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Analysis of optical and electrical responses of µ-OLED with metalized ITO coplanar waveguide electrodes submitted to nanosecond electrical pulses
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In this work, the optical and electrical pulse responses of an optimized high-speed organic light emitting diode (OLED) is investigated as a function of the pulse duration. The original design is based on coplanar waveguide electrodes that are implemented on a transparent and conductive oxide thin film. The optimized electrodes with reduced serial resistances allow to feed the organic hetero-structure with fast electrical pulses of few nanosecond in duration, for the first time. This new design of OLED electrodes using microwave techniques ensures to maximize the pulse energy delivery to the organic heterostructure. This is achieved by designing the electrodes to have 50 Ω characteristic impedance and by implementing small values of capacitance (4.5 pF) and of serial resistance (21 Ω).

Experimental results demonstrate µ-OLED electrical and optical responses to electrical excitation pulses as short as 2.5ns in duration, for the first time, and state-of-the-art current densities above 1.7 kA/cm 2 . Moreover, and rather unexpectedly, the developed characterization procedure to extract the reported results, opened the potential to access time-resolved electroluminescence lifetime of organic materials in the nanosecond time scale.

INTRODUCTION

One of the current challenges in organic optoelectronics is to achieve lasing with an organic hetero-structure by electric excitation. This has not been demonstrated yet for multiple reasons; the low mobility of the carriers in organic semiconductors limits the excitation in term of DC current density to 100-1000mA/cm 2 whereas the excitation level to reach laser threshold is estimated to be several order of magnitude higher. Moreover, the optical losses increase dramatically from 5 to 20 ns after the beginning of the excitation depending on the singlet lifetime. The exact lifetime of singlets depends on the organic material and the excitation magnitude [START_REF] Fukagawa | Operational lifetimes of organic light-emitting diodes dominated by Förster resonance energy transfer[END_REF][START_REF] Kasemann | Organic lightemitting diodes under high currents explored by transient electroluminescence on the nanosecond scale[END_REF][START_REF] Zhang | Singlettriplet quenching in high intensity fluorescent organic light emitting diodes[END_REF]. Consequently, to reach the laser effect in organic hetero-structure, at least two conditions must be satisfied. Firstly, the current density must reach or exceed the laser threshold current. The latter can be extrapolated from experiments under optical excitation. According to reported experiments, the threshold is estimated in the range of 2.5-10 kA/cm 2 assuming a quantum efficiency of 1% [START_REF] Karnutsch | Low threshold blue conjugated polymer lasers with first-and second-order distributed feedback[END_REF][START_REF] Granlund | A polythiophene microcavity laser[END_REF][START_REF] Kozlov | Study of lasing action based on Forster energy transfer in optically pumped organic semiconductor thin films[END_REF]. Secondly, assuming that the current density threshold is reachable, the laser effect can only take place during a narrow time window. This time window must be short enough to prevent the rising of singlet-triplet annihilation (STA) that would increase the optical losses [START_REF] Fukagawa | Operational lifetimes of organic light-emitting diodes dominated by Förster resonance energy transfer[END_REF][START_REF] Kasemann | Organic lightemitting diodes under high currents explored by transient electroluminescence on the nanosecond scale[END_REF]. To the best of authors knowledge, the highest current density reported in the literature is 2.8 kA/cm 2 obtained with 5µs pulse duration [START_REF] Hayashi | Suppression of roll-off characteristics of organic light-emitting diodes by narrowing current injection/transport area to 50 nm[END_REF], and the shortest pulse duration was 50ns with current density limited to 800A/cm 2 [START_REF] Kasemann | Organic lightemitting diodes under high currents explored by transient electroluminescence on the nanosecond scale[END_REF]. In other words, the quoted two conditions to achieve lasing with an organic hetero-structure, are not met simultaneously in any reported work. Clearly, the electrical excitation aspect of the organic laser diode has not been addressed efficiently, and the challenge to design and fabricate OLEDs that sustain both intense current density in the kA/cm 2 range and ultra short (1-10 ns) pulsed excitation, is yet to be achieved.

To fulfill both conditions, we recently proposed a finetuned equivalent electrical circuit of OLED in ON-OFF excitation regime. This allowed to identify the key electrical parameters (resistances and capacitances) involved in the OLED time response [START_REF] Chime | Electrical modelling and design of ultra-fast micro-OLED with coplanar wave-guided electrodes in ON-OFF regime[END_REF]. Based on this, new designed rules were proposed and we demonstrated a new type of high-speed µ-OLED with τe=110 ps electrical time-constant excited with 10ns electrical pulses, whereas µ-OLED without CPW electrodes exhibits 20-fold larger electrical time-responses (τe=2.1 ns).

However, the advantage of the CPW electrodes over standard OLED electrodes has not been definitively and fully demonstrated so far; Indeed the shortest impulse duration to which CPW-OLED were submitted is 10ns which is also the shortest pulse duration sustained by OLED without CPW electrodes [START_REF] Chime | Electrical modelling and design of ultra-fast micro-OLED with coplanar wave-guided electrodes in ON-OFF regime[END_REF][START_REF] Zeng | Electrical and Optical Impulse Response of High-Speed Micro-OLEDs Under UltraShort Pulse Excitation[END_REF]. Investigating the electrical and optical responses of OLED with CPW electrodes to electrical pulses shorter than 10 ns in duration remains to be done. This is exactly the main scope of this study.

