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Abstract

:

The efficiency of micro-light-emitting diodes ( μ -LEDs) depends enormously on the chip size, and this is connected to sidewall-trap-assisted nonradiative recombination. It is known that the internal quantum efficiency (IQE) of aluminum gallium indium phosphide (AlGaInP)-based red  μ -LEDs is much lower than that of nitride-based  μ -LEDs. To establish the major reasons giving rise to this huge IQE discrepancy, we examined the limiting factors in the two structures. For the nitride-based InGaN quantum wells, the influences of random alloy fluctuations were examined. A two-dimensional Poisson and drift-diffusion solver was applied to analyze these issues.
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1. Introduction


In the pursuit of higher-resolution miniature displays in applications such as augmented or virtual reality [1] and displays with transparent areas [2], the size of light-emitting diodes (LEDs) has been decreasing. Nevertheless, many studies have found that the efficiency of micro-LEDs ( μ -LEDs) decreases with chip size because of sidewall trapping effects [3,4,5]. Different passivation methods have been proposed to reduce sidewall trapping effects and improve efficiency [6,7]. For instance, plasma-enhanced chemical vapor deposition and atomic layer deposition [8] have been proposed to deposit oxides for surface passivation [9]. In addition to experimental approaches to improving efficiency, it is important to establish the key factors leading to carrier diffusion into the sidewall.



It is known that red LEDs based on aluminum gallium indium phosphide (AlGaInP) suffer from severe sidewall trapping effects as the chip size shrinks [10,11,12,13]. This might be due to the lower effective mass and larger carrier mobility in AlGaInP-based quantum wells (QWs). However, the efficiency decrease in nitride-based (e.g., indium gallium nitride (InGaN)) LEDs is much smaller [14,15,16,17,18,19]. It has been found that random alloy fluctuations will limit carrier diffusion in an InGaN quantum system [20]; the inhomogeneous bandgap distribution resulting from these fluctuations enhances carrier localization and limits carrier diffusion [21,22]. In addition, although the AlGaInP is also an alloy material, it has a smaller potential fluctuation due to the smaller bandgap difference as the composition changes. The effective mass is smaller and contributes to weaker confinement. In contrast, the polarization field increases the diffusion length as a result of decreases in radiative recombination rates [20].



In addition to these effects in QWs, the electron and hole transport layers, the electron blocking layers, and quantum barriers (QBs) may play roles in these problems. To investigate the influences of each of these factors, it is important to have a proper simulation tool. Our past research employed a three-dimensional (3D) simulation tool to study the phenomenon of alloy fluctuations at the nanoscale, and we demonstrated the influence of alloy disorder without using any approximations [23]. However, because of memory-usage limitations in these 3D simulations, it is challenging to operate them at  μ m scales, which includes atomic-scale random alloy fluctuations. Hence, a two-dimensional (2D) simulation that contains random alloy fluctuations is an alternative way to study these phenomena. In this work, we used a 2D simulator [24] to approximate the random alloy fluctuations and model the behavior of  μ -LEDs. The structures of the LEDs that were examined in these simulations are shown in Figure 1. In addition to a 10- μ m  μ -LED, a 5- μ m  μ -LED (with one 2- μ m n-pad and one 5- μ m p-pad) and a 20- μ m  μ -LED (with four 2- μ m n-pads and one 20- μ m p-pad) were also simulated.




2. Methodology


A flowchart of the simulations is presented in Figure 2a. In this process, first, an in-house-developed fully-2D drift-diffusion charge-control solver (2D-DDCC) is used to analyze the electrical properties, carrier distribution, and other parameters of the devices [25,26,27]. Second, a random number generator is used to generate random atom distributions, and the Gaussian averaging method is adopted for the local indium composition in the QW [28]. The algorithm details are given in Refs. [23,29]. The local material parameters are then dependent on the local indium composition; specifically, these simulations examined the bandgap and polarization dipole. The potential can be then obtained by inserting these parameters into the Poisson equation,


  ∇ ·  ( ε ∇ ψ )  = q  ( n − p +  N A −  −  N D +  ±  ρ pol  )  ,  



(1)




where:  ψ  is the potential of the structure; n and p are the free electrons and holes in the device, respectively;   N A −   and   N D +   are the fixed charges based on the activation energy; and   ρ pol   is the polarization that has been resolved. We replace the Schrödinger equation solver with the localization landscape,


   −   ℏ 2   2  m  e , h  *    Δ +  E  c , v     u  e , h   = 1 ,  



(2)




in which   1 /  u  e , h     is the effective quantum potential. This is similar to the actual potential, meaning that the problem can be solved more efficiently. Finally, the carrier distributions are computed using


  n =  ∫  1 /  u e    + ∞    N c   ( E )  ·  f n   ( E )  d E ,  



(3)






  p =  ∫  1 /  u h    − ∞    N v   ( E )  ·  f p   ( E )  d E ,  



(4)




and the effective potential and the carrier Fermi level are obtained using


   J  n , p   =  μ  n , p    ( n , p )  ∇  E  f  n , p    ,  



(5)






   1 q  ∇  (  J  n , p   )  =  R  n , p   −  G  n , p   ,  



(6)




respectively. These equations are solved iteratively until the error is below a predefined threshold.



