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High Performance Planar Microcavity Organic Semiconductor Lasers Based on Thermally Evaporated Top Distributed Bragg Reflector

High performance organic semiconductor lasers (OSLs), especially those under current injection, have been sought for decades due to their potentially great applications in the fields such as spectroscopy, displays, medical devices, and optical interconnection. The design and fabrication of high-quality resonators is a prerequisite for high performance OSLs. In case of planar microcavities, the fabrication process of top distributed Bragg reflectors (DBRs) usually requires electron beam evaporation or manual lamination on top of organic thin-film layers, which can lead to issues including degradation of the organic materials, large-scale non-uniformity, and difficulties for current-injection. Here, we report a non-destructive way of fabricating a top DBR by thermal evaporation. The top DBR based on thermally evaporated alternative TeO x /LiF stacks show low morphological roughness, high process tolerance, and high reflectivity. Moreover, the deposition process causes negligible damage to the organic thin-film layers underneath. With the combination of a conventional e-beam evaporated bottom DBR, a high performance planar microcavity OSL with a low threshold of 1.7 μJ cm -2 , emission linewidth of 0.24 nm, and angular divergence <3° have been successfully achieved under Nitrogen laser pumping.

Similar performance, with a high Gaussian beam quality comparable with that of an ideal diffraction-limited beam, was also obtained under diode pumping, showing the potential of this technique for building compact and cost-effective organic lasers with good beam quality. Our result will open a promising route for future high performance microcavity optoelectronic devices, especially for laser devices under current-injection.

INTRODUCTION

Organic semiconductor lasers (OSLs) have gained wide attention as promising low-cost, color-tunable, and flexible laser sources in the past decades. [1][2][3] The design and fabrication of a high quality resonators is a prerequisite for high performance OSLs. Distributed feedback (DFB) gratings [4][5][6][7][8][9] and planar microcavities [10][11][12][13][14][15] are the two most widely adopted resonators for OSLs. Recently, indication of lasing-behavior from a current injection OSL diode (OSLD) has been reported with a thin-film device architecture incorporating a DFB grating. 16 DFB OSLs have many advantages such as large gain volume, low threshold, and easy fabrication. However, they have also several drawbacks such as poor beam quality (e.g., a fan shaped beam), and large fluctuation in organic thin film layers as a result of the periodic grating structures. 6,16 In contrast, planar microcavities, or organic vertical cavity surface-emitting lasers (OVCSELs) 1 consist of two closely parallel highly reflective distributed Bragg reflectors (DBRs) formed by stacking alternative dielectrics. In spite of the short cavity and low roundtrip gain, the OVCSELs exhibit good output beam quality, ultra-compactness, and ease for integration. Generally, DBR mirrors are fabricated by sputtering, plasma enhanced chemical vapor deposition (PECVD), or high temperature e-beam evaporation. 11,[17][18][19] These methods are adequate to fabricate DBRs with very high optical quality on top of inorganic crystals or glasses. However, if DBR mirrors are fabricated on top of soft materials such as organic semiconductors, colloidal quantum dots, and perovskites, significant damage can be caused, resulted in the deterioration of the device performances. 2,[19][20] Therefore, most OVCSELs are formed by either thermal evaporating a metal layer as the top mirror or manually laminating two prefabricated DBRs. 10,[21][22][23] Nevertheless, the former is not suitable for high quality microcavity due to its relatively low reflectance and large absorption loss from the metal layer, while for the latter, the issues such as device uniformity, large-scale integration, as well as compatibility with current-injection type lasers are not easy to be addressed.

Alternatively, methods such as thermal evaporation, solution process, and low temperature e-beam evaporation have been developed. 20,[24][25][26][27][28] DBRs fabricated by these methods show both high reflectivity and good uniformity. More attractively, these methods are believed to be less destructive to organic thin-film layers. However, so far, there are only few works that demonstrate organic lasing based on these methods and the lasing thresholds of these devices are still very high. 20,[27][28] In this work, we demonstrate that a high quality top DBR mirror can be obtained by using thermal evaporation with the all fabrication process compatibility with organic gain layers. OVCSELs with ultra-low threshold, narrow emission, and good directionality have been successfully achieved. Not only these features were obtained under nitrogen laser pumping but also they were conserved under diode-pumping which allowed a much more compact/cost-effective device architecture.

