Optical loss suppression in long-wavelength semiconductor lasers at elevated temperatures by high doping of the n-waveguide.
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Abstract: We show that strong n-doping of the n-waveguide layer substantially decreases the thermal carrier leakage from the active layer and the associated optical losses in III-V semiconductor lasers.  The effect is particularly pronounced in devices operating at the wavelength region where the free hole absorption cross-section is much greater than that of free electrons.  This is predicted to decrease the threshold current and improve the output efficiency of the lasers.  An example of a bulk  InGaAsP/InP  pulsed lasers is used to demonstrate that lasers with highly doped n-InGaAsP side of the waveguide can retain high output powers at ambient temperatures substantially above room temperature.
1. Introduction: 
Long-wavelength (>~ 1.3 μm) semiconductor lasers find a host of applications, ranging from the traditional ones in optical communications to the more recent ones such as eye-safe optical radars.  The latter application can also use devices operating at the shorter wavelength range of <~ 1 μm, though the longer-wavelength design has the advantage of being eye safe.  It has to be noted that power characteristics of long-wavelength lasers tend to be substantially more modest than those of shorter-wavelength devices. This is due to a number of factors, the most important of which are the higher Auger recombination and the substantially larger cross-sections of intervalence band absorption (IVBA) by free holes, compared to the~1 μm devices.  For that reason, the waveguides in high-power lasers tend to have a broad optical waveguide (optical confinement layer, OCL), in order to minimise the mode overlap with the p-cladding that contains equilibrium holes due to doping and is thus inherently lossy. The remaining holes, the source of IVBA, are then the nonequilibrium carriers. These come from the active layer and any carriers accumulated at high currents in the broad OCL itself.  The accumulation of nonequilibrium carriers (both electrons and holes) in the OCL is due to the carrier transport through the OCL and the carrier generation by two-photon absorption at very high current densities, both of which result in inhomogeneous spatial carrier distribution, and the thermal escape of carriers from the active layer, which creates a spatially homogeneous “background”.  The inhomogeneously distributed carriers are important at room temperature at very high injection current densities (pulsed operating regime) whereas the carriers generated by the thermal escape is likely to dominate at more modest currents and elevated temperatures (CW regime). The accumulation of spatially inhomogeneous carriers is strongly reduced by using a waveguide structure in which the active layer is positioned asymmetrically, near the p-emitter [1] [2], [3, 4] [5] [6]. In this case, the p-side of the OCL (the part between the active layer and the p-emitter, see inset to Figure 1), in which the inhomogeneous carriers accumulate more easily [7],  is narrow, in extreme cases almost non-existent.  In the previous paper [8], we have shown that the effect of the remaining inhomogeneously distributed carriers in the very wide n-OCL in the case of long-wavelength lasers, where the cross-section of IVBA by holes σh is much greater than the free electron absorption cross-section σe, can be reduced further by strong n-doping of the n-part of the OCL, improving the laser performance in the pulsed operating regime at room temperature (300K).
 In the current paper, we shall show how the same method (high levels of n-doping of the n-OCL) can also reduce the spatially homogeneous density of electrons and holes in the (n-)OCL generated by thermal escape, and thus the corresponding optical losses, substantially improving the performance of the laser, particularly at elevated temperature (T>300K), but possibly at modest operating currents  - a very different operating regime from that considered in [8], as will be explained in the next section.
2. The structure considered and calculations of the OCL hole density
Following the previous work, we analyse a strongly asymmetric laser structure, for either communications or radar applications.  The basis of  the analysis will be the calculation of the density of thermally activated OCL holes in the structure of interest.  The “basis” structure considered here (shown in the Inset of Fig.1), intended for generation of 1.5 μm light at elevated temperatures, is very similar to that considered in the previous paper [8]. The structure involves a strongly asymmetric waveguide with the active layer located very close to the p-cladding.  Such a design has been previously shown to enable lasing in a single transverse mode for any stripe width, with a narrow far field in the vertical direction [3] (for the structure of Figure 1, calculations give a far field of approximately 17° full width at half maximum) and to retain low optical losses up to high injection levels [7] [2, 4]  as well as low electrical resistance [2], both contributing to highly efficient laser operation in either CW or pulsed regime [2].  Specifically in the case of CW operation, the structure has an additional advantage of having a lower thermal resistance (assuming p-side down mounting) than any design with the active laser location far from p-cladding. This additional advantage (particularly significant in InGaAsP materials with their relatively low thermal conductivity [9])  leads to decreased self-heating , contributing to power output and helping reduce the risk of Catastrophic Optical Degradation (the latter improvement is also aided by the relatively small confinement factor in such a structure).  Still, in applications such as an automotive laser radar, operating at elevated temperatures, either through self-heating or because of the ambient conditions, remains probable [10]. Operating temperature limits are thus an important specification of a laser, so operating at elevated temperature will be considered here.  
We note to begin with that very different physical mechanisms determine the losses in the laser in the elevated temperature case at moderate currents, compared to room-temperature, but very high current operation considered in [8].  The main absorption mechanism considered in [8], where the consideration was largely restricted to room temperature operation, was free carrier absorption by carriers accumulated in the OCL because of transport phenomena and distributed unevenly across the OCL depth. In contrast, the dominant absorption mechanism in the case of elevated temperature is that associated with carriers excited thermally from the AL into the OCL and distributed homogeneously across the OCL. Their density (negligible under the room-temperature conditions treated in [8]) must, and will, thus be accurately evaluated in the present study.


