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Practical Theory of Spectral Evolution in an Organic Laser Diode

The spectrum of the light emitted by a microcavity OLED is strongly time dependent on the nanosecond timescale after switch-on of the pump mechanism. This is one reason why convincing confirmation of laser operation in such device is difficult. The simple theory here presented is helpful in interpreting observed light-emission behavior. One important finding is that the occurrence in the optical spectrum of a narrow Lorentzian on top of a spontaneousemission pedestal is no guarantee for observed laser operation. Another finding is that reabsorption by the singlet excitons leads to the highest gain when the cavity is detuned to the red side of the emission spectrum. This is confirmed by experimental observations on an optically pumped organic laser diode.

Highlight Practical Theory of Spectral Evolution in an Organic Laser Diode This paper presents a simple but practical laser theory with simulations of time-resolved output spectra of electrically pumped organic laser diodes. Due to triplet-induced gain quenching, lasing occurs during the first few nanoseconds at most after the onset of electrical excitation. This has profound consequences for the form of the observed LV and output spectrum characteristics. Simulated time-resolved photon-density spectra for electrically excited organic laser diodes are shown below, at and above the threshold for pulsed lasing, as well as how this results in the observed time-integrated output spectrum.

The consequences of the laser-pulse duration being much shorter than the integration time of the spectral measurement are 1) the gradual nature of the threshold for lasing and 2) the saturation of the FWHM linewidth above threshold.

Simulated emitted photon number (right scale) and FWHM linewidth of the peak in the optical spectrum (left scale) after averaging over at . The threshold for lasing is around , the cavity quality factor and the gain material is Alq3:DCM(2%).

Introduction

An organic light-emitting diode (OLED) operates on the spontaneous emission of light from an organic molecular material, where optically active (singlet) excitons are created under the influence of an applied electrical potential between two electrodes [START_REF] Kallmann | Bulk Conductivity in Organic Crystals[END_REF][START_REF] Wills | An Electrically Pumped Organic Laser Diode[END_REF]. Stimulated emission can be achieved when the density of photons is kept at a sufficiently large level, where the latter is usually obtained with an optical cavity [START_REF] Chakaroun | Optimal design of a microcavity organic laser device under electrical pumping[END_REF][START_REF] Chenais | Recent advances in Solid-State Organic Lasers[END_REF][START_REF] Karl | Laser emission from an organic molecular crystal[END_REF]. Only when the quality factor of such a cavity is high enough, one may hope to realize laser operation. This has been convincingly demonstrated so far only for optically pumped devices [START_REF] Tessler | Lasing from conjugated polymer microcavities[END_REF]7,[START_REF] Frolov | Vardeny Cooperative -Conjugated Polymer Thin Films[END_REF], while in 2019 a possible indication for lasing in an electrically pumped organic diode was reported by Sandanayaka et al. [START_REF] Sandanayaka | Indication of current-injection lasing from an organic semiconductor[END_REF]. The problem in claiming observed laser operation is that electrically pumped organic devices suffer from complicated internal dynamics involving polarons, singlet and triplet excitons with singlet-triplet and singlet-polaron absorption. Unlike in their optically pumped counter parts, this leads to quenching of the singlet exciton density after a few nanoseconds and thus prohibiting laser operation after even shorter times [START_REF] Lenstra | Ultra-short optical pulse generation and laser perspective in an Alq3 based micro[END_REF].

The analysis here presented focuses on the spectral composition of the emitted light and especially how that leads to the observed optical power spectrum of the output light. By using the theory developed in [START_REF] Ouirimi | Threshold estimation of an organic laser diode using a rate-equation model validated experimentally with a microcavity OLED submitted to nanosecond electrical pulses[END_REF][START_REF] Lenstra | Ultra-Short Optical Pulse Generation in Micro OLEDs and the Perspective of Lasing[END_REF], we simulate the time development of the photon density and the effective gain in the emitting layer and, by revisiting the photon measurement, we identify the contributions of the spectrally narrow cavity and the spectrally broad spontaneousemission. They show strong time dependence on the nanosecond timescale, as a consequence of the ultrafast dynamics of excitonic densities in the organic emitting layer [START_REF] Kasemann | Organic light-emitting diodes under high currents explored by transient electroluminescence on the nanosecond scale[END_REF]. To compare with experimentally observed spectra, the simulated spectra are integrated over time similar to what happens in an experimental situation. This leads to qualitative agreement between the measured and simulated spectra, which will be helpful in interpreting observed light-emission power spectra.

