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Color-Tunable Low-Threshold Amplified Spontaneous Emission from Yellow to Near-Infrared (NIR) Based on Donor-Spacer-Acceptor-Spacer-Donor Linear Dyes

 By comparison, either for ASE or lasing thresholds, the progress of gain molecules spanning from the yellow region to the NIR region with smaller energy gaps largely still lags behind. 17 ABSTRACT: Organic lasing dyes possessing small energy gaps commonly suffer from high thresholds, because of energy-gap law, which induces detrimental nonradiative relaxation. Herein, molecules based on alternating donor (D) and acceptor (A) moieties are described. Those linear molecules are built with a spacer between D and A, with a general formula of D-spacer-A-spacer-D. Such modification of the A core allows one to obtain color-tunable lasing properties from yellow to near-infrared (NIR). Into more details, triphenylamine (TPA) is selected as the D moiety, while benzothiadiazole (BTD) and benzo[1,2-c:4,5c′]bis[1,2,5]thiadiazole (BBTD) with strong electron-withdrawing capability, are chosen as A cores for yellow ((TPA-F)2BTD) and NIR ((TPA-F)2BBTD) lasing dyes, respectively. Both dyes exhibit high photoluminescence quantum yields (PLQYs) and fast fluorescence radiative rate. The corresponding amplified spontaneous emission (ASE) thresholds of yellow and NIR dyes are as low as 0.5 and 3.8 μJ cm -2 in the solution-processing blending films, with wavelength peaks at 550 and 811 nm, respectively. In those dyes, the long alkyl chains appended on the fluorene conjugated spacer guarantee the high solubility and prevent aggregation. Consequently, for (TPA-F)2BTD, the neat film allows one to reach PLQYs as high as 90%, with a low ASE threshold (1.9 μJ cm -2 ) and good stability. Therefore, such promising molecular design allows the realization of colortunable ASE or lasing dyes with very low thresholds.

