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  Using contact photolithography and electron-beam lithography techniques, we 

manufactured copper phthalocyanine thin-film devices with active areas ranging from 

1,000,000 to 0.04 μm2 to investigate how much current can flow through these devices 

with the aim of fabricating electrically pumped organic laser diodes. From the results of 

our current density-voltage (J-V) measurements, we found that the device with the 

smallest active area of 0.04 μm2 on a silicon substrate exhibits an extremely high 

current density of 6,350,000 A/cm2 due to improved thermal management. The J-V 

characteristics of the devices are controlled by shallow-trap space-charge-limited 

current (SCLC), trap-free SCLC, and two-carrier injection current mechanisms over a 

wide range of current densities between nA/cm2 and MA/cm2. 
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Recently, organic thin-film devices, such as organic light-emitting diodes, have been 

developed due to their advantages for realizing low-cost, lightweight, flexible, 

large-area displays, and illumination applications.1) Although studies on current 

density-voltage (J-V) characteristics are being conducted on these devices to determine 

their basic current flow mechanisms,1-3) the current flow mechanisms have not been 

fully clarified to date. However, a more detailed understanding of these mechanisms is 

required for the development of future organic optoelectronic devices. In addition to 

these devices, which utilize current densities on the order of nA/cm2 to A/cm2, interest 

in high-current-density injection over kA/cm2 is growing with the aim of determining 

the current flow mechanisms in a high-current-density region as well as fabricating 

electrically pumped organic laser diodes (OLDs).4-9) Although the breakdown current 

densities of typical organic thin-film devices are as low as ≈ 10 A/cm2, a high current 

density of at least 3.8 kA/cm2 is required for the realization of OLDs.4) For transporting 

such high current densities in organic thin films, it has been demonstrated that a 

decrease in active area (A) and the use of high-thermal-conductivity substrates are very 

effective in terms of heat management during device operation.5-14) In this work, we 

fabricated copper phthalocyanine (CuPc) thin-film devices, and varied the active area of 

the devices from 1,000,000 to 0.04 μm2 to demonstrate high-current-density injection in 
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the devices and to investigate the current flow mechanisms of the devices in a 

high-current-density region. 

In our previous studies, we varied A from 1,000,000 to 7.9 μm2 by forming holes in 

the insulating resist layer by contact photolithography.7-9) However, contact 

photolithography limited the smallest value of A to 7.9 μm2; therefore, in this study, we 

used electron-beam (EB) lithography to create smaller values of A. 

We fabricated the CuPc devices, whose structure is shown in Fig. 1(a), according to 

the following steps. An EB resist film (ZEP-520A, Nippon Zeon Co.) was formed on a 

glass or silicon substrate coated with a 100-nm-thick indium tin oxide (ITO) anode layer 

with a sheet resistance of 25 Ω/sq by spin coating it at 6000 rpm for 30 s. After 

prebaking the film at 110ºC for 300 s, the film was transferred to an EB lithography 

chamber (ELIONIX ELS-7700H, Hitachi Co.) to engrave a square pattern (1 x 1, 0.5 x 

0.5, or 0.2 x 0.2 μm) on the film. Then, the film was developed in ZED-N50 developer 

(Nippon Zeon Co.) for 300 s, rinsed in ZMD-B solution (Nippon Zeon Co.) for 60 s, 

and postbaked at 110ºC for 180 s. The substrate was plasma-etched in an SPK-202T RF 

magnetron chamber (Tokki Co.) for 40 s at 10 W under an oxygen flow of 10 cm3/min 

to remove residual resist components on the ITO surface inside the holes. A 25-nm-thick 

CuPc active layer and a 200-nm-thick MgAg (Mg/Ag = 10/1 by weight) alloy cathode 
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layer15) were vacuum-deposited on the holes at evaporation rates of 0.3 nm/s for CuPc 

and 0.33 nm/s for MgAg. Since the EB resist layer had good insulating characteristics 

(6.3 x 10-15 S·cm), current flow was confirmed to take place only through the holes. We 

fabricated the CuPc devices with A larger than 7.9 μm2 using our previous contact 

photolithography technique for comparison.7-9) The room-temperature J-V 

characteristics of the devices were measured using a semiconductor parameter analyzer 

(E5250A, Agilent Technologies) under a direct current. 