After the formulation of the basic theory in Sec. 2, a critical reconsideration of the optical spectrum measurement in Sec. 3 leads to expressions for the stimulated emission within the cavity mode and the broad spontaneous emission outside the cavity mode. The numerical time-resolved optical spectra are presented in Sec. 4 for a micro-OLED with Alq3 and DCM as emitting media and a cavity formed by a DFB grating. To confront our theoretical findings with experiment, we present in Sec. 5 a measurement of the optical power spectrum of the light emitted by an optically pumped micro-OLED with DCM as emitting medium. Since the optical pump pulses had a duration of 12 ns, we compare several time-integrated simulated spectra for electrical pump pulse duration of the same time interval. This comparison leads to several qualitative similarities, such as a sharp stimulated-emission peak on a broad shoulder of spontaneous emission, and stimulated emission is maximized for detuning of the cavity wavelength some to the red side of the emission profile maximum. In the discussion in Sec. 6 we confront our findings with the spectra reported by Sandanayaka et al [START_REF] Sandanayaka | Indication of current-injection lasing from an organic semiconductor[END_REF] and draw some conclusions of that.

Theory

We consider the most common situation where the fluorescent molecules are dopant singlet excitons with density . Starting point is equation ( 6) in [START_REF] Lenstra | Ultra-Short Optical Pulse Generation in Micro OLEDs and the Perspective of Lasing[END_REF] for the rate of change of the photon density in the cavity mode, , which can be written as [START_REF] Kallmann | Bulk Conductivity in Organic Crystals[END_REF] .

Here is the inverse lifetime of the emitting singlets for radiative decay to the ground state, the spontaneous emission factor is the fraction of spontaneously emitted photons that end up in the cavity mode, is the density of singlets effectively available for emission with wavelength within the cavity spectrum, is the net photon gain due to stimulated emission and is the escape rate for photons out of the cavity. We assume in this simple model that the effect of hole burning is accounted for by [START_REF] Wills | An Electrically Pumped Organic Laser Diode[END_REF] , where is the replenishment rate associated with intra-band relaxation. The net gain generally can be expressed as [START_REF] Chakaroun | Optimal design of a microcavity organic laser device under electrical pumping[END_REF] , where is the density of molecules responsible for a specific photon loss mechanism, that is, , are the densities of the respective host and dopant ground-state molecules, , , the densities of the respective host singlets, host triplets and dopant triplets and the density of polarons. Furthermore, [START_REF] Chenais | Recent advances in Solid-State Organic Lasers[END_REF] .

where is the linearized stimulated-emission coefficient, the absorption coefficient responsible for that specific photon loss mechanism and its corresponding spectrum, modeled as [START_REF] Karl | Laser emission from an organic molecular crystal[END_REF] , with the wavelength for which the corresponding spectrum assumes its maximum and its width. The absorption process indicated by in (3) refers to reabsorption ( ), triplet absorption ( ), singlet absorption ( ) or polaron absorption ( ). Due to the Stokes shift [START_REF] Stokes | the change in Refrangibility of Light[END_REF], the reabsorption spectrum is related to the emission spectrum with coefficients and of the same order of magnitude [START_REF] Band | Relationships between the absorption and emission of light in multilevel systems[END_REF]. For simplicity, we will assume in the numerical evaluations of next sections that the coefficients are equal. Moreover, since no reliable values for triplet ( ), singlet ( ) and polaron ( ) absorption coefficients were found, the corresponding contributions in the righthand side of (3) will be disregarded from here on. As a consequence, simulations of emitted photon numbers will yield optimistic values; some optical losses are neglected. This will be discussed in Sec. 6.