Two new contributions are introduced; firstly, the time domain current density and light emission of CPW-OLED submitted to ultra-short pulses in the range of 10ns-2.5ns in duration is systematically and thoroughly investigated and analyzed in terms of pulse durations, rise-times, slew rates, and fall-times. Secondly, optimized CPW electrodes and integrated measurement electrical elements are presented in details. This includes the fabrication process and the characterization performed according to microwave engineering techniques for the first time.

The paper is organized as follows. The design of the device structure and the dimensions of CPW electrodes are presented in section II, the fabrication process is presented in section III while the characterization of the electrodes in terms of characteristics impedance as well as the time domain electrical and optical responses for different pulse durations are presented in section IV.

II. HIGH-SPEED OLED DESIGN

A. Devices design

The High-Speed µ-OLED, shown in Fig. 1, consists of a feeding line made of a coplanar waveguide anode (A) that is connected to a pulse generator (PG), an organic heterostructures (D), an integrated measurement resistor (R), and a coplanar waveguide (CPW) on the cathode side (K) that is connected to a scope (SC).

1) Feeder line electrodes

When a voltage impulse with duration τ is applied to an OLED, 98% of the pulse spectrum energy is contained in the frequency range spanning from DC to 5 Fb with F b = 1 / τ . With a pulse width of 1ns, the highest frequency component that should be taken into account reaches 5 Fb=5 GHz. This means that the shortest wavelength of the considered propagating exciting signal is as short as 4 cm; very close to the dimension of the used OLED substrate. In case of impedance mismatch between the feeding line and the organic device or anywhere in the driving circuit, part of the energy delivered by the generator is reflected (not absorbed by/delivered to the OLED). This is a well-known phenomenon in the field of microwave electronics. In this paper, and for the first time in the OLED technology, we propose to circumvent these undesired effects by applying microwave engineering techniques. More specifically, the OLED electrodes are designed to match the impedances of the driving circuit as well as the measuring instrument. The designed electrodes are manufactured on the ITO thin film that coats the glass substrate. The dimensions and profiles of the OLED electrodes are modified to become coplanar waveguide feeding lines. To design the new pattern of OLED electrodes, a coplanar waveguide (CPW) line is chosen instead of a micro-strip one. This is because CPW requires only one side of the substrate covered with transparent and conductive material which is compatible with current OLED substrates. The CPW line was described for the first time by C. Wen [START_REF] Wen | Coplanar waveguide: A surface strip transmission line suitable for nonreciprocal gyromagnetic device applications[END_REF], but it is applied in the field of organic optoelectronic for the first time [START_REF] Chime | Electrical modelling and design of ultra-fast micro-OLED with coplanar wave-guided electrodes in ON-OFF regime[END_REF]. It consists of a central strip of thin conductive material on the surface of a dielectric surrounded by two adjacent and parallel ground planes. Figure 2.a illustrates the cross section of CPW structure where H and εr are respectively the thickness and the relative dielectric permittivity of the dielectric material (glass substrate). W and tITO are the width and thickness of the central strip and G the gap between the central strip and the ground planes. The dimensions of the feeding lines can be tuned to obtain a characteristic impedance Zc equal to 50 Ω at 1 GHz. For a given dielectric substrate, the effective dielectric constant of such a line and its characteristic impedance Zc depend on two factors k 0 and k 1 that are expressed as follows:

k 0 = W W+2 G
Eq. 6

k 1 = sinh ( πW 4 H ) sinh [ π (W+2 G ) 4 H ] Eq. 7
The following intermediate analytical expressions are given below for completeness and can be found in [START_REF] Simons | Coplanar waveguide circuits, components, and systems[END_REF][START_REF] Ghione | Analytical formulas for coplanar lines in hybrid and monolithic MICs[END_REF][START_REF] Hilberg | From approximations to exact relations for characteristic impedances[END_REF][START_REF] Bedair | Fast, accurate and simple approximate analytic formulas for calculating the parameters of supported coplanar waveguides for (M) MIC's[END_REF] 1) Eq. 8, with

ε eff =1+ 1 2 K ( k 0 ') K (k 0 ) × K ( k 1 ) K (k 1 ' ) ×(ε r -
k i ' = √ 1-k i 2
i={0, 1} Eq. 9

and

Z C = 30 π √ ε eff × K (k 0 ' ) K ( k 0 )
Eq. 10

where K is the complete elliptic integral of the first kind.

For a targeted Zc=50Ω characteristic impedance, the curves presented in fig. 3 show the variations of the parameter G versus W for 0.7mm and 1.1mm thicknesses of a glass substrate with a relative permittivity of ϵ r = 7.75 . Some practical set of values are given in table I. 2) OLED active area design and control 2 The OLED active area plays a key role in the capacitance value of the device, and hence, in the time response. However, accurate control of dimensions of an OLED active area to the sub-millimeter range is difficult. Especially when it depends on the overlapping of the anode and cathode while the accuracy of the positioning is limited to x=0. 5mm . In order to precisely control the active area S, a semi-circular void is created in the central line of the CPW anode (see fig. 4). The flat side of the semi-circular void is placed at a distance e from the edge of the central line. The active area is defined by its width e and by its length D which is a strip in a hollow mask through which the aluminum cathode is evaporated. In fig. 4, the resulting active area S=e.D high-lighted with a hatched rectangle can be reliably obtained as it is immune to positioning errors of the hollow cathode mask. The void diameter is D+2.x.

