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Realizing Near-Infrared Laser Dyes through a Shift in Excited-State Absorption
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OSLDs that cover the full color range is highly demanded to expand the possibilities of their applications. In particular, the OSLDs with near-infrared (NIR) emission from 700 to 900 nm are expected to be useful for biosensing and healthcare applications through utilization of the first biological window. [13] The longer wavelengths are also advantageous in fabricating distributed feedback (DFB) resonator structures for lasers because the higher grating periods make the microfabrication processes much easier. [14] The development of laser dyes that emit light in the NIR region is crucial for the realization of NIR-OSLDs. Thus, it is necessary to have excellent NIR laser dyes that exhibit low thresholds of amplified spontaneous emission (ASE) (E ASE ) and lasing (E th Laser ), which are derived from In recent years, organic semiconductor laser diodes (OSLDs) have been intensively researched in terms of materials devel-opment, mechanism investigation, and device optimization. [1][2][3][4][5][6][7][8][9][10][11] OSLDs benefit from advantages such as wavelength tun-ability, mechanical flexibility, and simple fabrication processes compared with conventional inorganic semiconductor lasers, and therefore show great promise in future optoelectronics. Although the first demonstration of a blue OSLD under current excitation was reported based on a blue laser material known as 4,4-bis([N-carbazole]styryl)biphenyl, [12] the development of th a high fluorescence radiative rate constant (kr), that is, a high photoluminescence (PL) quantum yield (PL) and short fluorescence lifetime (f). Nevertheless, the PL of NIR emitters are generally very low because of the increase of nonradiative transitions described by the well-established energy gap law. [15,16] Therefore, organic materials showing laser emission in the NIR region are quite limited, especially with regard to low thresholds. Therefore, the development of materials as well as device architectures has remained a challenge. [17] Another issue is a deeper photophysical understanding of the loss mechanisms

The development of near-infrared (NIR) light sources has attracted much interest due to their attractive applications, such as biosensing and light detection and ranging (LiDAR). In particular, organic semiconductor laser diodes with NIR emission are emerging as a next generation technology. However, organic NIR emitters have generally suffered from a low quantum yield, which has resulted in only a few examples of organic solid-state NIR lasers. In this study, the authors demonstrate a highly efficient NIR emitter based on a boron difluoride curcuminoid structure, which shows a high photoluminescence (PL) quantum yield (PL) at 700 nm and a high fluorescence radiative rate constant in a solid-state film. Amplified spontaneous emission and lasing occurs at 800 nm with very low thresholds. The large redshift of the stimulated emission is attributed to the transition from the lowest excited state to the different vibrational levels of the ground state owing to the overlap between the emission and the singlet-singlet excited-state absorption. th th organic light-emitting diode (OLED) performance based on the thermally activated delayed fluorescence (TADF) properties. [18] TPABC has a charge transfer (CT) character based on the donoracceptor interactions between the triphenylamine (TPA) rings and a boron difluoride curcuminoid (BC), which results in emission at longer wavelengths. Although the compounds having a strong CT nature tend to show a broad emission and relatively long f because of large structural relaxations in their excited states, TPABC shows a high PL of 50% and high kr of 10 8 s 1 in a host/guest system because the very small bond length alternation in the core structure leads to small relaxation energies. [18] However, a further redshift of emission wavelength to the NIR region is still needed for practical use in some appli-cations, such as photo-thermal therapy at 808 nm and light detection and ranging (LiDAR) sensors at 905 nm. [19][20][21] The great potential of the BC core in NIR emitters suggests that the synthesis of such compounds for applications should be made possible through an appropriate molecular design.

In this study, we have developed a new NIR laser material, TPATBC, as shown in Figure 1. The introduction of thiophene rings enhances the donor-acceptor interaction and elongates the -conjugation length, which results in a narrowing of the HOMO-LUMO energy gap. A systematic screening of the molecular structures using theoretical calculations reveals a further increase of the oscillator strength even without an ester group at the meso position, while a small difference for the excited state energies is expected (see Methods S1, Table S1, and Figure S1, Supporting Information). Therefore, TPATBC is expected to be a highly efficient NIR emitter that shows low E ASE and E Laser at longer wavelengths. Indeed, we have th th achieved one of the best E Laser at above 800 nm from organic based on the intrinsic properties of the materials. In particular, the excited-state absorption that induces exciton quenching is known to be of considerable importance for lasers. However, excited-state absorption has been infrequently investigated for new materials, which has prevented detailed discussions on the relationship between the molecular structures and lasing properties. So far, one of the best NIR organic laser materials is TPABC (Figure 1), which shows a low E ASE of 7 J cm 2 at 700 nm. Note that TPABC has been reported to show an excellent laser dyes owing to an unexpected shift of the spectrum.

