572 and 1607 cm-1. The frequency shift to lower wavenumber of the 

C=C stretching mode is also reported in the IR and DFT study of the potassium-doped Alq3. 

(Sakurai et al., 2004) The DFT calculations and the IR spectrum for the potassium-doped 

Alq3 suggested that the C=C stretching frequency of Alq3 anion is lower than that of pristine 

Alq3 molecule. Consequently, the red-shift of the C=C stretching bands in the SFG spectra is 

indicative of the formation of the Alq3 anionic states upon reaction with Li at the interface. 

(Mason et al., 2001) This observation is in good agreement with the previous UPS and XPS 

measurements for the Al/LiF/Alq3 interfaces (Mason et al., 2001; Ding et al., 2009) and, to 

our knowledge, this is the first observation of the anionic state formation at the buried 

interface in ambient condition. Figure 12 (b) shows the SFG excitation profiles obtained from 

the DR-SFG spectra in Fig. 12 (a) as a function of the photon energies of the SFG. The SFG 
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excitation profiles derived from the 1572 cm-1 band gives maximum around 420 nm, 

however, it does not show large shift to the lower photon energy. If the Alq3 at the LiF 

interface forms the Alq3 anion, the absorption peaks should appear below 600 nm. 

(Ganzorig & Fujihira, 2002) The charges transferred from the Li might smear the SFG 

excitation profiles of the C=C stretching. Unfortunately, our SFG system cannot generate the 

sufficient power of the light below 640 nm at present. Further experiments with the longer 

wavelength excitation will reveal the electronic character at the charged interface.  

 

     

Fig. 12. (a) The SFG spectra of Al/LiF/Alq3. (b) The changes in the peak strengths of the 
three representative vibrational peaks as a function of the photon energies of the SFG. 

Next, we mention the origin of the broad peaks at 1335 and 1450 cm-1. Similar broad features 
are observed by IR and Raman studies of potassium-doped Alq3 and the Al/LiF/Alq3 
system. (Sakurai et al., 2004) It was suggested that these bands are derived from the 
quinolate ligands reacted with potassium or lithium. On the other hand, recent Raman 
studies performed in UHV environment show the similar broad features around 1355, 1405, 
and 1560 cm-1 for Alq3/Al system, and 1315, 1435, and 1515 cm-1 for Alq3/Ca system, 
respectively. (Davis & Pemberton, 2008, 2009) They assigned these modes are derived from 
the G-bands and the D-bands of the graphitic carbon generated by the deposition of Ca or 
Al onto Alq3 thick film. One may think that the graphite related bands are IR inactive 
modes, however, these modes become IR active in the nitrogenated amorphous graphite. 
(Kaufman et al., 1989) NEXAFS studies also suggest the existence of the chemical interaction 
different from electron transfer at the Al/LiF/Alq3 system, which differs from Al/Alq3 and 
Li/Alq3 interfaces. (Yokoyama et al., 2005) Although further studies are necessary to 
determine the origin of these broad features, the wavelength independent SFG excitation 
profiles of these features may be suggestive that these bands are originated from the 
graphite-like bands, not from the Alq3. On the other hands, the red-shift of the other SFG 
peaks, which shows the remarkable wavelength dependent SFG excitation profiles, may be 
indicative by the formation of the Alq3 anionic states at the interface, as mentioned above. 
Because the interface formed by the metal deposition onto the organic materials is much 
more complicated than the organic-on-metal system, we conclude that the Al/LiF/Alq3 
buried interface might be co-existence of the negatively charged Alq3 by the charge transfer 
from the Li and the Li-reacted graphitic carbon-like Alq3. 
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Finally, we discuss the interfacial vibrational and electronic structural difference between 
Al/Alq3 and Al/LiF/Alq3 interfaces by comparing with the SFG spectra. Figure 13 shows 
the SFG spectra of the Alq3/Al, Al/Alq3, and Al/LiF/Alq3 systems excited by the visible 
light of 450 nm with the PPP polarization combination. From these data, we can confirm 
three differences by the different interface. First, the red-shift of the C=C stretching modes 
are observed in the Al/LiF/Alq3 interfaces, while such shift is not observed in the case of 
the Al/Alq3 system. These spectral behaviors clearly indicate that the chemical interaction 
between Li and Alq3 occurred at the Al/LiF/Alq3 interface. Red-shift of the SFG vibrational 
modes is suggestive to the formation of the Alq3 anionic states at the interface. Second, the 
electronic-resonance for the C=C stretching modes are vanished for the Al/Alq3 system, 
while it remains in the case of the Al/LiF/Alq3 system. This observation indicates that the 
energy diagrams near the band gaps are modified by the chemical reaction between Al and 
Alq3, rather than the simple charge transfer from Al to Alq3. Finally, the broad features 
which might be due to the graphite-like carbon are observed in the case of the Al/LiF/Alq3 
system. Insertion of the LiF layer between Al and Alq3 induces reaction at the interface, and 
it emerges the negatively charged Alq3 and the Li-reacted graphitic carbon-like Alq3.  
 

 

Fig. 13. The SFG spectra of the (a) CaF2/Alq3/Al, (b) Al/Alq3, and (c) Al/LiF/Alq3 systems 
excited by the visible light of 450 nm with the PPP polarization combination.  

5. Conclusion  

The interfacial vibrational and electronic states of organic/metal interfaces were studied 
using doubly-resonant SFG spectroscopy. In the SFG studies of the air/PFO and the 
Al/LiF/PFO interfaces, the planes of PFO rings are nearly parallel to the surface plane at the 
air/PFO interface. This planar orientation induced by the interface confinement effects leads 
to the smaller band gaps at the air/PFO and the Al/LiF/PFO interfaces than those of the 
bulk PFO. In the DR-SFG spectra of the Alq3/Al, remarkable changes in intensities of the 
SFG peaks derived from the C=C stretching of the quinolate ligands can be clearly observed 
by changing the visible wavelength due to the double resonance effect. In contrast, The SFG 
excitation profiles of the C=C stretching of the Al/Alq3 interfaces do not show the 
wavelength dependences, indicating that the perturbation of the HOMO and LUMO of 
pristine Alq3 by the interaction of the Al. The SFG spectra of the Al/LiF/Alq3 system 
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indicates that the existence of the Alq3 anionic states at the buried interface in atmospheric 
condition. Additional broad bands around 1335 and 1450 cm-1 might be due to the existence 
of the Li-reacted graphitic carbon-like Alq3. Co-existence of the negatively charged Alq3 and 
the Li-reacted graphitic carbon-like Alq3 at the buried interface is proposed.  
Although the experimental results obtained here were performed in ambient condition, the 

present study lead to a better understanding of the molecular and the electronic structure of 

the organic/metal interfaces. In much the same way as multi-dimensional spectroscopy is 

suitable for studies of intra- and inter-molecular interactions in the bulk, the DR-SFG 

provides a similar opportunity for studies of molecules at interfaces. This doubly-resonant 

SFG technique, which was proved feasible for OLEDs study in this chapter, offers a novel 

spectroscopy for the characterization of the vibrational and electronic structures at the 

buried organic interfaces. 
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