3) Integrated measurement resistors

The purpose of integrating electrical elements of the driving circuit onto the substrate as close as possible to the OLED, is to reduce the effect of undesired reflections and preserve as much as possible the shape of the electrical excitation pulse. In this work, in addition to integrating the input feeding lines, a built-in measurement resistance RMEAS is placed at the cathode side. This is done by designing two thin stripes connecting the cathode to both ground planes. Each strip has a resistance value RSTRIPE = 2 RMEAS. In this optimized high-speed OLED the targeted measurement resistance is 22Ώ instead of 50Ώ in the previous design. This reduces the need for high excitation voltage thanks to less voltage losses across the measurement resistance. Figure 4 depicts the width of the two strip lines as L. Since the length of eachstrip lines is imposed by the gap G, L is calculated using Eq. 6 to obtain a specific resistance value with the ITO thickness t ITO =120 nm and resistivity ρ ITO = 15 Ω/□ and is given by:

L=ρ ITO G 2 R MEAS t ITO Eq 11
The cathode width is identical to that of the anode.

III. FABRICATION

The samples are manufactured according to the design rules mentioned in column 3 of table I with H=700 µm, W=1000 µm, G=243 µm, and L=182 µm.

The fabrication process consists of 3 steps; the ITO electrodes and integrated electrical elements etching (section A), the metallization of the electrodes (section B), and the organic hetero-structure deposition (section C);

A. The ITO electrodes etching

To realize both the CPW structure and the measurement resistances, the ITO layer is etched in a two-step process. During the first step, the ITO is spin-coated with a 1µm thick AZ1518 positive photo-resist at 4000 rpm for 1 min, and prebaked on a hot-plate at 100°C for 1 min. The ITO is then insulated at 365nm (i-line) through a first mask (mask 1) using a mask aligner (MJB4 Karl Suss) during 12.5s at 15mW/cm 2 , immersed during 30s in AZ351 diluted in water at 1:4, and rinsed in H2O for 30s. The developed structure is then baked for 1 min on a hot-plate at 100°C. During the second step the samples are etched with an inductively coupled plasma etcher (ICP 200IL Corial) using 30 sccm Cl2 at 200W RF power under 30mTorr during 70s.

B. The metallization of the electrodes

The metallization process consists of 3 steps; Firstly, the samples are spin-coated with a 1µm thick AZ1518 positive photo-resist at 4000 rpm for 1 min, and pre-baked on a hotplate at 100°C for 1 min. Secondly, they are patterned by photo-lithography with a second mask (Mask 2) to pattern the samples in order to free both ground planes as well as the cathode and the anode from the photoresist (except for the strip of width e at the end of the cathode that will become the active area of the organic hetero-structure). The corresponding second mask (Mask 2) is carefully aligned on the first pattern (Mask 1) using the same mask-aligner (MJB4 Karl Suss) The rest of the process uses the same lithogrpahy parameters as in previous section. The third step consists of vacuum deposition of 1 nm of chrome and 150 nm of gold. followed by a lift-off process in ultrasonic bath of pure acetone during 3min. This remove the sacrificed photoresist covered with gold to reveal the gap, the strip supporting the active area, and the measurement resistors. The samples are finally cleaned in 3 successive ultrasonic baths of ethanol, iso-propanol and deionized water.

C. The organic hetero-structure deposition

The organic hetero-structure consists of 30nm of m-MTDATA as hole injection layer (HIL), 10 nm-thick NPD as hole transporting layer (HTL), 30 nm of Alq3 doped with DCM as light emitting layer, 5nm of BCP as hole blocking layer (HBL), 25 nm of Alq3 as electron transporting layer, and a final cathode layer of LiF (1nm) /Al (120 nm). The organic compounds and the aluminum cathode are thermally deposited under vacuum (10 -7 Torr) using hollow masks. The thickness and the deposition rates are measured with quartz sensors. Digital microscope image of a sample without gold metallization is shown fig. 4.

IV. CHARACTERIZATION

Several types of characterization are necessary to verify the manufactured samples; firstly, a straightforward DC characterization measures the serial resistance RS=25Ω as well as the measurement resistance RMEAS=13Ω. Secondly, multifrequency impedance analysis is required to verify that the electrodes exhibit 50 Ω characteristic impedance (Section A), and thirdly, the device time response to a pulse excitation has to be analyzed and the maximum current density as well as the pulsed light emission have to be measured (Section B).