We measured the thermally stimulated current (TSC) spectra of the CuPc devices 

using a TSC spectrometer (TSC-FETT EL2000, Rigaku Co.) to investigate hole traps in 

the CuPc films. The device was cooled to 80 K using liquid nitrogen. At 80 K, the 

device was biased with J = 5 mA/cm2 for 2 min to fill the traps with injected holes. 

Then, the device was heated to room temperature at a heating rate (β) of 0.16 K/s. As 

the temperature increased, holes were released from the traps and the hole current was 

measured using a femtoammeter. Details of our TSC measurement conditions have been 

described in ref. 16. 

Optical micrographs of the holes formed in the EB resist layer are shown in Figs. 

1(b)-1(d). The slight blurring of these micrographs is due to the resolution limitation of 

optical microscopy. Since the EB lithography equipment has the ability to generate 
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submicron-area patterns precisely, perfectly square holes should be formed in the resist 

layer. We used the areas of 1, 0.25, and 0.04 μm2, assuming square holes, to calculate 

the current densities of our devices. The expected error in current density, which 

originates from the estimation of the hole areas, was < ± 50%. 

We obtained unique J-V characteristics featuring three distinct steps and extremely 

high current densities on the order of MA/cm2 in the CuPc devices (Fig. 2). The 

maximum current density (JMAX) and voltage (VMAX) of each device is summarized in 

Table I. The largest device, with an active area of 1,000,000 μm2 on a glass substrate 

had the smallest JMAX of 7.6 A/cm2 at a VMAX of 5.0 V. JMAX markedly increased from 

7.6 to 3,640,000 A/cm2 as the A was decreased from 1,000,000 to 0.04 μm2. In addition, 

a high-thermal-conductivity silicon substrate provided a higher JMAX than a 

low-thermal-conductivity glass substrate. The thermal conductivities of glass and silicon 

substrates are 1.1 and 148 W/(m·K), respectively. The JMAX value of the CuPc device 

with A = 0.04 μm2 on the silicon substrate was 6,350,000 A/cm2 at a VMAX of 16.9 V, 

which is the highest value ever reported for organic thin films. To confirm 

reproducibility, a large number of CuPc devices with A = 0.04 μm2 were fabricated on 

different silicon substrates in separate vacuum preparations of CuPc, and the shapes of 

the J-V curves for the CuPc devices were exactly the same as those in Fig. 2, although 
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JMAX slightly varied between 4.17 and 8.73 MA/cm2. 

Catastrophic device breakdowns under high-current operation are attributed to the 

melting of organic layers caused by Joule heat,5-14) limiting JMAX and VMAX. Small active 

areas and high-thermal-conductivity substrates suppress the temperature increase inside 

the devices due to the effective removal of Joule heat from the organic layer to the 

surrounding heat sinks, e.g., the resist layer and substrate. Hence, smaller-area devices 

with a high-thermal-conductivity silicon substrate can sustain a higher-current-density 

operation than larger-area devices with a low-thermal-conductivity glass substrate. 

Investigating the J-V characteristics of small-area organic devices with high current 

densities is useful for clarifying their carrier transport mechanisms in a 

high-current-density region. We supposed that the J-V characteristics of our devices 

were controlled by the following hole transport mechanisms. Mahapatro et al. reported 

that the ITO/CuPc interface allows ohmic hole injection.17) When the devices were 

biased above the flat-band condition to cause carrier injection, the current abruptly 

increased at ≈ 1 V. Above this voltage, the J-V characteristics were controlled by a 

shallow-trap space-charge-limited current (SCLC) mechanism with the presence of 

traps at a discrete energy level [region (I) in Fig. 2], which is given by J = 

(9/8)·εr·ε0·μh·θ·(V2/L3),2) where εr is the relative permittivity, ε0 is the vacuum 
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permittivity, μh is the hole mobility, θ is the ratio of the free-hole to trapped-hole 

concentration, and L is the anode-cathode spacing. After traps were filled with injected 

holes at ≈ 6 V, the J-V characteristics were controlled by a trap-free SCLC mechanism 

[region (II) in Fig. 2], which is given by J = (9/8)·εr·ε0·μh·(V2/L3).2) When we used εr = 

3.6,18) μh = 6.2 x 10-2 cm2/(V·s), and the θ values shown in Fig. 2, we obtained the best 

fitting between the J-V characteristics and these model equations (the solid lines in Fig. 

