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ABSTRACT: Understanding the electronic structure of organic/molecular semiconductors and 

the energetics at their interfaces with metals is critical for organic-based electronics applications. 

Here we demonstrate that the energetics at metal/molecule interfaces can be electrically 

measured by ballistic charge carrier (both electron and hole) emission spectroscopy with a single 

three-terminal device in real operation, thus providing us with direct information on the 

electronic structures of molecular semiconductors such as their energy bandgap. The energy 

distribution of electronic states in the molecular semiconductors tailing into their energy bandgap 

is well described by Lorentzian function in our measurements. In spin-polarized carrier injection 

measurements, we observe little or no magnetoresistance signal in our magnetic tunnel 

transistors which indicates that spin filtering effects strongly subside either at the metal/molecule 

interfaces or in the organic layers. 

 

 

1. INTRODUCTION 

Organic semiconductors and electronically functional molecular materials are being studied 

intensively for a variety of device applications.1-2 The injection and extraction of charge carriers 

in organic-based devices are achieved by a metallic electrode in contact with organic molecules in 

most cases, and the performance and efficiency of organic-based electronic, optoelectronic, and 

spintronic devices are critically influenced by the energetics of these metal/molecule interfaces.3-4 

Appropriate experimental information remains critical for accurately modeling and predicting the 

electronic properties at the metal/organic interfaces and the bandgap in the organic semiconductors 

in order to fully utilizing the potential of various organic-based devices from optoelectronic to 
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electronic device applications.4 In general, information on band energetics at metal/molecule 

interfaces has been experimentally obtained by measuring the ionization energy (IE) and the 

electron affinity (EA), which are the energy separation of the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) from the vacuum level (VL), 

respectively.4 For the measurement of the IE, ultraviolet photoemission spectroscopy (UPS) and 

photoemission yield spectroscopy (PEYS) are commonly used.3-6 The value of EA is usually 

estimated by optical bandgap measurements in combination with the measured IE value; however, 

it can be significantly different from the electronic bandgap in organic molecular systems due to 

their high excitonic binding energy or the Coulombic stabilization energy of electron-hole pairs.6 

The EA can be determined directly by inverse photoemission spectroscopy (IPES). Unfortunately, 

the sample often suffers radiation damage or modification during the measurement which can 

make it difficult to obtain the true value.4, 7 The Kelvin probe method has been employed to study 

the energetics of metal/molecule interfaces as well although care is required for physical 

interpretation of data.4, 8  

Ballistic electron emission spectroscopy (BEES) is a three-terminal scanning tunneling 

microscopy (STM)-based technique invented for studying band energetics at the interface of 

metal-inorganic semiconductor Schottky diodes. BEES provides nanometer spatial resolution 

owing to the atomic-scale positioning capability of the STM tip.9-10 Recently, the BEES technique 

has been adopted for investigating the band energetics of metal/organic molecule interfaces.11-14 

For the investigation of large area interfacial band energetics, one does not need to use a STM tip 

to perform BEES. A real, operating, three-terminal device can be built and used for BEES as 

described in Figure 1a.13-14 The BEES technique avoids excitonic effects and any sample damage 

by radiation and thus it can provide a true electronic bandgap. The BEES device is composed of 
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three metallic electrodes (emitter, base, and collector), one oxide tunneling barrier, and an organic 

semiconductor layer as shown in the inset of Figure 1a. When the emitter voltage, VE (applied 

between the emitter and the base) creates a potential difference eVE larger than the energy barrier 

eVb between the base and the LUMO of the organic molecule at their base/molecule interface, 

ballistic electrons tunneling through the oxide barrier are injected into the LUMO of the organic 

semiconductor. They are then collected in the collector leading to a sharp rise in the collector 

current, IC, at VE = Vb.
9-10 BEES-based devices have been successfully utilized for spintronic 

applications as well.15-18 It has been experimentally demonstrated that BEES-based three terminal 

junctions can overcome the impedance mismatch problem during spin-polarized carrier injection15-