A. Vector Network Analyzer Characterization

A Vector Network Analyzer (VNA) is used to measure the characteristic impedance of the CPW electrodes as well as the impedance of the device. The measurement setup is composed of an Agilent HP8753E VNA and a manual Cascade PM5 station. The measurements are performed at frequencies ranging from 30 kHz to 3 GHz. The VNA calibration is carried out using the Cascade ceramic calibration substrates (CSR-17) with an OSL (Open-Short-Load) one port calibration method. The device is probed using Cascade coplanar waveguide "|Z|-probes" in a ground -signalground (GSG) configuration with a 2 mm pitch. In order to verify the characteristic impedance of the designed CPW line, an OLED-less thru line (H =700 µm, W =1000 µm, G =243 µm) is manufactured and the measurement of one-port S11-parameter is performed at the input end of the line while a 50 Ω resistor is connected on the other side. The plot in fig. 5.a shows a cloud of points at the center of the Smith chart demonstrating that the characteristic impedance of the line is in fact 50 Ω. In order to verify the value of the measurement resistors, a one-port S11-parameter measurement is then carried out in the P1 plan (P1-P1'-P1") (see fig. 2) where the measurement resistors are placed on a sample without the organic heterostructure (open circuit between the anode and cathode). The obtained impedance values range from 13.5 Ω to 13.9 Ω -j 1.5 Ω for the frequency range of 30 kHz to 3 GHz. These values are within 4% error of RMEAS value obtained with DC measurement. The same type of measurement is then carried out in the P2 plan (P2-P2'-P2") (fig. 2) on another sample without the organic hetero-structure (replaced by a thru) and with the measurement resistors. The measured total impedance RMEAS+RS is in the range of 34.7Ω (30 kHz) to 61.2Ω (3 GHz) with a parasitic inductance corresponding to 1.85nH. This corresponds to a serial resistance RS between 21.1Ω (at 30Khz) and 47.2Ω (at 3GHz). This RS variation can be explained by the skin effect that occurs on coplanar lines. Finally, a complete OLED structure is characterized in terms of S11-parameter to deduce the active area equivalent capacitance C, once the already measured resistor values are de-embedded (Fig. 5.b). The capacitance value ranges from 4.2 pF to 5.2 pF over the 30kHz to 3GHz frequency range resulting in a frequency dependence value of the surface capacitance in the range 28-35nF/cm 2 . This in agreement with previous estimations of the surface capacitance ranging from 10nF/cm 2 to 50 nF/cm 2 [START_REF] Garcia-Belmonte | Capacitance-voltage characteristics of organic light-emitting diodes varying the cathode metal: Implications for interfacial states[END_REF][START_REF] Bisquert | Negative capacitance caused by electron injection through interfacial states in organic light-emitting diodes[END_REF]. Note that previous capacitance measurement have been mainly performed up to 10 6 Hz or 10 7 Hz, whereas the current study presents more than 2 decades extra [START_REF] Garcia-Belmonte | Capacitance-voltage characteristics of organic light-emitting diodes varying the cathode metal: Implications for interfacial states[END_REF][START_REF] Bisquert | Negative capacitance caused by electron injection through interfacial states in organic light-emitting diodes[END_REF][START_REF] Chung | Equivalent-circuit Analysis of ITO/Alq3/ Al Organic Light-emitting Diode[END_REF][START_REF] Nowy | Impedance spectroscopy of organic hetero-layer OLEDs as a probe for charge carrier injection and device degradation[END_REF]. Note also that the OLED capacitance varies only slightly in the 30kHz-3GHz range whereas in some other studies reduction of the capacitance for high frequencies are observed [START_REF] Chung | Equivalent-circuit Analysis of ITO/Alq3/ Al Organic Light-emitting Diode[END_REF][START_REF] Nowy | Impedance spectroscopy of organic hetero-layer OLEDs as a probe for charge carrier injection and device degradation[END_REF]. We believe this is an indication of the advantage of CPW electrodes. For the sake of completeness, and using the latter value and the active area S=100 x 150µm 2 , the OLED capacitance is estimated to C1 = 4.5pF which is within the range of C measured with the VNA. On the basis of these experimental values, in order to obtain the hypothetical upper limit of the OLED electrical time response, τe, the dynamic resistor value Rd is assumed infinite in eq. 6 in [START_REF] Chime | Electrical modelling and design of ultra-fast micro-OLED with coplanar wave-guided electrodes in ON-OFF regime[END_REF]. This gives τe=318ps which confirms the possibility that the manufactured CPW OLED could respond to sub-nanosecond electrical pulses without filtering them out.

B. Characterization of the OLED under pulsed excitation

The objective here is to conduct a systematic investigation of the CPW µ-OLED behavior in terms of optical and electrical pulse responses in the time domain. More precisely, the different characteristics analyzed here are pulse duration, rise/fall-time, and slew rate. Each OLED is characterized with a "time response" measurement system consisting of a probe station (Cascade opto-PM5), a high pulse generator (AVTECH AVL-2A-B), and a digital oscilloscope (Tektronix TDS 7254). Pulses with fixed amplitude are delivered by the generator and applied to the device, while measurements are recorded with the digital high-bandwidth oscilloscope. Current-density responses are measured across the built-in measurement resistance RMEAS. Simultaneously, light output is collected from the bottom of the substrate using a 600 µm-dia 0.5 numerical aperture optical fiber connected to an avalanche photodiode (APD) with 400 MHz bandwidth (Thorlabs APD430A2). All measurements are performed in ambient atmosphere at room temperature. To determine what would be the shortest pulse duration of the electrical excitation to which the OLED can respond appropriately, the OLED is driven with progressively shorter electric pulses of a fixed amplitude of 35 V; The pulse duration is set successively to 10 ns, 7.5 ns, 5 ns, until reaching the limit of the electrical pulse generator of 2.5ns. Figure 6 presents the electrical excitations (Fig. 6.a), the electrical responses (Fig. 6.b), and the optical responses (Fig. 6.c) of the CPW µ-OLED.