Figure 1 shows the ultraviolet-visible (UV-vis) absorption and PL spectra of TPABC and TPATBC in toluene and 2 wt% doped films in poly(9,9-dioctylfluorene-co-benzothiaziazole) (F8BT) as a host prepared by spin-coating. F8BT was chosen owing to the low triplet excited state energy with the idea to effectively remove the emitter's triplet excitons under electrical excitation in our future study. [22] The characterization of the films in other conditions can be found in the Figure S2 and Table S2, Supporting Information. Although the TADF activity from TPATBC was also confirmed for the 6 wt% doped film of 4,4-bis(carbazol-9-yl)biphenyl (CBP) with a higher triplet energy as a host, the PL was relatively low at 15%, suggesting a limited potential for use in OLEDs. The emission maxima of TPATBC were redshifted by 40 nm relative to those of TPABC in both solution and the blend films as was expected based on the theoretical calculations (Table 1). The calculated HOMO-LUMO energies were 5.42/2.92 eV for TPABC and 5.29/3.09 eV for TPATBC, respectively, which clearly revealed the narrower energy gap for TPATBC. In addition to the shift of the HOMO level, the LUMO level also became deeper with the introduction of thiophene, which was attributed to the increase of the conjugation length. Nevertheless, both compounds showed some overlap between the HOMO and LUMO (Figure S1, Supporting Information), which was assigned as a hybridized local-CT excited state. [23] The molar extinction coefficients () at the absorption peaks were 1.7  10 5 and 1.1  10 5 L mol 1 cm 1 for TPABC and TPATBC, respectively. The decrease of  in th th Table 1. Optical properties of TPABC and TPATBC in toluene and 2 wt% F8BT blend films.

the amplification by stimulated emission in the organic waveguide layers. The E ASE was determined by the intersection of the two slopes of the output intensity emitted from the edge

Compound Condition abs  PL  b) f kr k nr PL
of the films as a function of pumping intensity. The TPABC film showed an E ASE as low as 9.9 J cm 2 at the ASE peak th wavelength of 715 nm. On the other hand, ASE was observed at 807 nm for the TPATBC film. Although the E ASE th a) 2 wt% doped in F8BT; b) Absolute PL quantum yield evaluated using an integrating sphere.

TPATBC, indicating a smaller overlap of the HOMO-LUMO wave functions, was also related to the CT properties that were more pronounced in TPATBC. In addition, the full width at half maximum (FWHM) of the absorption was 82 nm (2480 cm 1 ) and 130 nm (3850 cm 1 ) for TPABC and TPATBC, respectively. Moreover, the absorption and emission solvatochromisms were studied and TPATBC showed larger redshifts in polar solvents (Figure S3, Supporting Information). According to the Lippert-Mataga plot (Methods S2 and Figure S4, Supporting Information), [24][25][26][27] the change of the dipole moments between the S0 and S1 states (ge) was calculated to be ge  9 and 12 D for TPABC and TPATBC, respectively, suggesting a slightly higher intramolecular CT nature with the thiophene rings.

The blend films of TPABC and TPATBC in F8BT exhibited a PL of 82% and 45%, respectively, which were not so different from those in solution. The lower PL for TPATBC was attributed to the increase of nonradiative decay with a shifting of the spectrum to longer wavelength. However, kr of TPABC and TPATBC were comparable as 3.7  10 8 and 3.5  10 8 s 1 , respectively (Table 1). These high values, especially at the emission maximum at 700 nm for TPATBC, were outstanding and proved the great potential to be a good laser material. The nonradiative rate constants (knr) of TPATBC were slightly larger than those of TPABC because of the smaller energy gap for TPATBC, while keeping it in small values compared to other NIR emitters, probably due to the negligible degree of bond length alternation and the relatively large HOMO-LUMO overlaps as mentioned above. [18] Here, we note that, as mentioned above, no TADF was found in the blend films owing to the low lying triplet excited state of F8BT.

The ASE properties of the spin-coated blend films were investigated using a nitrogen laser (excitation wavelength: 337 nm). Figure 2 shows the ASE measurements of 2 wt% TPABC and TPATBC doped in a F8BT host layer at different excitation energies. Thin-film morphologies measured by atomic force microscopy (AFM) revealed smooth flat surfaces for these films (Figure S5, Supporting Information). Since the emitters showed strong aggregation-caused quenching, the lower doping concentrations showed a lower E ASE , which were in accordance with the highest PL values. Note that the further decrease of the doping concentration such as 1 wt% caused insufficient energy transfer from the host. The results for different doping concentrations in the CBP and F8BT blend films are shown in the Table S3 and Figures S6 andS7, Supporting Information. At the high pumping intensities, a clear spectral line narrowing was observed, which was attributed to 13.3 J cm 2 was slightly higher than that of TPABC, the ASE wavelength of TPATBC was significantly redshifted (90 nm) from that of TPABC, which was considerably larger than that expected from their PL spectra.