2).  

We also observed higher current densities than the trap-free SCLC [region (III) in Fig. 

2]. Since the two-carrier injection of electrons and holes can provide higher current 

densities than the single-carrier injection of either electrons or holes,2) the J-V 

characteristics in this region were probably controlled by a two-carrier injection current 

mechanism, which is given by J = (125/18)·εr·ε0·τ·μh·μe·(V3/L5),2) where τ is the 

common average lifetime for injected electrons and holes and μe is the electron mobility. 

Since the J-V characteristics in region (III) were well described by a cubic law, we 

speculate that electron injection from the MgAg contacts starts at ≈10 V, and the 

transition from the trap-free SCLC to the two-carrier injection current occurs at this 

voltage. 
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The TSC spectra of the CuPc devices are shown in Fig. 3. Unfortunately, we could 

not obtain TSC spectra of the devices with A smaller than 10,000 μm2 because the 

number of trapped holes was smaller for the smaller devices. The TSC spectrum area 

markedly decreased as A decreased. For TSC measurements, the hole-trap depth (dt) and 

concentration (Nt) were calculated using dt = k·T·ln(T4/β) and Nt = Q/(q·A·L), 

respectively, where k is the Boltzmann constant, T is the temperature at the TSC peak, 

Q is the total charge, which is identical to the area under the TSC peak, and q is the 

electronic charge.16,19) These equations gave dt ≈ 0.18 eV and Nt = 5.2 x 1020 /cm3 for A 

= 1,000,000 μm2; Nt = 1.6 x 1020 /cm3 for A = 250,000 μm2; and Nt = 4.9 x 1019 /cm3 for 

A = 40,000 μm2. From these results, we attribute the large shift in the J-V characteristics 

in the shallow-trap SCLC region (I) in Fig. 2 to the change in hole-trap concentration in 

the CuPc layer. A similar shift in the J-V characteristics of CuPc devices was observed 

in our previous work.5) We speculate that the change in the hole-trap concentration is 

due to the change in the CuPc grain structure, which is related to the carrier-trap 

concentration in the organic film.20) Depositing hot MgAg on the CuPc layer causes a 

temperature increase in the CuPc layer, resulting in the change in the CuPc grain 

structure and an increase in the hole-trap concentration. The use of a small active area 

can control the temperature increase due to the removal of heat from the CuPc layer to 
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the resist layer. Therefore, smaller-area devices should have lower hole-trap 

concentrations than larger-area devices. Another possible explanation of this change is 

that CuPc molecules are partially decomposed by the temperature increase and the 

decomposed components act as hole traps in the CuPc layer. 

We demonstrated that (1) CuPc devices with an active area of 0.04 μm2 on a silicon 

substrate can transport an extremely high current density of 6,350,000 A/cm2 due to 

improved thermal management, (2) the J-V characteristics of the CuPc devices are 

controlled by shallow-trap SCLC, trap-free SCLC, and two-carrier injection current 

mechanisms, and (3) a large shift in the J-V characteristics in the shallow-trap SCLC 

region is caused by the change in the hole-trap concentration in the CuPc layer. We 

emphasize that small-area devices with high current densities are useful for fabricating 

OLDs as well as for evaluating carrier transport mechanisms in a high-current-density 

region. 

 The authors are grateful to Professor Kuniharu Ijiro, Drs. Yoshihiko Tanamura, Kousei 

Ueno, and Michiaki Endo (Research Institute for Electronic Science, Hokkaido 

University) for technical support in electron-beam lithography. 
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Figure captions 

Fig. 1. (a) Schematic structure of CuPc devices with small active areas. Optical 

micrographs of holes formed in insulating EB resist layer: (b) 1 x 1 μm, (c) 0.5 x 0.5 

μm, and (d) 0.2 x 0.2 μm. 

 

Fig. 2. J-V characteristics of CuPc devices with various active areas and substrates. 

 

Fig. 3. TSC spectra of CuPc devices with various active areas on glass substrates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                       12 



 

 

 

 

 

Table I. Maximum voltage (VMAX) and current density (JMAX) for CuPc 

devices with various active areas and substrates. 
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Fig. 1. 
Toshinori Matsushima and Chihaya Adachi  

Japanese Journal of Applied Physics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                       14 



 

 

 

 

 

 

 

 

Fig. 2. 
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