Prior to analyze the properties of the electrical and optical pulse responses, it is important to take into account the effect of the amplitude variations: it is worth noting that when the pulse generator is set to deliver a pulse duration of 2.5ns and 35V amplitude, the generated signal does not exceed 29.8V (85% of the desired amplitude of 35V). The µ-OLED electrical responses exhibit peak current densities reaching JP1 = 1450 A/ cm 2 for the 2.5 ns, JP2 = 1 710 A/cm 2 for the 5 ns , , JP3 = 1730 A/cm 2 for the 7.5 ns, and JP4 = 1 680 A/cm 2 for the 10 ns pulse width. Note that JP1 represents 84% of the peak values J3, close to the voltage reduction due to the pulse generator limitation mentioned above. The steady state current densities JSTEADY can be estimated graphically at JS2 = 1.12 kA/cm 2 for the 5ns pulse and JS3 = JS4 = 1.18 kA/cm 2 for the 7.5 ns and 10 ns pulses. The ratios between JPi and JSi expressed in [START_REF] Chime | Electrical modelling and design of ultra-fast micro-OLED with coplanar wave-guided electrodes in ON-OFF regime[END_REF] reads:

J STEADY J PEAK = J Si J Pi = R MEAS +R S R MEAS +R S + R d Eq. 12
where Rd is the dynamic resistor corresponding to the inverse of the slope of the OLED I-V curve at the operating point. It is dependent on the current, and voltage but independent from the pulse duration. It is assumed here that Rd remains constant during the high-state of the pulse (excitation amplitude 35V, and pulse durations 7.5ns and 10ns). Therefore, estimating the Rd values from the ratio in Eq. 12 and for the 10ns case (respectively 5 ns case) leads to 10 Ω < Rd4 < 19 Ω (respectively 12 Ω < Rd2 < 22 Ω). As expected from a highcurrent density operating µ-OLED, Rd lower limits correspond to the very steep parts of the I-V curve. From the measured values of RS and C, and with the estimation of Rd2 and Rd4, the electrical time constant τ2 and τ4 can be calculated from their analytical expression [START_REF] Chime | Electrical modelling and design of ultra-fast micro-OLED with coplanar wave-guided electrodes in ON-OFF regime[END_REF]: 37 ps<τ2 < 84 ps and 32 ps<τ4 < 75 ps. These electrical time constant values are 4 to 10-times smaller than the upper limit of the time constant τe=318 ps estimated from the VNA measurements with the assumption of an infinite value for Rd.

The electroluminescence peaks (Fig. 6.c) are respectively EL1=0.86 mW (5.7W/cm 2 , L1=2.06 10 6 Cd/m 2 ), EL2=1.38 mW (9.2W/cm 2 , L2=3.31 10 6 Cd/m 2 ), EL3=1.41 mW (9.4 W/cm 2, L3=3.38 10 6 Cd/m 2 ), and EL4= 1.42 mW (9.5 W/cm 2 L4=3.42 10 6 Cd/m 2 ). Note that EL1 represents 61% of EL3. These are among the highest values of the peak brightness reported in the literature so far [START_REF] Zeng | Electrical and Optical Impulse Response of High-Speed Micro-OLEDs Under UltraShort Pulse Excitation[END_REF][START_REF] Nakanotani | Injection and Transport of High Current Density over 1000 A/cm 2 in Organic Light Emitting Diodes under Pulse Excitation[END_REF].

We then investigate the effect of the pulse duration. The actual excitation pulse durations, DEX, measured at FWHM (full width half maximum) do not significantly differ from the values DS, that are instructed to the pulse generator with 2.71 ns, 5.15ns, 7.51 ns and 9.95 ns instead of 2.50 ns, 5 ns, 7.50ns and 10 ns respectively. The actual pulse duration of the excitation DEX is used as a reference to compare with the electrical, DI, and optical, DO, response pulse durations and this for every pulse duration value shown in Table II The optical pulse width reductions (80%-82%) compared to the current pulse widths (90%-97%) that are observed for the highest excitation level (JP2,3,4 > 1700 A/cm 2 ) are in agreement with what was observed by Kaseman et al, for high current density [START_REF] Kasemann | Organic lightemitting diodes under high currents explored by transient electroluminescence on the nanosecond scale[END_REF]. As an attempt to explain further the above pulse duration disparities, the OLED is analyzed in the transient regime in terms of rise-times (Table III). The definition used here is the time for the signal to change from 10% to 90% of the maximum amplitude. The rise-times of the excitation signal range between 2.00 ns and 2.14 ns, whereas the OLED electrical responses range between 1.63 ns and 1.88 ns. This corresponds to respectively, 81% and to 89% ratios between an electrical excitation and its associated OLED response in current. The optical response exhibits an even slightly shorter optical rise-time for the 2.5 ns case with tro = 1.59 ns, whereas 7.5 ns and 10 ns cases present optical rise-times larger than both the excitation signal and the electrical response with tRO =2.5 ns. Note that the optical rise-time tRO=1.59 ns corresponds to a time constant of τ≈700 ps, and hence, a low pass bandwidth of BW=(1/2τ)≈227MHz less than the APD bandwidth which means the latter is not a limiting factor. However, a question remains: why the optical rise-time is shorter than the excitation one in the 2.5ns case only?

In order to analyze further the rise-times, we consider the slew rates (SR) presented in Table IV. Under the assumption that the flanks of the pulses are linear, the slew-rate is in first approximation the ratio of the 10%-90% range of the pulse amplitude A versus the rise-time tr : SR=A/tr. The slew rates SREX of the excitation pulses delivered by the generator calculated for the 4 different durations (SREX = 15.9±0.6 V/ns) exhibit a relative uncertainty of 4% only. The slew rates of the electrical responses in current calculated with the rising flanks SRI for the 4 pulse widths are shown in the third column of Table IV. With an average value of 0.83 kA/ns and standard deviation of 0.01 kA/ns, the relative uncertainty is as low as 1.6% which is even smaller than the 4% uncertainty on the slew rate of the excitation signal. On the contrary, with 15% relative uncertainty, the slew rate on the optical response SRO exhibits a larger relative uncertainty.