16 and also, they can be used as spin-valve transistors17 and magnetic tunnel transistors18 for high 

magnetoresistance (MR) and high field sensitivity applications. To date, investigations of the 

energetics at the metal/molecule interface by using BEES-based three terminal devices have been 

carried out on few molecular materials such as Alq3 and C60.
13-14 A previous study on metal/C60 

interface showed the BEES spectra were well fitted with a simple analytical model originally 

proposed by Bell and Kaiser,9-10 but without a sharp increase at VE = Vb, which was interpreted as 

arising from broadening of the molecular levels.14 In contrast, a study of the metal (Al or Fe)/Alq3 

interface observed that the BEES spectra deviated from the Bell and Kaiser analytical model. This 

deviation was attributed to space charge accumulation due to sub-energy carrier injection by 

thermally assisted hopping of charge carriers.13  

The BEES-based technique can also be used for investigating the HOMO as well as the LUMO 

as suggested by a report on the metal/inorganic semiconductor interface.19 As pointed out in the 

prior studies, by reversing VE, (a positive emitter bias with respect to the base), the creation of a 

nonequilibrium hole distribution is achieved. When the magnitude of eVE is larger than that of eVb, 
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holes can enter the HOMO ballistically through a few nanometer thick base layer as illustrated in 

Figure 1b since the attenuation length of a hole through a metal is generally as large as tens of 

nanometers.11, 19 This process is called ballistic hole emission spectroscopy (BHES).11, 19 In 

principle, with appropriate emitter biases, both BEES and BHES can be realized in one device if 

the Fermi level (EF) of the base metal is located between the HOMO and the LUMO of the organic 

molecule.  In this case, both ballistic holes and electrons can enter the organic layer and they are 

collected in the collector metal.11, 19-20 It was reported that the deposition of certain organic 

materials such as carbon, pentacene, and Alq3 onto Au films can modify the work function of the 

Au surface to shift its EF closer to the midgap energy, half way between the HOMO and the LUMO 

band edge of those organic materials.21-23 Taking this work function modification into 

consideration, we set out to perform BEES and BHES measurements of pentacene and Alq3 

deposited onto Au surfaces by using three-terminal devices with the goal of determining whether 

both the LUMO and the HOMO of the organic semiconductors and their bandgap can be obtained 

in a single device. In addition, we designed and fabricated devices with magnetic electrodes so 

that they can work as magnetic tunnel transistors if the spin filtering effect persists across the 

metal/molecule interface and through the organic layer. 

2. EXPERIMENTAL METHODS 

2.1. Preparation of devices  

Our three-terminal devices were built on a thermally oxidized (300 nm thick SiO2) silicon 

substrate by using mechanical shadow masks and thermal evaporation in vacuum deposition 

systems. First, the emitter electrode consisting of 10 nm thick Co84Fe16 and 3 nm thick Al was 

made through a shadow mask and then, ex-situ oxidation was performed under ozone gas and 
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heating (around 140 °C for 3 min.) to form an aluminum oxide (AlOX) layer. After the oxidation, 

the base electrode consisting of 4 nm thick Ni81Fe19 and 4 nm thick Au was constructed through 

another shadow mask. These devices with a top Au layer was transferred to another vacuum 

chamber for the deposition of organic molecules (they were exposed to the air during transfer). 

Two different types of devices were fabricated by thermally evaporating two different organic 

molecules, pentacene and Alq3, over the entire area of each respective device. The thicknesses of 

pentacene and Alq3 were 70 nm and 60 nm, respectively. The thickness of the deposited organic 

molecules was chosen so that it is thin enough that ballistic charge carriers can transport through 

the organic layer and reach the collector, but not so thin that electrical short circuits occur due to 

pinholes. Finally, the collector electrode made of 100 nm thick Al was fabricated through a shadow 

mask. The shadow mask was placed on to the sample in a glove box under Ar gas without exposure 

to ambient air in order to avoid any oxidation and minimize contamination of organic molecules. 

The film thicknesses were monitored during deposition by a calibrated quartz crystal monitor. A 

schematic cross-sectional view of the device with electrical circuit connections is illustrated in 

Figure 2a. The emission area (AlOX tunnel junction) of the fabricated devices was ≈104 µm2 and 

the collection area was slightly less than 104 µm2.  