Scheme 1. Synthesis Pathway of (TPA-F)2BTD and (TPA-F)2BBTD

Recently, π-conjugated oligomers, incorporating diverse donor (D) or acceptor (A) moieties, are widely exploited to accelerate the development of yellow to NIR lasing performance. [START_REF] Kuehne | Organic Lasers: Recent Developments on Materials, Device Geometries, and Fabrication Techniques[END_REF][START_REF] Mamada | F8BT Oligomers for Organic Solid-State Lasers[END_REF] For instance, chromophores including fluorene-based dendrimers, [START_REF] Kanibolotsky | Star-Shaped Pi-Conjugated Oligomers and Their Applications in Organic Electronics and Photonics[END_REF] star-shaped macromolecules, [START_REF] Lai | Enhanced Solid-State Luminescence and Low-Threshold Lasing from Starburst Macromolecular Materials[END_REF] and boron difluoride curcuminoid-based thermally activated delayed fluorescence (TADF) derivatives, [START_REF] D'aleo | Boron Difluoride Hemicurcuminoid as an Efficient Far Red to Near-Infrared Emitter: Toward OLEDs and Laser Dyes[END_REF][START_REF] Kim | High-Efficiency Electroluminescence and Amplified Spontaneous Emission from a Thermally Activated Delayed Fluorescent Near-Infrared Emitter[END_REF][START_REF] Ye | Near-Infrared Electroluminescence and Low Threshold Amplified Spontaneous Emission above 800 nm from a Thermally Activated Delayed Fluorescent Emitter[END_REF] have been reported for their outstanding properties. Larger molecules could effectively circumvent the close packing-induced self-quenching and crystallization effect in small molecules. In addition, they also possess the same good solubility and optimal film morphology as polymers, to some extent. [START_REF] Qian | H-Shaped Oligofluorenes for Highly Air-Stable and Low-Threshold Non-Doped Deep Blue Lasing[END_REF] However, promising ASE or lasing thresholds are rarely obtained, because of the energy-gap law effect, which is an intrinsic limit inducing a decrease in the fluorescence radiative process due to faster nonradiative processes. This phenomenon occurs because of the large vibrational overlap between a ground state and an excited state as the energy gap between the lowest excited state and the ground state becomes small. [START_REF] Ye | Near-Infrared Electroluminescence and Low Threshold Amplified Spontaneous Emission above 800 nm from a Thermally Activated Delayed Fluorescent Emitter[END_REF][START_REF] Qian | Simple and Efficient Near-Infrared Organic Chromophores for Light-Emitting Diodes with Single Electroluminescent Emission above 1000 nm[END_REF][START_REF] Yao | Highly Efficient Near-Infrared Organic Light-Emitting Diode Based on a Butterfly-Shaped Donor-Acceptor Chromophore with Strong Solid-State Fluorescence and a Large Proportion of Radiative Excitons[END_REF][START_REF] Han | Highly Efficient Solid-State Near-Infrared Emitting Material Based on Triphenylamine and Diphenylfumaronitrile with an EQE of 2.58% in Nondoped Organic Light-Emitting Diode[END_REF][START_REF] Thompson | Amplified Spontaneous Emission in the Near Infrared from a Dye-Doped Polymer Thin Film[END_REF] This energy-gap law decreases the fluorescence quantum yields, not lecular aggregation. [START_REF] Amarasinghe | High-Gain Broadband Solid-State Optical Amplifier Using a Semiconducting Copolymer[END_REF] The acceptor BBTD exhibits stronger electron-accepting capability than BTD, which is due to the extension of the heterocyclic core. Thus, the intensive D/A interplay further leads to a much smaller energy gap, thereby resulting in the large red-shift from yellow to NIR emission. [START_REF] Parker | Heteroannulated Acceptors Based on Benzothiadiazole[END_REF] Benefiting from the reasonable HOMO/LUMO wavefunction distribution in the molecular skeleton, the noticeable wavefunction overlap guarantees the locally excited (LE) feature with large oscillator strength (f ≈ 0.5). Such large absorption is accompanied by a fluorescence decay time of ∼4 ns and high photoluminescence quantum yields (PLQYs). Thus, the optimal ASE thresholds for yellow and NIR emissions are 0.5 and 3.8 μJ cm -2 , respectively, which are among the lowest ones in the corresponding spectral region, to the best of our knowledge. Here, it can be highlighted that the substitution of the fluorene unit with long alkyl chains allows solution process and effectively prevents the aggregation-caused quenching (ACQ) in the neat film, yielding the high PLQY of 90% in a neat film of (TPA-F)2BTD, with an ASE threshold as low as 1.9 μJ cm -2 . Moreover, the solution-processed OLEDs of only obstructing the output of high external quantum efficiency (EQE) in OLEDs, but also excluding the possibility to trigger ASE or lasing. [START_REF] Ho | Red to Near-Infrared Organometallic Phosphorescent Dyes for OLED Applications[END_REF][START_REF] Zampetti | Near-Infrared (NIR) Organic Light-Emitting Diodes (OLEDs): Challenges and Opportunities[END_REF][START_REF] Kim | Recent Progress of Highly Efficient Red and Near-Infrared Thermally Activated Delayed Fluorescent Emitters[END_REF] Moreover, since the fast fluorescence radiative decay rate is one of the important parameters to realize ASE and lasing, the precise manipulation of D/A motifs, as well as the conjugated organic spacer, determines the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energy and their overlap. Such HOMO/LUMO overlap, in contrast with charge transfer (CT) states, yields a hybrid locally excited charge transfer (HLCT) transition. Therefore, such HLCT induces large oscillator strength (f). [START_REF] Usta | A Hybridized Local and Charge Transfer Excited State for Solution-Processed Non-Doped Green Electroluminescence Based on Oligo(P-Phenyleneethynylene)[END_REF][START_REF] Li | Employing ∼100% Excitons in OLEDs by Utilizing a Fluorescent Molecule with Hybridized Local and Charge-Transfer Excited State[END_REF][START_REF] Li | A Hybridized Local and Charge-Transfer Excited State for Highly Efficient Fluorescent OLEDs: Molecular Design, Spectral Character, and Full Exciton Utilization[END_REF] Herein, we designed and synthesized linear molecules where the skeleton can be described as D-spacer-A-spacer-D for promising lasing dyes. In more details, the donor moiety is chosen to be triphenylamine (TPA), while the fluorene-based spacers connect D units to the A core. [START_REF] Zhen | Fluorene-Based Oligomers for Highly Efficient and Stable Organic Blue-Light-Emitting Diodes[END_REF] Benzothiadiazole (BTD) and benzo [1,2-c:4,5c′]bis [1,2,5]thiadiazole (BBTD) are selected as acceptors for yellow ((TPA-F)2BTD) and NIR ((TPA-F)2BBTD) lasing dyes, respectively. It is to be highlighted that long alkyl chains are appended on the fluorene units in order to provide high solubility to realize solution-process devices, as well as for suppressing intermo-(TPA-F)2BTD and (TPA-F)2BBTD are fabricated and show EQEs of 2.6% and 0.56% for yellow and NIR emission, respectively, with only slight efficiency rolloff under hundreds of current density injections.