Figure 1..Thermally activated hole density in the OCL as function of the n-OCL doping at  room and elevated temperatures. Solid: accurate calculation from Eq.(1) , dash – high-doping limit of Eq.(3) with the carrier density dependence of bandgaps neglected , dash-dot – undoped material limit of Eq.(2). Inset: schematic of the structure used. 

The structure still uses a bulk, relatively thick active layer (~ 500 A). We can assume quasineutrality both in the active layer and the surrounding waveguide layers. Together with the condition for continuity of the electron and hole quasi Fermi levels across the structure, this gives the condition for the thermally excited hole density pbT in the n-OCL in the form
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are the absolute quasi Fermi level separations in the n-OCL and the active layer respectively. Furthermore, in (1),  and are the electron and hole quasi Fermi levels in the n-OCL measured from the conduction band edge upwards and from the valence band edge downwards respectively; and are the corresponding values in the active layer calculated from the carrier density Na(i) in this layer (i being the injection current); is the density of (ionised) donors in the n-OCL;  and  and are the OCL and active layer bandgaps, respectively, with temperature dependence and renormalisation due to carrier densities taken into account. 
Generally speaking, Equation (1a) is a transcendental, if quite straightforward to solve, equation for pbT To our knowledge, this is the first reported use of the equation in this general form for systematically investigating the thermal carrier excitation from the AC to the OCL.  However Eq. (1) can be seen as a generalisation of two closed-form, analytical formulae found in the literature and constituting asymptotic solutions of (1) in the limiting cases of very weak and very strong doping. 

Firstly, in the case of a weakly doped n-OCL (when < pbT),  (1a) gives the formula [11]
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where and  stand  for the equivalent electron and hole densities of states in the OCL.

Secondly, in the opposite case of a strongly doped n-OCL (>>pbT), when the thermally activated holes are the minority carriers in this layer, the activation formula similar to that originally used for minority electron escape into the p-cladding by [12] [13] and later adapted for minority hole escape from the AL into the n-OCL [8] is recovered from (1): 
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Both equations  (2) and  (3)  are closed-form ones if the nonequilibrium  carrier density dependences of the badgaps can be neglected.   The difference between the expressions  (2) and  (3) reflects the different nature of carrier escape processes in the cases of undoped and strongly doped OCL.  The formula  (2) describes the bipolar escape of both electrons and holes into the undoped OCL.  The expression  (3) describes the case when holes (minority carriers in the n-OCL) are thermally activated from the active layer into the n-OCL; hence only the hole equivalent density of states features in the formula for this unipolar case.  

An important feature of Eq.  (1a), seen most clearly in the high-doping asymptotic form  (3), is that the barrier seen by the holes is increased by substantial doping of the n-OCL which increases the activation energy in (3), mainly due to , monotonically increasing with ND. 
Figure 1 shows the calculated dependence of  the n-OCL hole density on the n-OCL doping ND for two values of temperature.  Τhe limiting cases  (2) and  (3) are shown as dashed lines. 
As can be expected, the increase in the hole activation energy with doping leads to the value of equation for pbT  falling substantially with doping, similarly to the situation discussed in [12] [13] for leakage of electrons from the active layer into the p-cladding.
The value of the n-OCL hole density pbT  is also dependent on the density of carriers Na  in the active layer, which determines the electron quasi Fermi level in (1).   Figure 2 shows the dependences of  pbT  on Na for two different temperatures, for the cases of undoped and strongly doped n-OCL.


