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Abstract

:

A theoretical analysis is presented for a recently proposed high-speed µ-OLED optically pumped organic laser. We confirm that for this configuration, the laser threshold is reached at a lower current density than in the case of a direct-electrically pumped organic laser diode while generating pulses of order   15   n s   duration. With a validated model for the electrically pumped organic light-emitting diode (OLED), we simulate the generation of light pulses. This light is fed into the organic laser section, where it optically pumps the emitting organic medium. The full model includes field-enhanced Langevin recombination in the OLED, Stoke-shifted reabsorption in both the OLED and organic laser, and an optical cavity in the latter. We numerically demonstrate   2   G H z   modulation and conjecture the feasibility of   ~ 0.025   M b / s   data transmission with this device.
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1. Introduction


The successful operation of electrically pumped organic lasers diodes is severely challenged by bimolecular processes in the active region which together with polaron and triplet-induced light absorption lead to gain quenching and higher laser threshold [1]. To some extent, these problems were overcome using the special active material BsB-Cz by Sandanayaka et al. [2], but their demonstration of lasing left room for doubt as to the stability and yield of the device. An excellent introduction into organic lasers can be found in a paper by Samuel and Turnbull [3].



The recent paper by Yoshida et al. [4] demonstrates a new and successful way of separating the electrical injection and the generation of the laser light in one integrated device. In this way, the laser part of the device is optically pumped by the electroluminescence of the electrically pumped part. This has two advantages, namely the laser gain in the organic medium is not quenched by the excessively generated triplets typical of polaron recombination [5] and the laser light suffers less polaron and triplet absorption [1], so that the laser threshold will be easier to achieve. Moreover, by matching the refractive indices of the electroluminescence section and the active laser material section, the pump light can be transferred from the organic light-emitting diode (OLED) to the laser section with high efficiency [4].



In this paper, a dynamical model validated for an electrically pumped OLED [6,7], is extended to include the optical pumping of the organic-laser section. The electroluminescent light generated in the OLED section then excites the organic active molecules in the laser section, leading to the generation of singlet excitons necessary for lasing. The model includes field-enhanced Langevin recombination [8,9] in the OLED section, an optical cavity in the laser section [3] and Stokes-shifted reabsorption [10] in both sections.



The results confirm that in this configuration, the threshold for lasing in terms of the required cavity   Q  -factor can be significantly reduced compared to direct electrical pumping. Despite the optical pumping of the active region, triplet excitons are generated due to intersystem crossing (ISC) but at a much slower rate than in the case of direct electrical pumping. The triplet lifetime of   0.11   m s   will allow the pulsed laser to operate at   ~ 1   K H z   repetition rate. Moreover, modulations at   2   G H z   are numerically demonstrated, which may be favorable for 0.025 megabit optical data transmission. The length of the emitted laser pulses is on the order of   15   n s   but is ultimately limited by the triplet accumulation in the OLED [5]. Therefore, it seems to be very difficult to obtain Continues-Wave (CW) type emission and gigabit data transmission with this kind of device.




2. Model Description


We consider the combined OLED and laser configuration presented in [4] and sketched in Figure 1, where the upper part shows the OLED layer stack and the lower part the organic-laser layers with the coupling layer in between. The laser cavity defined by the substructured grating is indicated. The laser light (indicated green) travels back and forth horizontally. The substructured grating defines the cavity and provides the outcoupling of the light from the bottom. The electroluminescent light (indicated blue) generated in the OLED emitting layer is guided downwards to pump the laser gain medium (indicated green). Detailed information about the structural composition of the integrated structure can be found in [4].