RESULTS AND DISCUSSION

The two dyes were synthesized in a similar manner using divergent synthesis, as described in Scheme 1. A Suzuki crosscoupling reaction was realized on the 4,7-dibromo-2,1,3benzothiadiazole (or 4,8-dibromobenzo[1,2-c:4,5-c′]bis-[1,2,5]thiadiazole) with the corresponding fluorene boronic ester (acid) counterpart in the presence of Pd(PPh3)4 yielding 1a and 1b with reasonable yields (ca. 75% and 48%, respectively). 1a (1b) was further brominated using bromine in chloroform to give 2a (2b). Subsequently, the dibromo derivatives 2a (2b) were capped by using a Suzuki crosscoupling reaction with 4-(diphenylamino)phenylboronic acid yielding (TPA-F)2BTD, 3a ((TPA-F)2BBTD, 3b). The specific molecular structures are presented in Figure 1a and 1b. It is noted that 3a and 3b are constructed on the same molecular structure, with 3b containing an extending heterocyclic core. The change from BTD to BBTD reinforces the acceptor strength of the molecule for reducing the energy gap.

Cyclic voltammetry (CV) was performed to determine the HOMO and LUMO of the two dyes. Those two dyes show one-electron oxidation and reduction waves that can be attributed to the donor TPA end-group and BTD/BBTD acceptors, respectively. As shown in Figure S1 in the Supporting Information, the oxidation and reduction potentials were found to be +0.69 V and -1.62 V, respectively, for (TPA-F)2BTD) and +0.71 V and -0.89 V, respectively, for (TPA-F)2BBTD (vs. ferrocene/ferrocenium). Such values of oxidation and reduction yield HOMO and LUMO energies of ca. -5.71 eV (-5.72 eV) and -2.94 eV (-3.71 eV), respectively, providing an electrochemical gap value of 2.77 eV (2.01 eV). The value of the HOMO was in good agreement with the workfunction measurements (AC-3), yielding values of -5.79 and -5.82 eV in Figure S2 in the Supporting Information, for (TPA-F)2BTD and (TPA-F)2BBTD, respectively (see Table S1 in the Supporting Information).