RESULT AND DISCUSSION

The schematic diagram of the OVCSEL is shown in Figure 1a. A stack of 15.5 pairs of TiO 2 /SiO 2 was used as the bottom DBR, which was fabricated by conventional high temperature e-beam evaporation with an assisted end-Hall ion source. 29 For the gain layer (~110 nm), we chose 4,4′-bis[(N-carbazole)styryl]biphenyl (BSBCz, Figure 1b), as this material has shown ultra-low thresholds, quasi-CW lasing, and recently the first indication of electrical pumping in DFB resonators. 6,16 Here, BSBCz was used as a dopant (6 wt.%) in a 4,4′-bis(N-carbazolyl)-1,1′-biphenyl (CBP, Figure 1b) host. As for the top DBR, we chose TeO x /LiF with a layer thickness of λ c /4n (λ c is the central wavelength, n is the refractive index) due to the high refractive index difference and negligible absorption in the visible region (Figure S1). Also, the evaporation temperatures for TeO x and LiF are appreciably low of 733 ℃ and 848 ℃, respectively, rendering them suitable for thermal evaporation 24,26 We first examined the morphology of the top DBR. Figure S2 shows that the TeO x film has very smooth morphology with a root mean square (RMS) roughness of only 0.51 nm, while that for the LiF film shows appreciably higher roughness with the RMS of 2.69 nm. The surface of the top DBR (Figure 1c) has a reduced RMS roughness (1.26 nm) compared to that of the LiF film, which can be attributed to the filling effect by the smaller TeO x particles since both TeO x and LiF have particulate morphology. It is noticed that the base pressure of the chamber has negligible impact on the film morphology (Figure S3). This indicates a high tolerance for the thermal evaporation process in contrast to other methods such as PECVD and e-beam evaporation which usually require accurate control of the atmosphere and pressure.

The low morphology roughness is important for reducing the light scattering and diffraction loss, thus guaranteeing a high-quality resonator. [START_REF] Benoit | The Physics of Semiconductor Microcavities[END_REF] The roughness of the as-fabricated top DBR is comparable to that in literature. 17 Next, we investigated the influence of the top DBR evaporation process on the gain material. A TeO x (60 nm) layer was deposited onto a BSBCz:CBP layer (100 nm) and the photoluminescence quantum yield (PLQY) was examined. As shown in Figure 1d, the BSBCz:CBP layers both with and without TeO x layer show high PLQYs (>90%), indicating that the deposition of TeO x has negligible influence on the organic layer beneath. In contrast, Rajendran et al. 19 had reported a top DBR fabricated by a sputtering method, where the PLQY of the organic layer dropped significantly from ~90% to 34%. It is also reported that by inserting a protective layer such as LiF 2 or poly(methyl methacrylate) (PMMA), [START_REF] Chen | [END_REF] it is possible to maintain high PLQY, however, the insulating protective layer prevents the device from being useful for current injection. To make a better comparison, we also examined the BSBCz:CBP layer covered by a room temperature e-beam evaporated TiO 2 film (60 nm). TiO 2 films both without (TiO 2 -a) and with (TiO 2 -b) an end-Hall ion source were prepared. As shown in Figure 1d, for the TiO 2 -a sample, the PLQY severely drops to around 13%, which evidently demonstrates the damage of the e-beam process. The TiO 2 -b sample exhibits even lower PLQY (~11%). These results clearly show that the thermally evaporated top DBR in this work is highly compatible with organic gain materials.