2.1. OLED Model


The set of rate equations for the OLED is for the host-only organic gain material 2,7-Bis (9,9-spirobifluoren-2-yl)-9,9-spirobifluorene (TSBF) proposed in [4], with luminescence wavelength     λ   E 1     within the absorption spectrum of the laser gain medium. The evolutions of gain and photon generation are described in our current-driven model [7], extended by a model for the electrical circuit adopted from Ahmad et al [11]. In that model, the relation between the applied voltage     V   A     t     and the diode injection current     I   D     t     is given by


    I   D     t   =     V   A     t   −   V   D     t     /   R   S    



(1)




with     V   D     t     the voltage over the diode, satisfying


    d   d t     V   D     t   = [   V   A     t   − ( 1 +     R   S       R   L A Y E R     )   V   D     t   ] / (   R   S     C   D   )  



(2)




in which     R   S     and     R   L A Y E R     are respectively a series resistance and the resistance of the layer stack and     C   D     is the capacitance of the layer.



For a given applied voltage     V   A    , the corresponding injection current     I   D     given by (1) is input in the set of rate equations that characterize the emission of light from the OLED.     N   P 1     denotes the polaron density,     N   S 1     (    N   T 1    ) the density of singlet (triplet) excitons,     N   P H O 1     the photon density,     N   M O L 1     the density of host molecules,     N   01     the density of molecules in the ground state and     P   01     the ground-state fraction. The model equations then read (the small contributions of singlet-singlet absorption (SSA), triplet-triplet absorption (TTA), and triplet-polaron absorption (TPA), see [8], are neglected)


    d   d t     N   P 1   =     I   D     t     e A d   − γ   N   P 1   2     − κ   P 1     N   P 1   −   ξ   P 1     N   P 1     N   P H O 1   ;  



(3)






     d   d t     N   S 1   =   1   4   γ   N   P 1   2   −     κ   S 1   +   κ   I S C 1       N   S 1   −   2   κ   S P 1     N   P 1   N   S 1      −   ( ξ   E 1     N   S 1     −   ξ   A 1     N   01   )   N   P H O 1   ;   



(4)






    d   d t     N   T 1   =   3   4   γ   N   P 1   2   +   κ   I S C 1     N   S 1   −     κ   T 1   N   T 1   −     ξ   T A 1   N   T 1     N   P H O 1     ;  



(5)






     d   d t     N   P H O 1   =   Γ (   ξ   E 1     N   S 1   −   ξ   A 1     N   01   −     ξ   T A 1   N   T 1   −   2   ξ   P A 1   N   P 1   ) −   κ   C A V 1       N   P H O 1      +   β   s p 1     κ   S 1 R A D     N   S 1     



(6)







Conservation of the total number of molecules requires the ground-state density     N   01    :


    N   01    =    N   M O L 1   −   2 N   P 1   −   N   S 1   −   N   T 1   ;     P   01   =     N   01       N   M O L 1     ;  



(7)







In (3),   d   is the thickness and   A   the area of the active layer. In (3)–(5), the quantity   γ   is the Langevin recombination rate, given by


  γ = γ     V   D     =   γ   0       e      V   D   /   V   0       



(8)




where the exponential enhancement is due to the Poole–Frenkel effect in the polaron mobilities [8,9], with     V   0     the activation voltage [12].



The polarons recombine by Langevin recombination to form excitons, 25% of which are singlet     S   1     states and 75% triplet     T   1     states [6]. This is described by the usual rate Equations (3)–(5) for the polarons     N   P 1    , singlets     N   S 1     and triplets     N   T 1    . Equation (6) describes the generation of photons     N   P H O 1    , where it is noted that only the singlets emit light, while in addition to reabsorption by the singlets, the triplets and polarons absorb light as well.



It should be remarked that (3) and (4), strictly speaking, are correct only so long ground-state molecules are abundantly available for the generation of excitons by Langevin recombination, i.e., so long as     P   01      remains close to unity. This is, in fact, a shortcoming of Equations (4) and (5), since the creation of singlet and triplet excitons has not been subjected to the availability of ground-state molecules. This has been solved in an ad-hoc way in our previous models [7,13] by multiplying the polaron recombination source terms with the ground-state probability. This did guarantee the conservation of total molecules, but erroneously it allows the electrical current to flow even when recombination ceases due to vanishing ground-state probability. A new model solving this issue is under construction [14], but not yet ready for use.