Rate equations for all excitonic and polaronic densities are given in [START_REF] Ouirimi | Threshold estimation of an organic laser diode using a rate-equation model validated experimentally with a microcavity OLED submitted to nanosecond electrical pulses[END_REF]; they form a set of coupled nonlinear first-order differential equations. In the case where the emitting medium is host only, in (3) should be replaced by and the summation should run only over { }.

The photon measurement revisited

The measured photon flux is composed of two contributions, i.e., 1) a fraction of the density of photons in the cavity mode, traveling back and forth between the DBR mirrors and 2) a fraction of the total density of spontaneously emitted photons in the device that are not captured in the cavity mode. Here, the fraction is proportional to the product of outcoupling efficiency of the second-order grating between the two DBR-mirrors and a photon capture efficiency; is proportional to the photon capture efficiency and the solid-angle fraction of half space in which spontaneously emitted photons are collected that do not belong to the cavity mode, but are radiated away from the emitting medium on their direct way out of the configuration.

The rate equation for the total density of the latter spontaneously emitted photons is [START_REF] Tessler | Lasing from conjugated polymer microcavities[END_REF] , where is the average escape rate out of the emitting volume considered ( , refractive index ), i.e., . Usually, , because the resonant photons in the cavity traverse a much longer distance before they escape. Furthermore, using (2), (7) .

The steady-state solution of (6) yields the total density of spontaneously emitted photons outside the cavity mode, [START_REF] Frolov | Vardeny Cooperative -Conjugated Polymer Thin Films[END_REF] with corresponding spectrum [START_REF] Sandanayaka | Indication of current-injection lasing from an organic semiconductor[END_REF] .

Eq. ( 9) gives the spectral distribution of the total spontaneously emitted photon density outside the cavity.

The cavity stimulated photon density spectrum is given by [START_REF] Lenstra | Ultra-short optical pulse generation and laser perspective in an Alq3 based micro[END_REF] , with the solution of ( 1) and ( 11) , ( 12) , [START_REF] Kasemann | Organic light-emitting diodes under high currents explored by transient electroluminescence on the nanosecond scale[END_REF] .

Combining ( 5) and ( 6), taking account of the above-introduced fractions, we obtain for the observed spectrum ( 14) where ( 15) ; (16) .

Here, is the spontaneous-emission pedestal with the shape and width of the electroluminescence emission spectrum and is the spectrum of the cavity photons with linewidth , assuming and are quasi stationary. We estimate and , but this should be investigated further. Note that in principle the singlet density is a function of time, and so is and . This implies that the spectrum is time dependent on the nanosecond timescale.

Numerical results

First we consider in this section the host-only gain medium Alq3 with , , and the cold-cavity decay rate , with the light velocity, the effective refractive index, and the cavity quality factor. The replenishment rate is taken and the singlet-decay rate parameter . For the spontaneous-emission factor we adopt with and , .

The simulated evolutions of and the effective cavity width (the laser FWHM linewidth) are given in Fig. 1 versus bias voltage from 0 to above the cw-lasing threshold. Other parameter values for the rate constants are taken from [START_REF] Ouirimi | Threshold estimation of an organic laser diode using a rate-equation model validated experimentally with a microcavity OLED submitted to nanosecond electrical pulses[END_REF][START_REF] Lenstra | Ultra-Short Optical Pulse Generation in Micro OLEDs and the Perspective of Lasing[END_REF] and the quality factor is . Apart from the initial behavior for and the The Lorentzian peaks in Fig. 3 for correspond to lasing, unlike the one at , which represents stimulated emission. Clearly, the very presence of a Lorentzian peak on top of the broad spontaneous-emission pedestal is not decisive for laser operation.