Figure 2. Thermally activated hole density in the OCL as function of active layer carrier density at room and elevated temperatures.

 As expected, the dependences are monotonically growing.  Τhe value of  pbT  for the highly doped  n-OCL  always stays below that for the (nearly) undoped  case, the difference being particularly significant in the case of either high temperature and/or high values of Na .
                                                                              


3. Calculations of the optical characteristics of the laser.




The knowledge of the thermally escaped carrier densities makes it possible to calculate the internal absorption in the structure considered, which is determined mainly by free carrier absorption. It consists of the built-in constant absorption  by equilibrium carriers in the p-doped layers (p-cladding and p-side of the OCL), and absorption by the nonequlibrium carriers (mainly holes, since σh>>σe ), which in turn includes absorption  by the injected carriers in the active layer, the absorption   by the homogeneously distributed nonequilibrium carriers thermally activated from the active layer into the n-OCL, and, lastly, the absorption  by the inhomogeneously distributed nonequlibrium carriers supplied by the current flow and considered in [8] 
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Where, similarly to [8], the built-in optical absorption in the waveguide is calculated neglecting the small contribution of the n-cladding 
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As in the previous work [8],  the parameters , , and are the waveguide mode overlaps with the corresponding layers (the contribution of the n-cladding is usually negligible). The analytical expressions for the contribution in the case of low n-OCL doping can be found in [7]. In the case of arbitrary doping, the carrier distribution across the n-OCL is found as a transcendental equation [14] and for calculating the absorption , simple numerical integration is required [8].  In both cases, the electron diffusion coefficient is the major parameter determining the carrier density distribution; the values we used are shown in Table 1. 
[bookmark: _GoBack]Τhe major new features in equation (4) compared to the analysis conducted in the previous study [8] are, firsrly, that the thermal contribution [image: Equation 31]to the n-OCL loss, neglected in [8], is included in (4). In fact, it will be shown in the analysis below that it can be more important (at a high temperature and in a non-optimised structure) than the non-thermal contribution [image: Equation 32]that was the focus of analysis in [8]. On the other hand, the direct and indirect effects of two-photon absorption, which were considered for a similar structure but at extremely high injection current densities in [8], do not need to be taken into account in the current study and are not included in equation (4), because of the substantially lower values of intracavity power studied here compared with those analysed in [8]. The second new feature in the analysis here, and hence in equation (4), is that investigation of operation at elevated temperatures necessitates the inclusion of temperature dependences of the parameters involved. In particular, the temperature dependence of the free carrier absorption cross-sections was approximated as a linear dependence [image: Equation 33]the temperature dependences of other important parameters will be discussed later. 

The calculated values of  the n-OCL absorption  are shown in Figure 3 as functions of the n-OCL doping (solid lines).  


Figure 3. n-OCL doping dependence of the thermally activated hole density in the OCL (dashed) and the OCL optical loss (solid) for room and elevated temperatures. 



 It is clearly seen that at low doping levels, the value of  is dominated by the thermally excited holes, whose density  pbT  is shown as dashed lines for reference.   The absorption thus decays with doping, as does pbT..  At high doping levels, however, the density of ionised donors, and hence of equilibrium electrons, becomes so high that their absorption outweighs that of holes despite the fact that σh>>σe. The n-OCL absorption this slowly increases with ND at high doping layers.  A broad minimum in  is seen at ND of the order of 1017cm-3 (the exact position of the minimum depends strongly on the temperature, as seen in the figure)
Figure 4  shows the major contributions to the internal absorption as functions of the  active layer  density that feature in Eq. (4). 


Figure 4. Contributions to the optical absorption in the active structure of Figure 1 for the temperature of 300 K (solid curves) and 380 K (dashed curves) as function of carrier density

To analyse the threshold behaviour of a laser, we use the standard ABC model to describe the dependence of the carrier recombination rate Rrec on Na and thus relate the threshold value of the carrier density to threshold current density jth.. At steady state, below the threshold of laser operation
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The monomolecular recombination is assumed to be slow and so the temperature dependence of the recombination time nr~10-7 s can be ignored; the temperature dependence of the spontaneous recombination coefficient B is described by a formula  [15], and that of the Auger recombination coefficient C, as [16]
	