The applied voltage switch-on at     t   1     and off at     t   2     is taken gradually and modeled as


    V   A     t   =   V   A 0   σ (   t −   t   1     ∆ t 1   ) σ (     t   2   − t   ∆ t 2   ) ,  



(9)




with   σ   the sigmoid function and     ∆ t   1,2     the durations of switching. A fraction     T   12     of the photons generated are coupled into the laser medium. Hence, this light serves as the pump for the organic laser.



All parameters are identified with their values in Table 1. Here, for many parameters, a reference is given to a publication from where this value was taken. For other parameters realistic estimates are given, whereas a few parameter values are chosen because the precise value is either irrelevant (in the sense that the main conclusions do not depend on that choice; some examples are     R   S   ,     R   L A Y E R   ,   A ,   ∆   t   1,2    ) or a non-zero value is needed (in the case of     κ   P 1    ) to prevent the occurrence of unphysical numerical results.




2.2. Laser Model


The model equations for the laser apply to the host-only organic gain material 4,4′-bis[(N-carbazole)styryl]biphenyl (BSB-Cz), with luminescence wavelength     λ   E 2   >   λ   E 1     and again, the small contributions of SSA and TTA are neglected. In the laser, no polarons are created; instead, singlets are created by the luminescent light from the OLED. The equations in the laser section then read


     d   d t     N   S 2   =   T   12       ξ   A 2 P E A K   N   02     N   P H O 1   −     κ   S 2   +   κ   I S C 2       N   S 2      −   ( ξ   E 2     N   S 2     −   ξ   A 2     N   02   )   N   P H O 2   ;   



(10)






    d   d t     N   T 2   =   κ   I S C 2     N   S 2   −     κ   T 2   N   T 2   −   ξ   T A 2       N   T 2     N   P H O 2          



(11)






     d   d t     N   P H O 2   = Γ     ξ   E 2     N   S 2   −   ξ   A 2     N   02   −     ξ   T A 2   N   T 2       N   P H O 2   −   κ   C A V 2     N   P H O 2      +   β   s p 2     κ   S 2 R A D     N   S 2     



(12)






    N   02    =    N   M O L 2   −   N   S 2   −   N   T 2   ;       P   02   =     N   02       N   M O L 2     ;    



(13)







Here,     N   S 2     is the singlet density in the laser active medium. These singlets are created by excitation from the ground state by absorption of photons from the OLED, see (9), where     T   12     is their fraction that reaches the laser active region. There is no direct generation of triplets in the laser gain region, but there is indirect generation by intersystem crossing (ISC), see (10). The generation of photon density in the laser cavity,     N   P H O 2    , is described in (11), where the first term on the right-hand side is the net stimulated emission, the second term is the cavity loss, and the last term is the spontaneous emission source term. The parameters for the laser section are identified with their values in Table 2.





3. Results


3.1. OLED Performance


Numerical results are obtained by integration of the rate Equations (2)–(6) using (1) and (8) under condition (7) with realistic parameter values as given in Table 1. The voltage is switched on at   t = 5   n s   and turned off at   t = 20   n s .   Figure 2 shows the diode voltage (blue), the resulting Langevin recombination rate   γ   (green), and the current density     J   D     (yellow). The overshoot of the current density directly after switch-on is a consequence of the capacitance loading. The evolution of the various variables that characterize the molecular properties of the emitting layer material in the OLED is shown in Figure 3. Here, we see that the photon density     N   P H O 1     (red curve) follows the singlet density     N   S 1     (yellow curve), that is, they have similar shapes, which indicates that the emitted light is predominantly spontaneous emission [13].



Note the peculiar behavior of the polarons in Figure 3 with the “ears” at the switch-on and switch-off positions. Here, it should be realized that the model rate equations do not account for the delay and after-effects associated with the finite mobility of charges, which will be most notable for the polarons. Therefore, the overshoot of     N   P 1     directly after switch-on and switch-off, should not be taken seriously, although they represent the formal solution of the rate equation. It can be seen by the inspection of the rate equations, that these details have no sizeable influence on the evolutions of     N   S 1     and     N   P H O 1    .