The density functional theory (DFT) and time-dependent density functional theory (TD-DFT) methods were performed to better clarify the geometrical difference and HOMO/ LUMO wavefunction distribution of the molecules. As expected (see Figures 1c and1d), the LUMO wavefunctions are mainly concentrated on the BTD and BBTD acceptor moieties, and partially extend to fluorene spacers; whereas HOMO wavefunctions are distributed along with the Dspacer (fluorene)-A molecular skeleton. Such HOMO/ LUMO distribution is characteristic of a CT transition describing the S1-S0 transition. Herein, from Figure S3 in the Supporting Information, it is worth noting that the long alkyl chain does not participate in the orbital wavefunction distribution; thus, neither the influence of HOMO/LUMO distribution nor derivation of calculated values occurs within these two models. To some extent, either acceptor moieties or a fluorene bridge is involved in HOMO distribution for fulfilling the substantial HOMO/LUMO overlap, which leads to a large oscillator strength (f) for the CT state, promoting high S1-S0 transition dipole moment and, thus, the fastradiative rate (kf). Thus, the corresponding f for (TPA-F)2BTD and (TPA-F)2BBTD are 0.5521 and 0.4986, respectively, which is a prerequisite for triggering ASE or lasing activities. The calculated data are summarized in Table S2 in the Supporting Information. To characterize the two dyes, photophysical studies were performed in solution. To that end, solvatochromism was recorded in eight different solvents with different polarities, which allowed us to have information on the excited-state dipole moment (the ground-state dipole moment was obtained from DFT calculation). As can be seen, while the absorption spectra do not move dramatically (Figure S4 in the Supporting Information), a red-shift of the emission of (TPA-F)2BTD and (TPA-F)2BBTD is observed when increasing the polarity of the solvent.

Such behavior is typical for CT state emission, revealing that the ground-state dipole moment is rather low, compared to the excited-state dipole moment, which is displayed in Figures S5 and S6 in the Supporting Information. In addition, the PLQYs were measured in those solutions, showing rather high values. The photophysical properties of (TPA-F)2BTD and (TPA-F)2BBTD were subsequently estimated at various doping ratios in a 4,4′-bis(N-carbazolyl)-1,10-biphenyl (CBP) matrix. Herein, CBP is employed as the host material, because of its relatively good solubility in chloroform, and the well-matched HOMO and LUMO wavefunctions with (TPA-F)2BTD and (TPA-F)2BBTD, according to the aforementioned estimated implies that there might be little concentration-dependent quenching or intermolecular aggregation in those large molecules for (TPA-F)2BTD. With an increase in the doping concentrations, the wavelength maximum exhibits a slight redshift. Subsequently, the PLQYs are correspondingly estimated under the excitation of 340 nm radiation. Note that all PLQY values can almost exceed 90%. In detail, the unity PLQY values (close to 100%) can be achieved at low doping ratios; even in the neat film, there is only a slight reduction of the PLQY to 90%, which further confirms that a fluorene spacer with long alkyl chains in the D-spacer-A-spacer-D molecule not only reinforces the solubility, but also facilitates large steric hindrance to effectively reduce the intermolecular interaction and aggregation.

To gain further insights into those dyes, sub-nanosecond transient PL decay measurements were conducted for various doping ratios, and the fast fluorescence decay lifetime (τ) ranges from 3.7 ns to 4.5 ns, with respect to doping ratios. According to the equation kf = ϕ HOMO/LUMO values, which have been plotted in Figure S7 and Table S4 in the Supporting Information. Thus, effective host-guest energy transfer can be undertaken, as well as preventing the potential host-guest exciplex formation. Also, as shown in Figure S8 in the Supporting Information, the overlap between the fluorescence from CBP and the absorbance of the (TPA-F)2BTD dye guarantees the very effective host-guest Forster energy transfer (FRET) characteristics. Note that a less efficient FRET is observed in the case of (TPA-F)2BBTD, which is due to the red-shift of the absorption of the latter dye. The solution-processed blended films were fabricated by spin-coating onto the fused silica substrates, and the corresponding film thickness is controlled to be ∼150 nm. For yellow lasing dye (TPA-F)2BTD, the doping ratios span values from 3 wt % to 100 wt % (in other words, the host-free neat film). From the absorbance in Figures 2a and2d, the intensity of CT transition band between 400 nm and 500 nm of (TPA-F)2BTD is gradually enhanced with an increase in the doping ratios. The consistent maximum absorption peak of the CT transition at ∼444 nm, as well as no obvious broadening or shifting of this transition within such a large doping region, where kf denotes fluorescence radiative rate constant and ϕ is PLQY, all of the samples with various doping ratios possess high fluorescence radiative rate constants for blended films, indicating the potential to realize efficient ASE or lasing performance.