To build a comprehensive and more synthetic picture of the OLED in terms of input-output behavior it is necessary to consider its global transfer function R(s)=H(s).G(s) where H(s) is an electrical transfer function and G(s) an optical one [START_REF] Chime | Electrical modelling and design of ultra-fast micro-OLED with coplanar wave-guided electrodes in ON-OFF regime[END_REF]. Here, the limitations of the pulse generator as well have to be taken into account in the global picture and thus 3 elements must be considered; First, we summarize the pulse generator characteristics. It delivers voltage pulses down to 2.71 ns in duration with a quasi constant slew rate limited to <SRex> = 15.9 V/ns with 4% relative uncertainty. The pulse generator limitations induce 85% reduction in the pulse amplitude (29.8V instead of 35V) in the 2.5ns case. We will see below how this impacts the current and the optical responses.

Secondly we consider the electrical transfer function H(s). At the onset of the excitation pulse in voltage, C is a short circuit, the diode is an open, and therefore in first approximation the current "follows "the excitation voltage with a quasi-constant slew rate in current <SRI> = 0.83 (kA/cm 2 /ns). When the voltage exceeds the OLED threshold value the current starts to flow through the OLED. Hence, the diode like I-V curve of the OLED cuts off part of the excitation pulse and hence the pulse in current appears squeezed and reshaped [START_REF] Binh | Schottkycapacitance pulse-shaping circuit for high-speed light emitting diode operation[END_REF]. This nonlinearity in the OLED I-V curve explains three type of results: Firstly the reduction of the durations of the pulses in current (88%-97%) (DI in Table II) compared to that of the excitation, secondly the reduction in current rise-times compared to that of the excitation as shown in Table III, and thirdly, the reduction in the relative uncertainty of the slew rate from 4% in the command to 1.6% in the current response (Table III). The 85% reduction in the pulse amplitude (29.8V instead of 35V) combined with the quasi constant slew rate explains why in the 2.5ns case the rise-time tRI1 = 1.63 ns is 86% smaller than the tRI3 = 1.88 ns and why the current density JP1 = 1450 A/cm 2 is 84% smaller than the peak values JP3 = 1730 A/cm 2 .

Thirdly, we consider the optical transfer function G(s) which has never been investigated experimentally at this time scale before. We analyze the relationship between the current and the electroluminescence (EL) which is a priori non-linear as stated by the rate equations in [START_REF] Kasemann | Organic lightemitting diodes under high currents explored by transient electroluminescence on the nanosecond scale[END_REF]. One can distinguish two types of non-linearities; in intensity (non-proportionality) and in time-scales. First, we look for explanations based on nonproportional relationships between the electroluminescence (EL) as an output and the current as an input; Such a nonproportionality does exist;

1) Indeed the change in the slew rate from SRO1=201µW/ns for 1450A/cm 2 to SRO3=254µW/ns for 1710A/cm 2 which is a change in the slope when the input current is varied is by definition a non-linear relationship.

2) Also, it is observed that the ratio in the current density (JP1 /JP3 =0.83) induces a smaller ratio in the EL peaks (EL1/EL3=0.61) as can been easily observed when comparing fig. 6.b and 6.c. This change in the input-output ratios is by definition another clear indication of a nonproportional input-output behaviour.

The sign of the change in the ratios provides 3 explanations:

1) The optical rise-times tRO2= 2.08ns (100%) and tRO4= 2.50ns (116%), tRO4= 2.50ns (116%) respectively are longer than their current rise-time counterparts tRI2 = 1.86ns (89%) and tRO3 = 1.88ns(88%), tRO4 = 1.84ns (84%) respectively.

2) The optical rise-time tRO1 = 1.59ns (80%) measured for the 2.5ns case is the smallest of the optical rise-times.

3) The optical rise-time tRO1=1.59 ns (80%) is smaller (or nearly equal) than the rise-time in current density tRI1=1.63ns(81%).

Regarding the second type of non-linarity, the physical phenomena behind the rates equations in [START_REF] Kasemann | Organic lightemitting diodes under high currents explored by transient electroluminescence on the nanosecond scale[END_REF] involve different radiative and non-radiative de-excitation mechanisms each with its proper intrinsic time scales. For example, the singlet lifetime (radiative recombination) of the organic compounds is about 5ns in the case of the DCM, but other non-radiative mechanisms like singlet-triplet annihilation (STA), intersystem-crossing (ISC, 15ns), Singlet-Singlet Annihilation (SSA) also exist [START_REF] Kasemann | Organic lightemitting diodes under high currents explored by transient electroluminescence on the nanosecond scale[END_REF]. As a consequence, the manifestations of the non-linearities appear differently depending on weather the pulse duration is larger or smaller than the different intrinsic time scales at stake in the electroluminescence mechanism. We speculate that these manifestations are:

1)

The highest slew rate SRO2=286 µW/ns observed for the 5ns pulse which is the closest to the singlet lifetime.

2)

The relative uncertainty on the optical rise-times (20%) is the larger than other slew-rates.