2.2. Electrical measurements  

The electrical and the magnetoresistance (MR) measurements were carried out in a commercial 

cryogenic probe station system under vacuum pressure of ≈ 7×10-4 Pa (≈ 5×10-6 Torr) at 77 K in 

darkness. For this study, three pentacene-based devices and two Alq3-based devices were 

investigated. 

3. RESULTS AND DISCUSSION 
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3.1. Electrical measurements of ballistic electron and hole injection 

Figure 2b displays the emitter current IE between the emitter and the base electrodes of a 

pentacene-based device as a function of the emitter bias VE and Figure 2c shows the collector 

current IC between the base and the collector electrodes of the same device as a function of the VE. 

As one can see in Figure 2c, we were able to inject both ballistic holes and electrons into the 

organic layer and collect them at the collector by using the emitter tunnel junction. All the devices 

had consistently similar tunneling current (the magnitude of IE was around 2 mA at VE = 1.5 V), 

but there was a large variation in the collector current, IC, from one device to another: the 

magnitude of IC ranging from sub-pA to a few tens of nA. Given the large device junction area, 

the large variation in the magnitude of IC among devices indicates that the IC is sensitive to the 

thickness variation of organic layer. In order to obtain the values of the energy barriers formed at 

the Au/molecule interface for holes and electrons, we adopted an analytical model proposed by 

Bell and Kaiser9-10 and we fitted our experimental data to the model, which is described as a red 

line in Figure 2c. The theoretical analysis was first carried out by fitting the emitter tunneling 

current data (IE versus VE) to the following equation based on Simmons’ model with a square 

tunneling barrier24: 

      𝐼𝐸(𝑉𝐸) = 𝐴 ∫ 𝐷(𝐸𝑥) ∫ [𝑓(𝐸) − 𝑓(𝐸 + 𝑒𝑉𝐸)]
∞

0

𝐸𝑚𝑎𝑥

0
𝑑𝐸𝑟𝑑𝐸𝑥,         (1) 

and 

      𝐷(𝐸𝑥) ≅ 𝑒
−(𝐸𝐹+𝜑̅−𝐸𝑥)

1
2

𝜆 ,                                                                   (2) 

where A = 4πme/h3 is a constant, h is the Planck’s constant, m is the electron mass, e is the 

electron charge, f(E) is the Fermi-Dirac distribution, Ex is the energy component of the incident 

electron in the x direction (see Figure 1 for illustration), Er is the energy component of the incident 
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electron in polar coordinates, 𝜑̅ = (𝜑 − eVE / 2) is the mean oxide barrier height, 𝜑 is the height of 

rectangular barrier, EF is the Fermi level of the emitter, D(Ex) is the transmission probability for 

an electron (or a hole) to tunnel through the oxide barrier, Emax = EF + 𝜑 − eVmax, Vmax is the 

maximum value of VE applied during the experiment, and λ is a constant related to the barrier 

thickness. For the fitting, A = 1.61×106 A/(eV)2, and EF = 4.25 eV for aluminum25 are used. After 

IE (VE) curve fitting to the Simmons’ model, the values of 𝜑 and λ were obtained, and then they 

are used for fitting the measured collector current curve IC (VE) to the Bell and Kaiser model, as 

described below: 

 

    𝐼𝐶(𝑉𝐸) = 𝑅 ∙ 𝐴 ∫ 𝐷(𝐸𝑥) ∫ [𝑓(𝐸) − 𝑓(𝐸 + 𝑒𝑉𝐸)] ∙ 𝜃(𝐸𝑥 − (𝐸𝐹 − 𝑒𝑉𝐸 + 𝑒𝑉𝑏))
∞

0

𝐸𝑚𝑎𝑥

0
𝑑𝐸𝑟𝑑𝐸𝑥     

(3) 

 

where θ (E) is the Heaviside step function, R is a constant describing a measure of attenuation 

at the base as well as the organic layer, and eVb is the energy barrier at the Au/molecule interface 

as illustrated in Figure 1. Values of 𝜑 obtained from fitting IE (VE) to Equation (1) range from ≈1.4 

eV to ≈2.4 eV for hole injection and from ≈2.2 eV to ≈3.2 eV for electron injection.26 The average 

fitting values of eVb from Equation (3) were 1.56 ± 0.08 eV for electron injection and 1.34 ± 0.08 

eV for hole injection at the Au/pentacene interface, and 1.66 ± 0.01 eV for electron injection and 

1.40 ± 0.06 eV for hole injection at the Au/Alq3 interface as illustrated in the insets of Figure 2c. 