Alternatively, as a derivative of (TPA-F)2BTD, (TPA-F)2BBTD is distinguished by extending the heterocyclic core from BTD to BBTD to enhance the acceptor strength for realizing NIR emission. Thus, from Figure 2d, the PL emission of (TPA-F)2BBTD showed a red-shift from the yellow region to the NIR regime at ∼800 nm, and the fluorescence decay lifetime is also as fast as the same range as that of (TPA-F)2BTD (from 3.8 ns to 4.7 ns). Nevertheless, because of the promoting nonradiative decay governed by the energy-gap law effect, the PLQYs decrease to 50% at a doping ratio of 3 wt %, but the corresponding kf can maintain a value of 1 × 10 8 s -1 . All of the data are summarized in Table 1.

Both chromophores were further evaluated as emitting dyes in OLEDs. The specific device configuration is as follows: ITO (100 nm)/poly(3,4-ethylenedioxythi ophene) -poly -(styrenesulfonate) (PEDOT:PSS, 50 nm)/CBP:emitters (x wt %, Y nm)/2,2′,2′′-(1,3,5-benzinetriyl)-tris(1-phenyl-1H- benzimidazole) (TPBi, 65 nm)/LiF (0.8 nm)/Al (100 nm), where hole-injection/transporting layer PEDOT:PSS and lightemitting layers are solution-processed, x represents the quantity of dye compared to the quantity of CBP, and Y is the thickness of the EML. In parallel, the electron-transporting layer (TPBi), electron-injection layer (LiF), and cathode (Al) are respectively thermally evaporated. The corresponding energy-level alignment of device is schematically plotted in Figure S7 in the Supporting Information. For yellow emitter (TPA-F)2BTD, the light-emitting layer based on CBP host matrix is doped with different concentrations from 3 wt % to 40 wt %, whose PLQYs of the corresponding solid-state films are close to unity (near or exceeding 95%). The device performance is presented in Figure S9 in the Supporting Information. With respect to the PL spectra, the EL spectra undergo slight red-shift from 555 nm to 566 nm when Einstein constant (B) is proportional to kf, according to the following relationships: increasing the doping concentrations. For the 3 wt % blend (PLQY = 99%), the thickness of the light-emitting layer is optimized from 60 nm to 150 nm by tuning the rotation rate 3a, it is evident that the turn-on voltage of OLEDs, Y1 (∼150 nm), Y2 (∼110 nm), Y3 (∼80 nm) and Y4 (∼60 nm) with different thickness, decreases from 7.5 V to 5.0 V by reducing the thickness of the light-emitting layers. Only a slight shift of the emission wavelength maximum is observed. The full-width at halfmaximum (FWHM) of the EL spectrum is slightly narrowing, where c is the velocity of light, h represents Planck's constant, ν is the transition frequency, and Eth is the threshold. Herein, we notice that the host-free system also exhibits promising threshold values, which benefits from the effective limitation of intermolecular aggregation and reduced concentration quenching. The optimal threshold of only 1.9 μJ cm -2 is obtained in Figure 5, as well as Figure S12 in the Supporting which might be ascribed to the cavity effect when tuning the thickness. As presented in the EQE to current density (EQE-J) curve in Figure 3c, the highest EQE values of yellow emission increase from 1.65% to 2.67% when decreasing the thickness. Note that all of the devices could tolerate high current injection, and there is slight efficiency rolloff within the variation of current density injection in several orders. For instance, the EQE of Y4 at 100 mA cm -2 is maintained 1.70%, which is one of the inevitable prerequisites to further torch the terminal solution-processed electrical-pumping organic laser diodes.

B ∝ c 3 k ; 8πhν E th ∝ 1 B during spin coating. As displayed in Figure
For the NIR emitter (TPA-F)2BBTD, the device configuration, similar to that of (TPA-F)2BTD, is also applied in the solution-processed device, which is also blended in the CBP host with different concentration ratios from 1 wt % to 6 wt %. More specifically, the turn-on voltage of NIR devices is ∼8.0 V. In parallel, as displayed in Figure 3e, the corresponding EL spectra are located in the NIR regime, the spectral maximum shows red-shifting from 775 nm to 790 nm, with increasing the doping ratios (thickness of the emission layer is ∼100 nm). Because of the limitations of the energy-gap law effect, the highest EQE is 0.56%, and all of the devices enable stable efficiency output with slight rolloff under large current density (over 100 mA cm -2 ).