The simulation results in Figs. 1, 2 and 3 are for , a value which will be difficult to realize in an OLED. In fact, the value has been realized in one of our OLEDs [START_REF] Ouirimi | Threshold estimation of an organic laser diode using a rate-equation model validated experimentally with a microcavity OLED submitted to nanosecond electrical pulses[END_REF]. Therefore, we show in Fig. 4 some spectra obtained by simulation for with and at the times and . Fig. 5 shows the spectra for . Since the threshold for short-pulse lasing in this case is and for cw lasing nonexistent, the Lorentzian peaks of stimulated emission clearly visible in Figs. 4, In Fig. 6 some effects of detuning are shown for the same parameter values as in Fig. 5. It is clearly seen that detuning of the cavity resonant wavelength away from the top of the emission spectrum leads to stronger stimulated emission at the red side flank rather than at the blue side. This is clearly the result of the stronger reabsorption for detuning to the blue side of the luminescence spectrum. So far, the simulations pertain to the OLED operating on the host-only material Alq3. Next, we have applied the theory to a microcavity OLED operating on the dopant DCM within the host Alq3, with parameters 

Experimental results and comparison with simulation

Optical spectra were measured for the light emitted by optically pumped DFB cavities filled with DCM as emitting medium with a concentration of 2% in Alq3 as the host medium. The emitting layer deposited on the DFB grating is pumped with a tripled Nd-Yag laser (Teem Photonics ) with pulse duration of and repetition rate of via a microscope objective resulting in a spot size estimated to in diameter. The spot of detection was in diameter spatially separated from the pumping spot and tangent to it. The collected light was sent to a spectrometer (FLAME-T-VIS-NIR-ES with resolution and analysed in the wavelength range ]). The optical spectrum was acquired by integrating over .

Figure 8 presents in different colours the measured spectra for three DFB cavities with estimated -factor on the same wafer under optical pump excitation of . Only two of them show clear stimulated-emission peaks, i.e., those tuned at and . These spectra were measured with a resolution spectrometer, but a resolution spectrometer reveals that the stimulated-emission peaks are in fact several multimode peaks, with a free spectral range of (not shown). It is seen that the To simulate spectra that can be compared with the observed ones, we consider bias excitation of duration and integrate our simulated spectra over time from to . We also take the rather large value of for the spontaneous emission factor and a reduced cavity factor . This mimics the spectral measurement of the optically pumped micro-OLED in Fig. 8. The simulation results are shown in Figs. 9 and 10. In Fig. 9, time-averaged spectra for the cavity tuned at at the maximum emission wavelength), show the evolution well below laser threshold ( ) to well above threshold ( ). The laser threshold for this wavelength based on the onset of clamping is around .

The six peaks in Fig. 10 show the time-averaged spectra at for different cavity wavelengths for , and , respectively. For each the corresponding simulated threshold for lasing is indicated as well. These results demonstrate the reabsorption-induced gain asymmetry. Despite the pronounced sharp peaks on top of the spontaneous-emission shoulder, the cases depicted do not represent laser operation. The cases and are at laser threshold; the other cases are well below ) or somewhat below threshold ( , Two spectra in Fig. 10, i.e., at and compare qualitatively well with the spectra in Fig. 8 at and respectively, except for the much narrower width than in Fig. 8. This is due to the multi-mode nature of the measured peak, not considered in the simulation. Finally, in Fig. 11 we show the FWHM linewidth and the total emitted photons as functions of the applied bias voltage. These data are based on the simulated time averaged spectra over On increasing the averaging time interval, the number of total emitted photons decreases inversely proportional to the time interval, while the FWHM linewidth is The threshold for short-pulse lasing is around . The linewidth drops steadily from the cold-cavity value at to at threshold to saturate at above threshold. From on, the further narrowing of the instantaneous linewidth during the lasing pulse lasts such a short time, that it does not lead to noticeable further narrowing of the averaged spectrum, hence the saturation. Above 180V we ran in numerical problems, because of the sub-nanosecond nature of the intense laser pulse. This may be due to an overestimated value for the Poole-Frenkel threshold voltage [START_REF] Lenstra | Ultra-Short Optical Pulse Generation in Micro OLEDs and the Perspective of Lasing[END_REF]16]. . The threshold for lasing is around , the cavity quality factor , and .