In general, ASE occurs near the peak of the stimulated emission cross section (em) spectra with a large optical gain, which can be calculated using the following equation: em   4 Ef()/ (8n 2 []cf), where  is the wavelength, Ef() is the fluorescence quantum distribution, n() is the refractive index of the active gain layer, c is the speed of light, and f is the fluorescence lifetime. [28,29] However, the existence of reabsorption from the ground and excited states is known to affect the optical amplification properties. Therefore, the effective em (emeff) is defined by the following equation: emeff  em  (ABS  SS  TT), where ABS is the absorption cross section of the ground-state species, SS is the singlet-singlet excitedstate absorption cross section, and TT is the triplet-triplet excited-state absorption cross section. [30,31] The stimulated emission is inhibited when the em spectrum largely overlaps with the absorption spectra. Since the excitation light source was short-pulse driven, the effect of TT seemed to be negligible in this case. Here, the excited-state absorption spectra were measured using transient absorption spectroscopy (TAS) to verify the loss behavior for ASE. Note that solution samples in toluene were used for the TAS measurements, because clear signals could not be obtained for the film samples. However, the energy difference of S0S1 in toluene and the F8BT film was 0.1 eV, which afforded sufficient data for the comparison of the overlap. Both of the TPABC and TPATBC compounds showed a clear singlet-singlet excited-state absorption band that decayed with a lifetime of 2.1 and 1.6 ns, respectively (Figure S8, Supporting Information). The spectra of em, normalized ASE, ground state absorption, and singlet-singlet excited-state absorption are shown in Figure 3. The singletsinglet absorption peaks for these compounds showed a relatively large difference in energy (0.35 eV), which should be discussed with the oscillator strengths for each excitation of S1 to Sn in addition to the excited state levels, and the future successive study on detailed theoretical calculations is required to clarify the mechanism. For TPABC, the singlet-singlet absorption appeared at around 600 nm and there was almost no overlap with the emission spectrum. In addition, the ground state absorption seemed to cause only a small loss. Therefore, the ASE of TPABC clearly occurred close to the peak of em (696 nm) based on the large optical gain window. In contrast, the ASE of TPATBC was apparently redshifted from the peak of em (735 nm). Although the degree of the overlap between the emission spectra and ground state absorption spectra was similar for TPABC and TPATBC, the singlet-singlet absorption of TPATBC largely overlapped with the peak of the emission spectrum. Therefore, the net gain for the transition to the lower vibrational level of the ground state became small. However, of the transition to the higher vibrational levels was still capable of light amplification because of the intrinsically high em. There have been some reports of a dual ASE behavior (referred to as 0-1 and 0-2 transitions) for compounds with reabsorption by the excited-state species, [32][33][34][35] which shows similarities with the case of TPATBC, but the loss in TPATBC was more strongly related to a specific region. Overall, the large redshift of the ASE can be ascribed to the shift of the vibrational levels in lasing. This behavior would be useful to shift the emission wavelength a very low ASE threshold of 13.3 J cm 2 and a laser threshold of 6.2 J cm 2 in the NIR region. These results were attributed to the high kr by the extension of -conjugation and the precise control of donor-acceptor interactions. The further redshifts for ASE and laser wavelengths compared with the PL maxima arose from the lower energy transition at the next vibration level owing to the large overlap with the singlet-singlet excited-state absorption. As a result, an excellent NIR laser material with emission above 800 nm is found. We believe that our results without largely sacrificing E ASE .
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are useful to design a laser emission at longer wavelengths, th Finally, the laser characteristics of the thin films of TPATBC were investigated using the second-order DFB resonators by optical pumping (see Experimental Section). The DFB grating architectures were designed according to the Bragg equation mBragg  2neffm, where m is the order of diffraction, Bragg is the Bragg wavelength, neff is the effective refractive index of the gain medium, and  is the period of the grating. The secondorder (m  2) grating provides an efficient vertical outcoupling of the laser radiation. Therefore, the grating periods (2) of 500, 510, and 520 nm, where the neff for the organic layers was 1.60, were chosen. Note that these grating periods are much larger than those for blue emitters, which is an advantage in terms of microfabrication processes. An organic layer was deposited on the DFB substrate and covered with a fluoropolymer (CYTOP) layer and a sapphire cover glass slide with a high thermal conductivity to minimize degradation (Figure 4). The lowest threshold was obtained for the DFB with a 2 of 520 nm, where a sharp laser emission with a FWHM of 0.2 nm was observed at 807 nm above the E Laser of 6.2 J cm 2 . This is one of the best values for laser thresholds with an emission above 800 nm. [36][37][38][39] Although the DFB with a smaller 2 shifted the laser wavelength to higher energy, which agrees with the Bragg equation, the lasing thresholds were significantly increased especially for NIR laser dyes.