3)

The relative uncertainty of the optical slew rate (15%) is larger than in current density (1.6%).

With this preliminary conclusion in mind, fall-times are quantified in Table V. The optical response fall-times tFO range between 4.97 ns and 10.08 ns and are in any case longer than both the current fall-times tFI and the excitation fall-times tFE. This confirms that the excitation decay time and the current decay time are not limiting factors of the optical decay mechanism. Since the optical response fall-times are also larger than the fastest transient optical responses tRO, they are therefore neither limited by any bandwidth of the different elements of the measurement scheme nor by the excitation signal decay. For both these reasons, we infer that this is an intrinsic characteristic of the EL materials used in the organic hetero-stucture. We would like to highlight that this phenomenon is even more pronounced for the 2.5 ns case. Indeed the tFO = 4.97 ns fall-time measured, is six-fold longer than the electrical response fall-time (tFI=0.83ns). Therefore, it is important to realize that the proposed characterization procedure is a potential new way to investigate organic materials optical response decay under electrical excitation (EL lifetime) especially with electrical excitation pulses of 2.5 ns in duration (or shorter). It is usually performed with laser-based optical excitation known as photoluminescence spectroscopy [START_REF] Baumler | Fluorescence decay studies applying a CW femtosecond dye laser pumped ungated inverse time-correlated single photon counting system[END_REF]. Note that EL differs from photoluminescence because the excitation is obtained with injected electrons and holes with randomized spin states (singlet and triplet whereas optical excitation generates singlet states only. The difference is not fully investigated but may be significant for certain compounds [22]. Here, the EL spectroscopy in the nanosecond time scale made possible by the OLED CPW electrodes opens the possibility to investigate the difference in the physics of the de-excitation of the organic materials between the electro and photoluminescence cases. Since authors claim a new measurement procedure at this time scale, it is important to compare the obtained EL life time measurements (tFO1=4.97ns), on the considered Alq3-DCM2 guest-host system, to those reported in the literature relying on timeresolved fluorescence [START_REF] Kasemann | Organic lightemitting diodes under high currents explored by transient electroluminescence on the nanosecond scale[END_REF][START_REF] Zhang | Singlettriplet quenching in high intensity fluorescent organic light emitting diodes[END_REF][START_REF] Kozlov | Structures for organic diode lasers and optical properties of organic semiconductors under intense optical and electrical excitations[END_REF][START_REF] Green | Solid state concentration quenching of organic fluorophores in PMMA[END_REF][START_REF] Samuel | Organic Semiconductor Lasers[END_REF]; more precisely, the obtained fall-time value of the optical response matches the radiative lifetime measurements of DCM in experiments conducted under optical excitation (τ = 5 ns) [START_REF] Kozlov | Structures for organic diode lasers and optical properties of organic semiconductors under intense optical and electrical excitations[END_REF]. The same order of magnitude of fluorescence lifetime measurements of DCM in PMMA (1.7ns <τ < 2.3 ns) [START_REF] Green | Solid state concentration quenching of organic fluorophores in PMMA[END_REF] or in DCM based OLED guest-host systems (τ~ 1 ns, τ~ 1.1 ns-1.2 ns τ= 5 ns) [START_REF] Kasemann | Organic lightemitting diodes under high currents explored by transient electroluminescence on the nanosecond scale[END_REF][START_REF] Zhang | Singlettriplet quenching in high intensity fluorescent organic light emitting diodes[END_REF][START_REF] Samuel | Organic Semiconductor Lasers[END_REF] have also been reported.

V. CONCLUSION We report the detailed fabrication of an optimized highspeed OLED based on an organic hetero-structure deposited on top of coplanar waveguide electrodes. This new design of OLED with partially metalized electrodes inspired from microwave techniques ensures a maximum delivery of the pulse energy to the organic hetero-structure thanks to 50 Ω characteristic impedance of the electrodes and to tailored parasitic capacitance as low as C = 4.5 pf. Consequently, CPW µ-OLEDs sustain and respond appropriately both electrically and optically to ultra-short electrical pulses down to 2.5 ns which is the shortest pulse duration under electrical excitation reported in the open literature. Experimental results with goldmetalized OLED electrodes demonstrate also electrical time constant in the range 32 ps<te< 84 ps which is 10 to 4 times lower than that obtained previously with non-metalized OLED. Clearly, optimized CPW electrodes offer advantages in terms of OLED time response and ultra-short pulses compared to other experiments without CPW electrodes. Also, compared with previous experiment conducted under 90V, electrode metalization reduces the need for high voltage when large current densities are sought. The capacitance measurements have been performed on a frequency scale 2 decades larger than previous experiments thanks to the use of VNA. This is the first time, that VNA have been used to characterize OLEDs. The resulting high-speed CPW µ-OLEDs exhibit peak current density up to 1.73 kA/cm 2 and steady state current density up to 1.18kA/cm 2 at 35V. The electroluminescence peak brightness reaches 1.42 mW (9.5W/ cm 2 and 3.42 10 6 Cd/m 2 ) which is among the highest values reported in the literature so far. We believe these results demonstrate a step further towards the electrical excitation of the organic laser diode. Moreover, the DCM EL lifetime measured on the basis of the optical response fall-time in the 2.5ns case is 4.97 ns. This is the first experimental measurement of electroluminescence lifetime made possible thanks to a pulse duration shorter than the organic electroluminescent radiative lifetime. As a perspective, on top of ultra-short and ultra-intense electrical excitation for organic laser diode, CPW electrodes open new possibilities with electroluminescent spectroscopy of organic materials under electrical rather than optical pulsed excitation.