Discussion and conclusion

We have developed a simple theory for the time evolution on the nanosecond time scale of the optical power spectrum emitted by a micro-OLED, that can be helpful to decide whether the system exhibits (amplified) spontaneous emission or laser operation. Here, the criterion for lasing is the occurrence of clamping of the emitting singlet exciton density. Due to tripletinduced singlet quenching, the threshold for CW-lasing is within feasible reach only for highquality cavities and high pumping conditions. However, our analysis shows that under feasible laser operation can occur only during the first nanosecond after electrical excitation. This sub-nanosecond lasing is not directly detectable using a conventional spectrometer where the spectrum is acquired by collecting photons over a macroscopic time interval. One finding is that the very presence in the optical spectrum of a narrow Lorentzian on top of a spontaneous-emission pedestal is no guarantee for observed laser operation. Another finding is that the laser threshold need not necessarily exhibit a typical kink, but is rather smeared out over a certain relatively large bias-voltage interval [ ]. Finally, above threshold, the characteristic linewidth narrowing saturates at a value that is rather independent of the length of the integration time interval. Finally it is found that, due to reabsorption by the singlet excitons, the highest gain is not obtained for tuning the cavity resonance at the maximum of the emission spectrum, but when it is detuned to the red side.

If data are available for photon absorption processes, notably spectra and cross sections for triplet and polaron absorption, these losses can be accounted for in our theory (see equation ( 3)). Since these data are not available, the corresponding absorption process have been disregarded in our theory. In any case, such losses lead to decrease of the effective quality factor of the cavity and as a consequence to the increase of bias threshold voltage, but the qualitative picture will not change.

Apart from the spectra in [START_REF] Sandanayaka | Indication of current-injection lasing from an organic semiconductor[END_REF], no experimental data for electrically pumped organic diode lasers are reported. Therefore, we have applied our simple theory to experimental observations on an optically pumped organic laser diode and found qualitative agreement, even though the exciton dynamics in case of optical pumping is less complicated than for electrical pumping, especially due to less triplet-induced quenching of the singlet excitons [START_REF] Gärtner | Organic Laser Diodes: Modelling and Simulation Ingenieurs[END_REF]. In any case, the good agreement of our simulated results with the optically pumped case leads us to speculate on an interpretation of the findings by Sandanayaka et al [START_REF] Sandanayaka | Indication of current-injection lasing from an organic semiconductor[END_REF], the only presumed observation of organic-diode laser operation so far.

The two main features reported in [START_REF] Sandanayaka | Indication of current-injection lasing from an organic semiconductor[END_REF] are the typical threshold kink behavior of the output power and the reduced linewidth saturation above threshold by a factor to . In our simulation (see Fig. 11), we found a rather gradual threshold behavior with the linewidth saturating above threshold at , i.e., a factor of reduction. Comparing our findings here presented with the reported observation in [START_REF] Sandanayaka | Indication of current-injection lasing from an organic semiconductor[END_REF], it may very well be that in [START_REF] Sandanayaka | Indication of current-injection lasing from an organic semiconductor[END_REF] the time interval of lasing is longer than in our simulation (and possibly not short compared to the integration time). In [START_REF] Sandanayaka | Indication of current-injection lasing from an organic semiconductor[END_REF], the emitting molecule is BsB-Cz, in which the singlet-triplet absorption rate is 2 orders of magnitude smaller than for DCM [START_REF] Ouirimi | Threshold estimation of an organic laser diode using a rate-equation model validated experimentally with a microcavity OLED submitted to nanosecond electrical pulses[END_REF], implying less singlet quenching and thus extended lasing time interval. Our simulations indicate that in such cases the kink becomes more pronounced, without affecting the FWHM. This could also explain the relatively large linewidth of the OSLD-5 laser device at which was reported [START_REF] Sandanayaka | Indication of current-injection lasing from an organic semiconductor[END_REF]. The DFB cavity associated with this laser had a lower quality factor than other cavities and therefore it is possible that the laser effect took place for a much shorter time than the global duration of the electrical excitation pulse. Other phenomena (spontaneous emission and amplified spontaneous emission) have thus contributed, increasing the FWHM of OSLD-5. In the case of laser cavities with a low quality factor, the lasing effect, if it occurs, may also be completely masked in a broad emission spectrum if wide electrical pulses are used.