Experimental Section

General: Commercially available materials were used as received from the suppliers. Details of instruments and physical measurements are given in Table S4, Supporting Information.

Synthesis and Characterizations: The synthetic procedures and characterization data for each material are described in Methods S3 and Figure S10, Supporting Information, and the NMR, HRMS and IR spectra are given in Data S1-S3, respectively, Supporting Information.

FILM SAMPLE Preparation: The thin films were prepared by spin-coating from chloroform solution (concentration: 15 mg mL 1 , 1800 rpm, 30 s at rt) onto precleaned fused silica substrates for optical measurements, onto non-fluorescent glass for ASE measurements, and onto 70-nm-SiO2/glass substrate with a DFB pattern for laser measurements. The thicknesses of these films were measured using a Dektak profilometer and found to be typically around 200 nm.

AMPLIFIED Spontaneous EMISSION MEASUREMENT: The glass substrate with a thin film was cut at the center of the substrate along the scratch line. The measurements were performed in a nitrogen atmosphere to prevent degradation of the organic layer. N2 gas lasers KEN2020 (Usho Optical Systems Co., Ltd., excitation wavelength at 337 nm, pulse width of 0.8 ns, frequency of 10 Hz) and NL100 (Stanford Research Systems, excitation wavelength at 337 nm, pulse width of 3.5 ns, frequency of (E Laser of 86 J cm 2 at 780 nm for a  of 500 nm and E Laser 20 Hz) were used for the excitation. The laser light was focused into th 2 th of 8.9 J cm 2 at 793 nm for a 2 of 510 nm, as shown in Figure S9, Supporting Information). This behavior also proved the presence of a large loss channel at 800 nm. In this work, an advanced laser molecule, TPATBC, was developed and fully characterized. The emission maximum and the ASE peak were redshifted by 40 and 90 nm relative to those of TPABC, respectively. In addition, TPATBC showed an area of 0.028 cm 2 using a slit and a cylindrical lens. The intensity of the excitation light was changed by using neutral density filters. The emission spectra from the edge of the sample depending on the excitation light intensity were measured using PMA12.

Distributed Feedback Laser MEASUREMENTS: The second-order DFB grating was fabricated by electron beam lithography and reactive ion etching on the SiO2. The laser characteristics of the thin film on the DFB lattice were investigated by optical pumping. Grating periods (2) of 500, 510, and 520 nm were chosen based on the Bragg condition. The organic layer was covered with CYTOP (CTL-809M in CT-solv 180 from AGC) and a sapphire glass to prevent degradation. An N2 gas laser NL100 was used for the excitation. The laser light was focused into an area of 0.00195 cm 2 .

Transient Absorption Spectroscopy MEASUREMENTS: The sample solutions were prepared in toluene at concentration of 1.0  10 5 M and used after deoxygenation with dry nitrogen gas. The YAG laser (355 nm) was used as a pump light, and the probe lamp was a xenon flash lamp.

Figure 1 .

 1 Figure 1. a) Chemical structures of TPABC and TPATBC. UV-vis absorption (dashed lines) and PL (solid lines) spectra for TPABC and TPATBC in b) toluene (1.0  10 5 M) and c) the blend films.

Figure 2 .

 2 Figure 2. Steady-state PL and ASE spectra of a) TPABC and c) TPATBC measured at different excitation energies. Output intensity and full width at half maximum (FWHM) values as a function of excitation energy for b) TPABC and d) TPATBC (Reproducibility was confirmed by measuring three samples, for which E ASE  14.1  0.8 J cm 2 ).

Figure 3 .Figure 4 .

 34 Figure 3. ASE, em, and ground state absorption spectra in a 2 wt% F8BT blend film, and singlet excited-state absorption in toluene for a) TPABC and b) TPATBC. The peak intensity of the em spectra was 3.1  10 16 and 2.1  10 16 cm 2 for TPABC and TPATBC, respectively. The peak intensity of the transient absorption spectra was 12.7 and 14.2 mOD for TPABC and TPATBC, respectively.

  

  8 s 1 ] [10 8 s 1 ]

	TPABC	In toluene	590	653	0.84	2.3	3.7	0.70
	TPATBC	In toluene	612	690	0.57	1.9	3.0	2.3
	TPABC	In blend film a)	600	685	0.82	2.2	3.7	0.82
	TPATBC	In blend film a)	640	724	0.45	1.3	3.5	4.2
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