Note, also in Figure 3, that the triplet exciton density     N   T 1     (green curve) rises to a value of   1.32 ×   10   20       c m   − 3    , i.e., 13% of the total molecular density at   t = 20   n s  , or     P   01      starts deviating from unity noticeably. This means that we are approaching the edge of the applicability of (3) and (4), as stated just below (8) and therefore the applicability of our simulations is to electrical pulses not exceeding a length of   ~ 15   n s  .




3.2. Laser Performance


For the same case as in Figure 2, the time evolutions of the variables that characterize the molecular and light-emitting properties of the emitting layer in the laser section are shown in Figure 4. Here, the threshold value is     N   S 2 T H R    , which is what the singlets should have for lasing, i.e., see (12),


    N   S 2 T H R   =     ξ   A 2     N   02   +     ξ   T 2   N   T 2   +   κ   C A V 2   / Γ   /   ξ   E 2    



(14)




is indicated by the green curve. The linewidth   ∆ λ   of the emitted light, i.e.,


  ∆ λ =     λ   E 2   2     c   {   κ   C A V 2   + Γ     ξ   A 2     N   02   +     ξ   T 2   N   T 2   −   ξ   E 2     N   S 2     }  



(15)




is given by the purple curve. The clamping of     N   S 2     to its threshold value, as well as the substantial drop in linewidth are evidence of lasing taking place.



The strong line narrowing of the emitted laser light when passing the laser threshold is illustrated in Figure 5, for the same parameter setting as in Figure 2. The minimum linewidth drops from   7   n m   at     J   D   = 1.5   to   ~ 0.036   n m   at     J   D   = 5   k A   c m   − 2    . By inspection of Figure 5, the laser threshold is at   2.5   k A   c m   − 2    , which is confirmed by checking that the clamping of the singlets occurs from this value. This value is less than a factor ½ times the threshold if the organic laser had been electrically pumped, due to the substantial quenching of the gain by triplet excitons (see Figure 3). In the latter case, with the same cavity   Q  , the lasing threshold would be at   6.0   k A   c m   − 2    . Note that, according to (15), the gradual increase in stimulated emission enhances the effective cavity   Q  -factor, which leads to the gradual linewidth decrease on increasing current density.



At the threshold current, the peak photon density generated in the OLED amounts     N   P H O 1   = 1.4 ×   10   12       c m   − 3    . Taking into account the coupling factor     T   12   = 0.75  , this corresponds to a threshold optical pump intensity for the organic laser of     P   2 T H R   =   T   12       N   P H O 1   h   c   2       n   1     λ   E 1     ~   8.25   k W   c m   − 2    .



Finally, let us investigate to what extent this laser can be used for ultrafast optical communication. The modulation capability is illustrated by the simulation result shown in Figure 6. In this simulation, we replace the voltage     V   A 0     in (9) by


    V   A 0   ( t ) =   V   A 0   [ 1 + m   s i n   2 π f t   ] σ (   t −   t   1     ∆ t 1   ) σ (     t   2   − t   ∆ t 2   )  



(16)




where the modulation index   m < 1   and   f   is the modulation frequency.



The example in Figure 6 is for   m = 0.2  ,   f = 2   G H z   and the laser operates at     J   D   = 3.06   k A   c m   − 2    , i.e.,   ~    50% above the threshold. It clearly illustrates that   G H z   modulation in this pulsed-operating OLED-pumped organic laser is a promising feasibility for which experimental verification is most desirable. However, approximately 25 bits of information can be transmitted in one pulse of   25   n s   width. With an exciting pulse frequency of     10   3     H z  , we could achieve a data rate of   0.025   M b / s  . For ultra-fast communication, we really need the laser to operate in (quasi) CW, but for the OLED-pumped organic laser investigated here, this may not be feasible due to triplet accumulation at high electrical current in the OLED after a few tens of nanoseconds.



Table 3 summarizes the main numerical results obtained in this study.