According to the large oscillator strength, as well as relatively fast radiative decay rate (kf) of (TPA-F)2BTD and (TPA-F)2BBTD, ASE of those dyes was performed with the hope to obtain an efficient threshold. In the context of the yellow lasing dye (TPA-F)2BTD, concentration-dependent ASE properties from 3 wt % to 100 wt % were systematically evaluated in CBP blend films. The thickness for all of the prepared samples is >150 nm, which is thick enough to realize the edge waveguide. Figure 4a shows the output emission intensity from the edge at different excitation densities. It is evident that all of the studied samples (at different doping ratios) show ASE. ASE can be well-evidenced by changes in the intensity slope and a narrowing of the emission (i.e., decrease of the FWHM) up to a value of <10 nm. Also, from Figure 4b, the ASE peaks are adjustable from 549 nm to 573 nm (yellow) by changing the concentration ratios. All the detailed ASE characteristics are plotted in Figure S10 in the Supporting Information. By optimizing the thickness of the emission layer from 140 nm to 370 nm at 3 wt % (Figure S11 in the Supporting Information), the lowest threshold is obtained with a film 260 nm thick. Then, calculated from Figures 4a and4d, the ASE thresholds increase from 0.5 μJ cm -2 to 2.7 μJ cm -2 , when going from 3 wt % to 100 wt % in CBP. To the best of our knowledge, the yellow ASE threshold of ∼0.5 μJ cm -2 is among the lowest values reported in the literature. The trend of ASE threshold change is almost consistent with the radiative rate (kf = 2.7 × 10 8 s -1 for 3 wt %, 2.0 × 10 8 s -1 for 100 wt %), because the Information. Moreover, because of the elimination of host (CBP), crystallization and degradation will be easier to prevent during the operation or preserving under the ambient conditions. Therefore, as presented in Figure S13 in the Supporting Information, the host-free system can tolerate moisture and oxygen under high nitrogen-lasing power excitation, and the ASE intensity can maintain almost 90% of the intensity of the original one after 1 h under ambient conditions, which is slightly more stable than the blend film.

For NIR emitter (TPA-F)2BBTD, although the kf (∼1.0 × 10 8 s -1 ) is slightly lower than that of (TPA-F)2BTD, which can be explained by the lower PLQYs, NIR ASE with low thresholds (going from 3.8 μJ cm -2 to 7.9 μJ cm -2 following the conditions) still occur under wide-range doping concentrations from 1 wt % to 40 wt % with decreasing slope efficiency in Figure 6, as well as Figure S15 in the Supporting Information (the corresponding thickness of samples is ∼200 nm). The sharp narrowing FWHMs of NIR spectra at <10 nm are plotted in Figure 6b, with all of the ASE maxima exceeding 780 nm (passing by 796 to 847 nm). It is highlighted that the lowest NIR ASE threshold (3.8 μJ cm -2 ) is realized with a doping ratio of 3 wt % in CBP (Figure 6c).