(Described uncertainties are the standard deviations of the mean of fitting values.) Thus, the 

bandgaps obtained from the Bell and Kaiser model were ≈2.90 eV for pentacene and ≈3.05 eV for 

Alq3, respectively. These values are greater than optically measured bandgap values (for example, 

2.35 eV for pentacene and 2.7 eV for Alq3), but smaller than some of suggested electronic (or 
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transport) bandgaps (for example, 4.1 eV and 4.8 eV for Alq3).
13, 27-28 As mentioned earlier, the 

deposition of certain π-conjugated molecules such as carbon, pentacene, and Alq3 onto Au films 

can modify the work function of the Au surface to shift its EF closer to around 4.5 eV.21-23 If we 

take this into account, the LUMO and the HOMO of pentacene are ≈2.94 eV and ≈5.84 eV, 

respectively and the LUMO and the HOMO of Alq3 are ≈2.85 eV and ≈5.90 eV, respectively. 

Figure 3 illustrates the dependence of the IC (VE) on the VC. When a positive (negative) VC is 

applied, the applied electric field in the organic layer drives more electrons (holes) to the collector; 

thus IC increases. Since the organic layer is highly resistive electrically, this increase in IC cannot 

be attributed to the direct current increase in VC; thus, the base-organic-collector junction exhibits 

a Schottky diode-like current rectifying behavior (Figure 3b). In addition, one can note that the VE 

‒ IE characteristics were not affected by the change in the VC as displayed in Figure 3c. The inset 

of Figure 3a shows the data of the normalized IC versus VE with different values of VC. We observed 

that as the magnitude of VC increased, there appeared to be a slight shift in the Vb towards lower 

values in the IC (VE) curve and the curve fitting to the Bell and Kaiser model confirmed that a slight 

decrease in Vb occurred as the magnitude of the VC became larger. This decrease in Vb with 

increasing VC takes place since an applied bias voltage can lower the barrier height at the 

Au/organic layer interface as previously reported.29  

3.2. Analytical approach for band energetics 

As can be noticed in Figure 2c, the Bell and Kaiser model did not provide a good fit to the data 

in the region near VE = Vb. This lower quality fit occurs because the original Bell and Kaiser model 

is based on the Heaviside step function and assumes an ideally sharp Schottky barrier at the 

metal/semiconductor interface with a well-defined energy band of the semiconductor.10 In 

metal/molecule interfaces, it has been noted that molecular energy bands are broadened, and 
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available molecular states tail into the molecular bandgap below the LUMO as well as above the 

HOMO as illustrated in Figure 4a.14, 30 Particularly for pentacene, it is known that the broadening 

of molecular energy bands can occur due to microscopic changes during film preparation such as 

structural inhomogeneity.31 This discrepancy between the model and the experimental data was 

also observed in a previous study and in order to accommodate the discrepancy, the Heaviside step 

function in the Bell and Kaiser model was replaced with a Gaussian distribution function 

describing the broadening of the density of states in the molecular layer,14 but this replacement did 

not work well for fitting the model to our experimental data. In fact, it was previously suggested 

that the electronic states of π-conjugated molecules in contact with metal substrates are broadened 

into a Lorentzian function because there is a resonance of the molecular states with the metal 

continuum of states when the molecules adsorb on the metal surface.30 Thus, we replaced the step 

function in the Bell and Kaiser equation with a half Lorentzian distribution function and our 

modified model provided an excellent fit to the experimental data as shown in Figure 4b and 4c. 

The Lorentzian distribution function which replaces the Heaviside step function, (E), in Equation 

(3) and is used for data fitting is described below. 