4. Conclusions and Discussion


Electrically pumped organic laser diodes suffer from gain quenching due to the accumulation of triplet excitons, which are abundantly formed in the process of Langevin recombination [8]. This leads to high current-density threshold values. However, optically pumped organic lasers have only minor triplet generation, which led Yoshida et al [4] to successfully pump an organic laser diode with a built-in OLED, so as to separate the electrical part from the organic-laser section.



Inspired by the Yoshida paper [4], we simulated the operation of such an OLED-pumped organic laser on the basis of rate equations for the time evolution of various constituent variables of the gain and photon generations. With the organic gain material TSBF and laser gain material BsB-Cz, we numerically demonstrated pulsed laser emission of   10   to   15   n s    duration per pulse with threshold values on the order of   2.5   k A /   c m   2    . The parameters were taken from Ou et al [16]. This threshold-current value was derived for a cavity   Q = 500  , but can be smaller or larger when   Q   is larger or smaller, respectively. In the case of a direct electrically pumped organic laser with the same cavity   Q = 500  , we obtained a laser threshold at   ~ 6   k A   c m   − 2    .



The clamping of the density of light-emitting singlet excitons was numerically demonstrated when passing the threshold of lasing. Together with the line narrowing of the emitted laser light from the cavity-imposed linewidth (a few nm) well below the threshold to   < 0.02   n m   well above the threshold, these are features of lasing. The modulation capability of the laser was demonstrated numerically in Figure 6 and leads to the conclusion that   0.025   M b / s    optical data transmission may be well feasible.



It is noted that the model rate equations are of the “lumped-cavity” type, where all variables are taken at one particular position in the middle of the cavity and all evolve at the same time. This is a crude approximation of the, in reality, very complicated mixture of processes that occur in the organic layers, with delay and after-effects. However, we believe that the qualitative conclusions and quantitative orders of magnitude are correctly predicted. Future experiments are needed to verify these claims.
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Figure 1. Schematic of the OLED-pumped organic laser. 
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Figure 2. Time evolutions of diode voltage, current density, and Langevin recombination. The voltage (50 V) is switched on at   t = 5   n s   and switched off at   t = 20   n s  . The plateau value of the electrical current is 3.84 kA/cm2, which is reached at   ~ 2   n s   after switch-on. 
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Figure 3. Time evolutions of the molecular densities in the OLED for the case of Figure 2. The photon density     N   P H O 1     is represented by the red curve. This light serves as the pump for the organic laser. 
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Figure 4. Time evolution of variables for the setting of Figure 2. The singlet density     N   S 2     (blue curve) is clamped to the threshold value     N   S 2 T H R     (green curve) from   7    to   20   n s  , during which period laser light is emitted (    N   P H O 2    , red curve), while the linewidth   ∆ λ   of the laser light (purple curve) drops from   16   to   0.06   n m  . 
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Figure 5. Time-integrated photon density (blue) and minimum linewidth (yellow) versus current density. The laser threshold is around   ~ 2.5   k A /   c m   2    .. The minimum linewidth at   5   k A /   c m   2     is   0.036   n m  . 
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Figure 6. Laser photon density with   2   G H z   modulation. The applied voltage was modulated with modulation index   m = 0.2   around     V   A   = 40   V   (   J   D   = 3.06   k A   c m   − 2   )  . 
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Table 1. Model parameters (OLED, TSBF).
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	Symbol
	Name
	Value
	Ref.





	     R   S     
	OLED series resistance
	   50   Ω   
	Choice



	     R   L A Y E R     
	OLED layer resistance
	   80   Ω   
	Choice



	     C   D     
	OLED diode capacitance
	   5   p F   
	Estimate



	d
	OLED active layer thickness
	20 nm
	[4]



	   A   
	OLED active area
	     10   − 4       c m   2     
	Choice



	   e   
	elementary charge
	   1.6 ×   10   − 19     C   
	-



	     N   M O L 1     
	Molecular density (TSBF)
	1.0 × 1021 cm−3
	Estimate



	     γ   0     
	Zero-field Langevin recombination rate
	6.2 ×10−12 cm3 s−1
	[15]