The simple theory of spectral evolution for an organic diode laser here presented gives insight into the signature of laser operation in such device. Measurement of the photon output dynamics with picosecond resolution is necessary to experimentally check the prediction that laser operation occurs in nanosecond or even shorter pulses.

Figure 1 :

 1 Figure 1: Development of the spectral features vs. bias voltage. The threshold for cw-lasing occurs at the middle of the position of the S-bend, i.e.,. Shown are of and (in ), respectively, for . In this simulation, the bias voltage was linearly increased from 0 to 100 Volt by linearly increasing the time from 0 to 1000 ns. For the system has not reached (quasi-)steady state and the narrow structure at is a numerical artifact.

Figure 2 :

 2 Figure 2: Spectral developments vs. time for the case of Fig. 1. The bias voltage is switched on at . In a), b) and c), respectively, , corresponding to far below, around and well-above the threshold for cw-lasing. It is seen that below the cw laser threshold, pulsed lasing occurs during initial approach to stationarity, i.e., during in a) and in b). discontinuity around threshold, the curves in Fig. 1 can be used as a quick indication for the steady-state behavior of the laser versus bias voltage. In Fig. 2 the development of the observed spectra for the case of Fig. 1 at three different bias voltages are displayed, one well below (a), one around (b), and one well above (c) the cwlaser threshold. A remarkable phenomenon visible in (a) and (b) is the occurrence of laser operation during several nanoseconds directly after the voltage is switched on and before

Figure 3

 3 Figure 3 Total spectrum for the case of Fig. 2a ( ) with at three different times as indicated in the left-hand inset. The vertical scale is logarithmic. The sharp Lorentzian peak of stimulated emission in the cavity stands on a broad spontaneous-emission pedestal. A zoom of the peak area is presented in the right-hand inset, as indicated.

  5 and 6 are no indications for lasing.

Figure 4 :

 4 Figure 4: Total spectrum for the case ( ) at three different times and , as indicated in the inset. The vertical scale is linear. The Lorentzian peaks of (weak) stimulated emission in the cavity stand on the broad spontaneous-emission pedestal.

Figure 5 :

 5 Figure 5: Total spectrum for the case ( ) at three different times and , as indicated in the inset. The vertical scale is linear. Both the Lorentzian peaks and the pedestals have substantially increased compared to Fig. 4.

Figure 6 :

 6 Figure 6: Same as Fig.5, but for detuned cavity wavelengths. In the left window ; in the window to the right . Due to reabsorption, stimulated emission is smaller at the blue side than for the same detuning to the right side of the emission profile.

Figure 7 :

 7 Figure 7: Evolutions of the instantaneous spectrum for DCM, . Clockwise, starting upper left, , no lasing;

Figure 8 :

 8 Figure 8: Observed spectra under optical pump excitation.

Figure 9 :

 9 Figure 9: Time-averaged spectra for the cavity ( ) tuned at at the maximum emission wavelength), showing the evolution from well below laser threshold ( ) to well above threshold ). The laser threshold for this wavelength is around . Above threshold, short-pulse lasing occurs for . The small inset boxes indicate the bias voltage and the FWHM linewidth in . The cavity quality factor , and .

Figure 10 :

 10 Figure 10: Simulated time-averaged spectra each at bias for six different cavity wavelengths, displayed on top of each other. For each case the FWHM linewidth of the corresponding Lorentzian peak and threshold bias voltage is given. The cavity quality factor , and .

Figure 11 :

 11 Figure 11: Simulated emitted photon number (right scale) and FWHM linewidth of the peak in the optical spectrum (left scale) after averaging over . The threshold for lasing is around , the cavity quality factor ,
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