                        

          {

𝜎

2𝜋∙((
𝜎

2
)

2
+(𝐸𝑥−(𝐸𝐹−𝑒𝑉𝐸+𝑒𝑉𝑏))

2
)

                 𝑤ℎ𝑒𝑛 𝐸𝑥 < (𝐸𝐹 − 𝑒𝑉𝐸 + 𝑒𝑉𝑏)

                         1                                         𝑤ℎ𝑒𝑛 𝐸𝑥 > (𝐸𝐹 − 𝑒𝑉𝐸 + 𝑒𝑉𝑏)
             (4)                               

where σ is full width at half maximum. This modified model extracted larger values of eVb from 

the experimental data for both electrons and holes in both pentacene and Alq3 relative to the ones 

calculated by the Bell and Kaiser model fitting. This trend suggests that the true electronic 

bandgaps of both pentacene and Alq3 are slightly wider than the ones obtained previously. For 

example, fittings carried out in Figure 4b and 4c produced the values of eVb for electrons equal to 
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1.65 eV and those for holes equal to 1.43 eV with the step function. But, when the Equation (4) 

was adopted into the model, the values of eVb for electrons and holes became 1.80 eV (with σ = 

0.01 eV) and 1.49 eV (with σ = 0.004 eV), respectively. The fitting values obtained from the 

modified model based on Equation (4) showed larger variation between samples than those from 

the Bell and Kaiser model thus producing average values with larger uncertainties. This suggests 

that the degree of hybridization in the electronic states of π-conjugated molecules with Au is 

different from sample to sample thus resulting in quite different degree of roundedness (or 

sharpness of IC rise) near VE = Vb in VE - IC curves. The average fitting values of eVb from Equation 

(4) were 1.67 ± 0.12 eV for electron injection and 1.40 ± 0.08 eV for hole injection at the 

Au/pentacene interface, and 1.99 ± 0.44 eV for electron injection and 2.47 ± 0.62 eV for hole 

injection at the Au/Alq3 interface. (Described uncertainties are the standard deviations of the mean 

of fitting values.) 

3.3. Spin-dependent measurements  

In addition to determining the band offsets and band gaps at the metal/organic interface, we also 

tested whether the spin-valve effect2, 16-18, 32 can be detected in IC when an in-plane magnetic field 

was applied to our devices. Since the emitter and the base in our devices each contain a 

ferromagnetic layer (Co84Fe16 for the emitter and Ni81Fe19 for the base) as one can see in Figure 

2a, our devices are similar to inorganic semiconductor based magnetic tunnel transistors 

(MTTs).18, 33 When a VE is applied between the emitter and the base, spin-polarized ballistic 

electrons (holes) are injected into the states above (below) EF of the ferromagnetic base layer by a 

tunneling process across the AlOX barrier. After spin-dependent transmission through the 

ferromagnetic base layer, electrons (holes) can be injected into the LUMO (HOMO) of the organic 

semiconductor (pentacene and Alq3 for our study) when the eVE is greater than the energy barrier 
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eVb. The electrons (holes) which transport through the organic layer are collected in the collector. 

If the magnetic coercivities of the emitter and base electrodes are different, one can detect the spin-

valve effect, or tunneling magnetoresistance in IE when an in-plane external magnetic field is 

swept. This confirms that spin polarization at the emitter and spin filtering  at the base (near EF) 

occur. This spin-valve effect can be detected in IC as well because the spin filtering at the base 

layer can also occur in ballistic carrier regime above (below) EF. Previous studies on three terminal 

MTTs made of inorganic semiconductors showed that the attenuation length of ballistic electrons 

(holes) with majority spin is much longer than that of those with minority spin when ballistic 

electrons (holes) are injected into the empty states above (below) the EF of ferromagnetic thin 

films, thus providing highly efficient spin filtering effect with large spin valve effect in the IC.15-

18, 33 For our organic-based devices, we were able to measure the spin-valve effect in IE as shown 

in Figure 5a. However, the spin-valve effect is either not present in IC or exceptionally hard to 

detect in IC above ≈1% noise level as shown in Figure 5b. Therefore, based on the very small or 

no magnetoresistance signal observed in IC of our three terminal devices made of organic 

semiconductors, we conclude that the spin filtering effect is drastically diminished either at the 

metal/molecule interfaces or in the bulk of the organic layer. 