                           
	         (9)




where the value of the thermal threshold (activation) energy was ≈  60 meV [16].  The room-temperature values of B and C are given in Table 1.
Figure 5 shows the contributions to the internal absorption as functions of the injection current densities.  Figure 5a presents the terms of Eq.(4) shown in Figure 4, with the carrier density recalculated into current density using Eq. (8) neglecting the stimulated emission. The figure this relates to an optical amplifier, or in the case of small current densities, a laser below threshold. 
Figure 5b provides more detail on the absorption in the n-OCL by showing the current density dependence of absorption only by nonuniformly distributed nonequlibrium carriers in the (extremely wide) n-OCL [7]; the temperature dependence of the hole mobility and hence of the diffusion coefficient was calculated as described in [17]. These results are not affected by the threshold of laser operation and are thus valid at any injection current densities for both an SOA structure and a laser.











Figure 5. Contributions to the optical absorption in the active structure of Figure 1 for the temperature of 300 K (solid curves) and 380 K (dashed curves) as function of current density: (a) the major terms in Eq.(4); (b) the nonequilibrium carrier part of the loss in the n-OCL.  The total values of current shown correspond to a stripe width of 100 µm and a resonator length of 3 mm.
 
The characteristics of a practical device (the threshold current and the efficiency) are determined by the balance the internal losses calculated above and the gain provided by the active layer of the laser.  
To implement the carrier density and temperature dependence of gain, we start with the linear relation 
gm= σg(N-Ntr) with  experimentally validated parameters  for bulk InGaAsP at room temperature (σg=3.1310-16 cm2, Ntr =6.51017 cm-3 [18]).  This experimentally validated dependence was fitted, by adjusting the scaling coefficient g0 at room temperature, to the simple semi-microscopic formula obtained in the early paper by R.F.Kazarinov [19]:
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where Nc and Nv are the effective densities of states in the conduction and valence band respectively. The value of  g0=2000 cm-1 was found to give a good agreement with room temperature data of [18] within a broad range of carrier densities (1.5 – 6 ×1018 cm-3). The expression (10) was then used for both room and elevated temperatures. 
Figure 6 shows the carrier density dependences of the modal gain Гag (the active layer confinement factor in our structure being Γa=0.0184) on injection current density for two temperatures.  As in Figure 5, stimulated emission is not taken into account, so the figure effectively shows unsaturated (small-signal) gain in an optical amplifier, or in the case of small current densities, gain in a laser below threshold.    It is seen that in the low-doped structure (Figure 6a), the losses at elevated temperatures can rise so much with current that the gain cannot overcome them, meaning the absence of lasing at this temperature value (note that the value shown, 380 K, is very close to the critical temperature value (378 K) above which the laser ceases to switch on).  This picture is in line with the well-established [20] [21] understanding of the  role of OCL carrier accumulation in impeding, and ultimately preventing, lasing in quaternary III-V lasers at high temperatures.  In contrast, in the structure with the highly doped n-OCL as proposed here, the (unsaturated) modal gain substantially exceeds the losses in a broad range of currents (above the intersection point shown as a bold dot on the curves), for both room and elevated temperature (Figure 6b), meaning successful laser operation at elevated temperatures. This will be confirmed more explicitly by the results shown in the following figures.






      .
Figure 6. modal gain gm and total optical losses in the active structure of Figure 1 for the temperature of 300 K (solid curves) and 380 K (dashed curves) in the case of low (a) and high (b) doping of the n-OCL. The output loss in both cases is αout= 5 cm-1.  The total values of current shown correspond to a stripe width of 100 µm and a resonator length of 3 mm.


The carrier density corresponding to the threshold of laser operation can be evaluated using the gain and losses as defined above substituted into the usual threshold condition 
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, where the threshold current density is  evaluated from using Eq. (8). 

The resulting value of  jth is shown in Figure 7 as function of temperature for high and low n-OCL doping levels and two values of the output losses .   It is seen that the increase in the threshold current with temperature, which is a well-known property of all laser diodes, is substantially less pronounced for the design with the high n-OCL doping.