	     κ   P 1     
	Polaron decay rate
	     10   8       s   − 1     
	Choice



	     κ   S 1     
	Singlet-exciton decay rate
	7.7 × 108 s−1
	[16]



	     κ   S 1 R A D     
	Singlet-exciton radiative decay rate
	7.1 × 108 s−1
	[16]



	     κ   T 1     
	Triplet decay rate
	1 × 103 s−1
	[16]



	     κ   I S C 1     
	Inter-system crossing rate
	2.7 × 105 s−1
	[16]



	     κ   S P 1     
	Singlet-polaron annihilation (SPA) rate
	1 × 10−10 s−1
	[8]



	Γ
	Confinement factor
	0.29
	[6,13]



	     ξ   E 1     
	Stimulated emission gain coefficient
	5.7 × 10−6 cm3 s−1
	[16]



	     ξ   A 1     
	Reabsorption coefficient
	1.5 × 10−8 cm3 s−1
	[16]



	     ξ   T A 1     
	Triplet absorption (TA) coefficient
	3.5 × 10−8 cm3 s−1
	[16]



	     ξ   P A 1     
	Polaron absorption (PA) coefficient
	1.15 × 10−6 cm3 s−1
	[16]



	     β   s p 1     
	Spontaneous emission factor
	0.504
	Estimate



	     V   0     
	Activation voltage (Poole-Frenkel)
	0.4 Volt
	[13]



	     λ   E 1     
	Peak luminescence wavelength
	440 nm
	[4]



	     λ   A 1     
	Peak absorption wavelength
	370 nm
	[16]



	     ∆ t   1     
	Duration of current switch-on
	0.2 ns
	Choice



	     ∆ t   2     
	Duration of current switch-off
	0.3 ns
	Choice
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	Symbol
	Name
	Value
	Ref.





	     N   M O L 2     
	Molecular density (BsB-Cz)
	1.0 × 1021 cm−3
	Estimate



	     T   12     
	Photon transmission OLED  →  laser
	0.75
	[4]



	     κ   S 2     
	Singlet-exciton decay rate
	8.0 × 108 s−1
	[16]



	     κ   T 2     
	Triplet decay rate
	9.1 × 103 s−1
	[16]



	     κ   I S C 2     
	Inter-system crossing rate
	6.6 × 104 s−1
	[16]



	     ξ   E 2     
	Stimulated emission gain coefficient
	9.4 × 10−6 cm3 s−1
	[16]



	     ξ   A 2     
	Reabsorption coefficient
	4.4 × 10−7 cm3 s−1
	[16]



	     ξ   A 2 P E A K     
	Peak absorption coefficient
	5.3 × 10−6 cm3 s−1
	[16]



	     ξ   T A 2     
	Triplet absorption (TA) coefficient
	3.3 × 10−7 cm3 s−1
	[16]



	     κ   C A V 2     
	Cavity photon decay rate
	     2 π c /   ( n   r 2     λ   E 2   Q ) =   

   4.39 ×   10   12       s   − 1     
	-



	     β   s p 2     
	Spontaneous emission factor
	   4.39 ×   10   − 3     
	Estimate



	     λ   E 2     
	Peak luminescence wavelength
	505 nm
	[16]



	     λ   A 2     
	Peak absorption wavelength
	440 nm
	[16]



	     n   r 2     
	Cavity refractive index
	1.7
	Estimate



	   c   
	Vacuum light velocity
	   3 ×   10   10     c m     s   − 1     
	-



	   Q   
	Cavity quality factor
	500
	Estimate
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	Exciting pulse duration
	   15   n s   



	Excitation pulse repetition rate
	   1   k H z   



	Laser threshold current
	   2.5   k A   @   Q = 500   



	Laser pulse duration
	   10 – 15   n s   



	Laser linewidth
	   < 0.5   n m   



	Threshold optical pump intensity
	   8.25   k W   c m   − 2     @   Q = 500   



	Optical data transmission speed
	   0.025   M b i t   @   2   G H z   m o d u l a t i o n   
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