In summary, donor-spacer-acceptor-spacer-donor molecules have been successfully synthesized and characterized as a promising lasing candidate. The HOMO/LUMO wavefunction distribution was changed by tuning the acceptor character of the dye. Large oscillator strength, was obtained by tuning the relative D/A interplay strength to realize colortunable organic lasing properties. Herein, triphenylamine (TPA) was selected as the donor moiety located at the end sites of molecules, benzothiadiazole (BTD) and benzo[1,2c:4,5c′]bis [1,2,5]thiadiazole (BBTD) with stronger electronaffinity capability, were chosen as acceptors for yellow ((TPA-F)2BTD) and NIR ((TPA-F)2BBTD) lasing dyes, respectively. In particular, the spacer bridge connected between donor and acceptor moieties was composed of a fluorene core, and the long alkyl chains were involved to guarantee the good solubility and prevention of intermolecular aggregation caused quenching in the case of (TPA-F)2BTD. Therefore, the large radiative rates promoted the ASE properties over a large range of doping concentrations. Among them, very low ASE thresholds of 0.5 μJ cm -2 for yellow emission (λpeak ≈ 550 nm) and 3.8 μJ cm -2 for NIR emission (λpeak ≈ 811 nm) were achieved, which are among the lowest ASE thresholds in the corresponding emission region to the best of our knowledge. Meanwhile, benefiting from a suppressed ACQ effect, low ASE threshold of 1.9 μJ cm -2 for pure (TPA-F)2BTD films with good stability under ambient conditions has been realized. Overall, the insights from our molecular design provide a promising strategy to realize large-range color-tunable organic lasing properties for dyes with small energy gaps.
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Figure 1 .

 1 Figure 1. (a, b) Molecular structures of yellow lasing dye (TPA-F)2BTD (panel (a)) and near-infrared (NIR) lasing dye (TPA-F)2BBTD (panel (b)); (c, d) the LUMO wavefunction distribution of (TPA-F)2BTD with ethyl chain (panel (c)) and (TPA-F)2BBTD with ethyl chain (panel (d)); and (e, f) the calculated HOMO wavefunction distribution of (TPA-F)2BTD with ethyl chain (panel (e)) and (TPA-F)2BBTD with ethyl chain (panel (f)).

Figure 2 .

 2 Figure 2. (a) Absorption and photoluminescence (PL) spectra of (TPA-F)2BTD in CBP with different doping ratios; (b) PLQY values of (TPA-F)2BTD in CBP with different doping ratios; (c) time-dependent transient PL in nanosecond scale of blending films; (d) absorption and photoluminescence (PL) spectra of (TPA-F)2BBTD with different doping ratios; (e) PLQY values of (TPA-F)2BBTD with different doping ratios; and (f) time-dependent transient PL in nanosecond scale of blending films.

Figure 3 .

 3 Figure 3. OLED performance of (TPA-F)2BTD-based yellow emission with different light-emitting layer thicknesses and (TPA-F)2BBTDbased NIR emission with different doping ratios: (a, d) current density versus driving voltage (J-V) curve of (TPA-F)2BTD (panel (a)) and (TPA-F)2BBTD (panel (d)); (b, e) electroluminescence (EL) spectra of (TPA-F)2BTD (panel (b)) and (TPA-F)2BBTD (panel (e)); and (c, f) EQE versus current density characteristics of (TPA-F)2BTD (panel (c)) and (TPA-F)2BBTD (panel (f)).

Figure 4 .

 4 Figure 4. ASE performance of (TPA-F)2BTD-based solid-state films with different doping ratios in a CBP host matrix: (a) output waveguide emission intensity versus excitation power relationship; (b) ASE spectra of all of the films above the thresholds; (c) narrowing of FWHMs versus excitation power; and (d) relationship of fluorescence radiative rate constant with the ASE threshold, as a function of the doping ratios.

Figure 5 .

 5 Figure 5. Optimization of thickness for ASE performance of (TPA-F)2BTD-based solid-state neat films: (a) the relationship between ASE thresholds versus film thickness; (b) PL intensity and FWHMs versus excitation power of optimal thickness; and (c) ASE spectra of optimal sample with the change in excitation power.

Figure 6 .

 6 Figure 6. ASE performance of (TPA-F)2BBTD-based solid-state films with different doping ratios in a CBP host matrix: (a) output waveguide emission intensity versus excitation power relationship; (b) ASE spectra of all the films above the thresholds; and (c) evolution of the ASE thresholds with different doping ratios under a thickness of ∼200 nm.

Table 1 .

 1 Summary of Photophysical Properties and ASE Performance of (TPA-F)2BTD and (TPA-F)2BBTD

	τ

a Measured in doped film with different doping ratios in the CBP host.
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