Figure S4a

presents the transmittance of a 7.5 pairs top DBR. It has a stopband from 440 nm to 530 nm which well covers the PL of BSBCz:CBP. The measured transmittance agrees well with the calculated one using the transfer matrix method, [START_REF] Forget | Organic Solid-State Lasers[END_REF] and shows a high reflectance (~99.4%) within the stopband. Increasing the stack from 7.5 pairs to 10.5 pairs leads to a higher reflectance of ~99.8% (Figure S4b). One can expect even higher reflectance by further increasing the number of pairs which are useful in improving the optical confinement and lowering the optical loss of OVCSELs. 33 The inset of Figure 2b shows the log-log plot of the emission intensity, where a typical S-shape curve could be found, from which the spontaneous emission factor β with a value of ~0.04 can be estimated. [34][35] This value is fairly large compared with typical values (10 -4 ~10 -3 ) in literatures 12,[START_REF] Chen | [END_REF]36 which is favorable for reducing device threshold. 37 This large value of β can be attributed to the short cavity since β is inversely proportional to the cavity length. 34 For excitation above the threshold, we can clearly observe a far field circular spot on a paper screen placed 10 cm away from the device (inset of Figure 2a). The diameter of the spot is ~10 mm, indicating a divergence angle of less than 3° (Figure 2e), which is among the best results for microcavity devices ever reported (Table S1).

We can estimate the beam quality factor (M²), to be of the order of = 20, where w is the beam radius onto the OVCSEL (~150 µm), and the far-field angular half-width at half maximum (~2.2°). This value is higher than an ideal diffraction-limited beam having M² = 1, which could be attributed to multi-transverse modes under large area pumping. As will be shown later, the value can be dramatically reduced by using pump beam with smaller area. We also recorded the far field pattern (inset of Figure 2f), whose intensity profile can be well fitted by Gaussian function in both x and y directions (Table S2). It is well known that a high quality (Q) factor enables a low lasing threshold as a result of the reduced optical loss and improved spontaneous emission factor. [37][38][39] The FWHM linewidth for the device with a 10.5 pairs top DBR shows a narrower value of 0.24 nm (Figure 2d) compared to that for the device with a 7.5 pairs top DBR.

Although the laser linewidth does not enable a direct measurement of Q-factor, the reduced linewidth and most importantly the reduced threshold indicate an improved Q-factor upon increasing the pairs of the top DBR. Indeed, a single longitudinal mode lasing occurs at 460.2nm (Figure 2c), which is very close to that for the device with a 7.5 pairs top DBR, however, with much lower threshold of only 1.7 μJcm -2 (Figure 2d). The log-log plot (inset of Figure 2d) of the emission intensity also shows a clear S-shape curve, suggesting an improved β of ~0.07. The reduction of the threshold is consistent with the improved Q-factor and β. This threshold is not only orders of magnitude lower among the OVCSELs with non-destructive top DBRs, but also comparable with other reported high performance planar microcavity devices (Table S1). It should be noted that the incorporation of different gain materials from the literatures can also lead to the low threshold, which, however is beyond the scope of current work. The device with a 10.5 pairs top DBR also shows a good directionality with a divergence angle even smaller than that for the device with a 7.5 pairs top DBR (Figure 2e).

Encouraged by the low threshold under sub-ns short pulse pumping, we further investigated the lasing performance of the device with the 10.5 pairs top DBR mirror under diode pumping, which represents an important step towards the elaboration of very compact devices at low cost that can be more directly transferrable for applications. As diode laser pulses used for organic microcavity laser pumping have usually pulse widths that are longer than the radiative lifetime (a few ns or longer), diode-pumping experiments also enable testing the ability of materials to work in the long-pulse regime, which is important in the quest for continuous-wave (CW) lasing.

In order to fully characterize both spatial and spectral lasing properties, we used here a Fourier-plane imaging system (Figure S5) to collect the angle-resolved emission spectrum. Unlike the nitrogen laser excitation at 337 nm, excitons are generated on BSBCz molecules directly when excited under 405 nm, and do not result from a

Förster energy transfer from the host due to the weak negligible absorption of CBP at 405 nm (Figure S6). Therefore, we increased the film thickness to 600 nm to guarantee effective absorption while maintaining a low doping concentration of BSBCz to keep a high value of the PLQY. Figure 3a shows the angle-resolved PL spectrum for the device. As the result of increased thickness, two emission modes centered at 483.8 nm and 536.8 nm emerge.