Figure 1 :

 1 Figure 1: Block diagram of the device : PG :Pulse Generator, A: Anode, K: cathode, SC : Scope. Rmeas : measurement resistance. (A): feeder line on the anode side, (D): organic diode (OLED), (R): Measurement resistance, (K) feeder line on the cathode side.

Figure 2 :

 2 Figure 2: (a) Cross section of the coplanar waveguide geometry : Blue : Glass substrate, Purple : ITO, H : Glass substrate thickness, tITO : Indium Tin Oxide thickness, εr : dielectric permittivity of glass substrate, W width of the line, G : gap spacing between line and ground planes. (b) Top view and dimensions of high-speed OLED on CPW electrodes: purple is ITO, Yellow is gold, Grey is aluminum : A: Anode side, K: Cathode side, GND ground,W width of the central line, G gap between the central line and ground, D width of the aluminum cathode, L width of the measurement resistance.

Figure 3 :

 3 Figure 3: Dimension of the CPW line giving 50Ω characteristic impedance on H = 700um and 1100 um thick glass substrate

Figure 4 :

 4 Figure 4: Digital microscope image of a CPW µ-OLED : dark grey is the galss substrate, purple is the electrode (ITO is visible because not covered with gold in this case), white is the aluminum cathode. The organic layer is visible with a light purple rectangle-like underlining the void and the 100µm large 1mm long anode arm.

Figure 5 :

 5 Figure 5: a) Smith chart showing the 50 Ω characteristic impedance of the CPW electrodes. b) Smith chart showing the capacitance.

Figure 6 :

 6 Figure 6: Electrical excitation and CPW µ-OLED electrical and optical response for 5 different pulse durations : 10ns (cyan), 7.5ns (red), 5ns (green), and 2.5ns (blue) ; a) Excitation signals b) signals in current density, c) optical response.

  . The µ-OLED electrical responses (fig 6.b) exhibit current pulse durations DI of 2.39ns, 5.00 ns, 7.16 ns and 8.97 ns (FWHM) which are respectively 88%, 97%, 95% and 90% of the actual and measured excitation pulse widths DEX. Rather surprisingly, the optical responses shown on fig 6.c exhibit shorter pulse widths DO with 4.17ns, 6.16 ns and 7.99 ns which are repectively 81%, 82% and 80% shorter in duration than the actual excitation pulses Dex of 5.15ns, 7.51 ns and 9.95ns. However, the 2.5ns case is an exception with Do=2.89ns corresponding to 106% of the excitation pulse Dex =2.71ns and 121% of the current pulse duration DI=2.39ns.

TABLE II

 II 

	.	ELECTRICAL AND OPTICAL PULSE DURATION (FWHM)
	AND PERCENTAGE OF THE MEASURED EXCITATION PULSE DURATION
	Excitation signal DS -Setpoint DEX-Measure (ns) Reference (ns) 2.50 ns 2.71 ns-(100%) 5.00 ns 5.15 ns-(100%) 7.50 ns 7.51 ns-(100%) 10.00 ns 9.95ns-(100%)	Electrical response DI -Measure (ns) 2.39 ns -(88%) 5.00 ns -(97%) 7.16 ns -((95%) 8.97 ns -(90%)	Optical response DO -Measure (ns) 2.89 ns -(106%) 4.17 ns -(81%) 6.16 ns -(82%) 7.99 ns -(80%)

TABLE III .

 III RISE-TIME OF THE ELECTRICAL AND OPTICAL RESPONSE AS A FUNCTION OF THE EXCITATION -(10%-90% METHOD)

	Excitation signal Pulse Ds duration (ns) Rise-time tRE (ns) (Reference) 2.50 ns 2.00 ns (100%) 5.00 ns 2.08 ns (100%) 7.50 ns 2.14 ns (100%) 10.00 ns 2.14 ns (100%) <tr> ± σtr 2.09±0.6 ns Relative uncertainty 2.7%	Electrical Response Optical response Rise-time tRI (ns) Rise-time tRO (ns) 1.63 ns (81%) 1.59 ns (80%) 1.86 ns (89%) 2.08 ns (100%) 1.88 ns (88%) 2.50ns (116%) 1.84 ns (84%) 2.50 ns (116%) 1.80±0.11 ns 2.16±0.43 ns 6.4% 20%

TABLE V

 V 

	. FOR DIFFERENT EXCITATION PULSE DURATION. (10%-90%) FALL-TIME OF THE ELECTRICAL AND OPTICAL RESPONSE
	Excitation signal Pulse duration (ns) Fall-time tFE(ns) (Reference) 2.50 ns 3.41 ns 5.00 ns 3.63 ns 7.50 ns 4.07 ns 10.00 ns 5.23 ns <SR> ± σSR 4.08±0.7 ns Rel. uncert. 17%	Electrical Response Fall-time tFI (ns) 0.83 ns (24%) 2.46 ns (67%) 3.72 ns (91%) 4.99 ns (95%) 3.00±1.77 ns 59%	Optical response Fall-time tFO (ns) 4.97 ns (145%) 5.32 ns (146%) 6.47 ns (158%) 10.08 ns (192%) 6.71±2.33 ns 34%
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