4. CONCLUSIONS 

In summary, we have experimentally investigated the metal/organic-semiconductor interfacial 

energetics of Au/pentacene and Au/Alq3 by using ballistic charge carrier (both electron and hole) 

emission spectroscopy. We demonstrated that this measurement technique, which allows one to 

estimate or measure the LUMO and the HOMO of an organic semiconductor simultaneously, can 

be achieved in a single electronic device simply by reversing the bias and also, it enables a large 

area measurement with a fully built device, which is useful for understanding band energetics of 



 13 

other fully built organic-based devices. Our experimental data are fit well by an analytical model 

which enabled us to determine the in-situ interface energy band-offsets and the energy bandgaps 

of pentacene and Alq3 films on Au surfaces. These results suggest that energy level broadening at 

the metal/molecule interface gives rise to a Lorentzian function description due to hybridization 

of the electronic states of π-conjugated molecules in contact with Au. By using ferromagnetic 

electrodes to extend the BEES approach into the spin polarized carrier injection regime, we carried 

out magnetic tunnel transistor measurements which imply that spin filtering effect can be greatly 

reduced either at the investigated metal/molecule interfaces or in the bulk of the organic layers. 
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Notes 

After the publication of our article, we were contacted by two of our readers regarding a few 

recent publications,(34−37) which we were not aware of, but are closely related to the work 

described in our article. After reading those previous publications, we found that those 

publications would be beneficial to the readers in conjunction with our article. In those four 

previous publications,(34−37) three-terminal ballistic carrier injection devices were explored 

theoretically as well as experimentally to study charge as well as spin carrier injection into 

solution-processed organic semiconductors,(34) C60, and C70(35−37) from a metal layer, and also 

to investigate their band energetics and charge/spin carrier transport. Those previous reports 

strongly support the fact that the technique described in our article can be used for a broad range 

of molecular materials, not limited to the materials investigated in our work, to explore the band 

energetics and charge/spin carrier injection/transport in molecular-based devices and it delivers 

valuable and enlightening information to understand characteristics of those devices. 
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Figure 1. Schematic energy diagrams of a three terminal device performing ballistic (a) electron 

and (b) hole emission spectroscopy of organic molecules. The sign of the emitter voltage (VE) 
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determines either ballistic electron (negative VE) or hole (positive VE) injection into the organic 

layer. This charge carrier injection produces a collector current, IC, when the magnitude of eVE is 

larger than the barrier height eVb. Application of the collector bias VC can increase the IC. Inset: 

cross-sectional view and electrical connections of generic BEES device structure. 

  

 

Figure 2. (a) Cross-sectional view and electrical connection of three terminal device. (b) IE versus 

VE of pentacene device obtained in experiment (black open circle) and in Simmons model fitting 

(red line). (c) IC versus VE of pentacene device obtained in experiment (black open circle) and in 

Bell and Kaiser model fitting (red line). Please note the different current scales in (b) and (c). 

Insets: fitting values of barrier heights for electrons and holes of pentacene (top) and Alq3 (bottom) 

in contact with Au. 
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Figure 3. (a) IC versus VE of pentacene device when VC = 0 (open square), 1 (open triangle), and 

2 V (open circle). Inset: normalized IC versus VE of three different values of VC. VEmax was -1.564 

V. Obtained values of eVb for VC = 0, 1, and 2 V by fitting the data to the model were 1.540, 1.533, 

and 1.530 eV, respectively. (b) IC versus VC of pentacene device. (c) IE versus VE of pentacene 

device when VC = 0, 1, and 2 V. 
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Figure 4. (a) Schematic energy diagram of an organic molecule in contact with a metal describing 

the broadening of its energy level. EC and EV describe the LUMO and the HOMO, respectively. 

ΔC and ΔV illustrate their broadening. IC versus VE of pentacene device for (b) electron and (c) hole 

injection measured in experiment (black open circle) and fits to the Bell and Kaiser model with a 

Heaviside step function (red dashed line) and Lorentzian function (blue solid line). 
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Figure 5. Measured (a) IE and (b) IC of pentacene device while sweeping an external magnetic 

field between -50 mT and 50 mT. Arrows indicate the field sweep direction. During IE 

measurement, VE was 0.1 V. For IC measurement, VE and VC were 3 V and -2.5 V, respectively. 
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