Both modes show the characteristic parabolic dispersion as the viewing angle increases. The mode at 483.8 nm is well located within the high gain spectrum range of BSBCz:CBP and is the only mode to show lasing. A Lorentz fit of this mode (below lasing threshold emission at 0°) gives a Q-factor for the passive cavity as high as 2230 (Figure 3b). This high Q-factor is partly explained here by the longer cavity. which is an evidence of photon lasing in a weak coupling regime. As pump duration is much longer than radiative lifetime, threshold is now reported in the units of pump power density [START_REF] Forget | Organic Solid-State Lasers[END_REF] and is about 18 kW/cm² (Figure 3e). Very few studies have reported the thresholds under long-pulse pumping for OVCSELs, 28,40 but threshold has comparable order of magnitude [START_REF] Chen | [END_REF]40 or is even smaller than those of some reports. 22,28 As shown in Figure 3e, the angular linewidth shows dramatic narrowing after threshold, a value that is in accordance with previous results under sub-ns pumping.

From the far-field divergence (~2.8°) and beam radius (~16 µm) on sample, we can also estimate the M² to be of the order of 2.5 which is now comparable with that of an ideal diffraction-limited beam having M² = 1, indicating a very good beam quality for the OVCSEL, comparable to those reported in inorganic low-power VCSELs 41 with in addition a beam showing good circularity as shown in Figure 3f (inset). 

CONCLUSION

Figure 1

 1 Figure 1 (a) Schematic of the OVCSEL, (b) Molecular structures of the gain material, (c) Atomic force microscope images for a TeO x -ended 7.5 pairs of the top DBR, (d) PLQY for BSBCz:CBP films with different capping layers.

Figure 2

 2 Figure 2 presents the lasing characteristics of the devices with 7.5 pairs and 10.5
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 2 Figure 2 Lasing characteristics of OVCSELs: (a), (b), and (c), (d) are emission spectra, emission intensity, and FWHM linewidth under different pump fluences for the device with a 7.5 pairs top DBR and with a 10.5 pairs top DBR, respectively. Insets of (a), (c), and (b), (d) are the far field pattern and the emission intensity in log-log plot, respectively, (e) Divergence angle of the OVCSELs, (f) Far field pattern for the device with 10.5 pairs top DBR and the Gaussian fit for the intensity profiles in two perpendicular directions.

Figure 3

 3 Figure 3 (a) Angular and spectral PL colormap recorded below the threshold for the OVCSEL capped with the 10.5-pairs DBR top mirror. Two resonant peaks with parabolic dispersion are visible inside the PL bandwidth in free space (shown on the right), (b) Zoom on the 483.8 nm peak superimposed with a Lorentzian fit. (c) -(d) Evolution of the parabolic map of (a) over lasing threshold. (e) Laser intensity (left) and angular FWHM (right) versus pump power density, (f) Spectrally-integrated laser emission @ 60 kW/cm² versus angle. Inset: beam profile at a distance ~30 cm from the device.

Figure

  Figure3c-f shows lasing properties of the device. In Figure3c-d, two spectral

  In summary, we have demonstrated that thermal evaporation is an attractive technique to fabricate high quality top DBR mirrors for OVCSELs. The OVCSEL realized in this work shows a low threshold (1.7 µJ/cm² under Nitrogen laser pulsed pumping, kW/cm² under long-pulse diode-pumping), low angular divergence < 3° and good beam quality (M² = 2.5). This highlights the merits of this non-destructive and high process-tolerant technique. Our results may open a promising route for future high performance microcavity optoelectronic devices, especially for laser devices based on soft materials.See the supplementary material for the details of the experiments, optical properties and morphology for the films and devices, summary of device performance in literatures, Gaussian fitting of the far field pattern, and Fourier-imaging setup.
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