Figure 7. Threshold of laser operation as function of the temperature for low-doped (dashed lines) and highly doped (solid lines) n-OCL designs.
We proceed then to calculate the light-current curves at different temperatures. Since in the design considered here, the cavity is short enough [6],  and the AR facet reflectance is high enough [22] for the effect of the spatial hole burning to be rather weak, we use the usual lumped-model expression 
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Here  is calculated from the current density j and the carrier density Na(j,T)  in the active layer using Eq. (4), the effective threshold current  density  is found from Na(j,T)   using Eq. (8); and the carrier density Na(j,T)> as function of current is evaluated self-consistently from the modified version of (11) with the internal losses calculated at the current value j:  


Figure 8 shows schematically the increase in the effective threshold current density with current for the case of low doping (in the case of high doping, the effect is weak, so the corresponding lines are virtually horizontal at all temperatures within the range of currents studied). For low to modest temperature excess above the room temperature level (T = 300 and 340 K), the effective threshold increase is not strong either; however as seen from the figure, at high ambient temperature of 375-377 K even a modest excess current above threshold leads to a situation of increasing almost at the same rate as j, which can be expected to result in extremely low powers.  At higher temperatures, the laser does not switch on at all as shown in Figure 7, mainly due to the increased thermal excitation of carriers and the associated optical losses . 



Figure 8. Increase in the effective threshold current density with current for the low doping case of = 1016 cm-3   The output loss is αout= 5 cm-1.
The calculated power output values are shown schematically in Figure 9. It is clearly seen that the high n-OCL doping is providing some improvement of the light-current characteristics at all operating temperatures. At room temperatures, however, the curves of Figure 8 are essentially the low-power sections of those presented in [8] and so the magnitude of the effect is modest. The advantage of the high n-OCL doping is more significant at elevated temperatures, when both the threshold and the output efficiency are substantially impoved by the reduced  carrier accumulation in the OCL afforded by doping.  At the highest temperatures shown (370-377 K), the laser with a low n-OCL doping level reaches saturation with extremely modest powers, in agreement with the results shown in Figure 8, whereas a similar design with a high n-OCL doping can yield substantial power output, albeit at an increased current compared to room temperature operation.





[bookmark: MTBlankEqn]Figure 9. Calculated light-current curves for a laser with  = 1018 cm-3  (solid curves) and 1016  cm-3  (dashed curves) at room and elevated temperatures. The output loss in both cases is αout= 5 cm-1.  The total values of current shown correspond to a stripe width of 100 µm and a resonator length of 3 mm, as in Figure 6.

It has to be noted that all calculations here have treated the temperature T as ambient temperature, which can be important, for example, in a Lidar for automotive applications, as mentioned above.  However the results make it highly probable that the deterioration of the efficiency and power output of the laser due to the self-heating under true CW operation will also be reduced in the design proposed. Quantitative treatment of this effect requires knowledge of the thermal properties of the laser and its mount and is reserved for future work. 
We note finally that the same strategy (high n-doping of the n-OCL) can also be expected to be beneficial in a stripe laser structure with a stongly asymmetric active layer position (near the p-cladding) but an otherwise  symmetric waveguide, such as a slab-coupled optical waveguide laser (SCOWL; see e.g. [23]). 
To conclude, we have presented a semi-analytical model of the effect of n-doping in the n-OCL on the output of a long-wavelength laser diode with a broad n-OCL at relatively modest injection/output power levels, but at an elevated temperature. It has been shown that the increase in the effective barrier for thermal excitation of holes from the active layer into the (n-)OCL due to doping leads to a significant reduction in the thermal accumulation of highly absorbing holes in the n-OCL, improving both the 
slope efficiency and the threshold current density of the laser, and thus leading to a substantial improvement in the power output.  

Table 1. The main parameters in the calculations.
	Parameter  and notation
	Value
	Units
	from

	electron diffusion coefficient, T=300 K, ND =1016 to 1×1018 cm-3
	De
	 90 to
40
	
cm2/s
	
[24]

	 free electron absorption cross-section, T=300 K
	σe
	510-19
	cm2
	[25, 26]

	 IVBA cross-section,
T=300 K
	σh
	410-17
	cm2
	[27]

	Bimolecular recombi-
nation coefficient, T=300 K
	B 
	1×10-10    
	cm3/s
	[27]

	 Auger recombination coefficient, active layer, T=300 K
	C
	8×10-29    
	cm6/s
	[9]

	transparency carrier density, T=300 K
	Ntr
	6.5×1017    
	cm-3
	[18]

	gain cross-section, T=300 K
	σg
	3.1×10-16
	cm2
	[18]

	 cavity length
	L 
	3
	mm
	

	 stripe width 
	w
	100
	μm
	

	 AR coating reflectance
	RAR
	0.05
	
	

	 HR coating reflectance
	RHR
	0.95
	
	

	active layer thickness 
	da
	50
	nm
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