The following equations are used in the 2D simulations:


  R = SRH +  B 0  n p +  C 0   (  n 2  p + n  p 2  )  ,  



(7)






  SRH =   n p −  n  i  2     τ  n 0    ( p +  p i  )  +  τ  p 0    ( n +  n i  )    ,  



(8)




where   B 0   and   C 0   are the radiative and Auger recombination coefficients, respectively. The recombination rate in Equation (7) comprises radiative recombination, Auger recombination and Shockley–Read–Hall (SRH) recombination [Equation (8)].



To discuss the sidewall effect, simulations of different chip sizes in the InGaN system for blue  μ -LEDs and the AlGaInP system for red  μ -LEDs are needed. For this part, we implemented composition fluctuations in the 2D simulations, but the alloy fluctuations were only applied to the blue  μ -LEDs, since the potential variation in blue  μ -LEDs is more significant.




3. Results and Discussion


This section can be divided into two parts. The first includes the electrical and optical properties of blue and red  μ -LEDs with different chip sizes and the influence of the carrier mobility on blue  μ -LEDs with random alloy fluctuations. The second considers the factors that bring about the differences in internal quantum efficiency (IQE) between these two kinds of  μ -LED.



3.1. Shrinking the Red and Blue  μ -LEDs and the Mobility Distribution of the Blue  μ -LEDs


As noted, when the chip size is reduced, the efficiency decreases because of the influences of sidewall trapping. In the 2D simulations, the sidewall areas were the same for each of the different chip sizes; however, the ratio of the sidewall to the total area increases as the chip size decreases. These sidewall traps behave as caves, and the carriers flow inside these traps and recombine nonradiatively through defects. As shown in Figure 3, the InGaN-based blue LEDs are influenced less by the chip size. However, the IQE drops significantly for the AlInGaP-based red LEDs, and the efficiency is less than 10% for the 5- μ m chip size. This may be due to the larger diffusion length of AlInGaP-based QWs resulting from their higher carrier mobility and lower effective mass. In InGaN  μ -LEDs, the lateral diffusion ability in the QW is strongly related to potential fluctuations resulting from the disordered composition [29], as depicted in Figure 2b,c. The parameters of the blue and red  μ -LED are listed in Table 1 and Table 2, respectively.



For a retangular chip size, the chip length and width is defined as   L x   and   L y  , respectively. The QW height is defined by   H z  . The sidewall region size suggested in Ref. [30] is 120 nm. From Figure 1, the surface volume ratio—which is defined as the ratio of the sidewall volume to the total volume—is   2 d  L y   L z  :  L x   L y   H z  = 2 d :  L x    in the 2D simulations, and in the 3D simulations, it is   4  d ′   L y   H z  :  L x   L y   H z  = 4  d ′  :  L x   . Therefore, we set   d = 2  d ′  = 240   nm at both sides in our 2D simulation model to obtain the same surface volume ratio. The lifetime at the sidewall was set as 0.1 ns (Table 2). The graphs in Figure 3a,c present the IQE values for blue and red  μ -LEDs, respectively. It can be seen that the IQE of the  μ -LEDs declined prominently as the size decreased [12]. For the 5- μ m red LED, the efficiency was almost 0% at low current density. For the 5- μ m blue LED, the IQE was maintained at about 50% at 20 A/cm   2  . As noted above, one of the key elements that causes this difference might be the differing mobility of carriers in the QWs, which makes them diffuse to the sidewall faster or slower [31].



The losses in the red  μ -LEDs shown in Figure 3d are dominated by SRH nonradiative recombination at the sidewall regions [Figure 4d], and the Auger recombination is nearly 0% since the carriers are not crowded but instantly flow into the sidewall and recombine nonradiatively. Nonetheless, Figure 3b shows that the Auger recombination is greater than the SRH recombination in blue  μ -LEDs; because the carriers are localized, their transport ability is limited. Thus, the currents will not easily flow to the sides. Although the nonradiative recombination rate at the sidewalls is large, it does not dominate. Figure 4a,b show that some of the carriers recombine at the sidewall, but there is still a large fraction that recombine in the central area.



Theoretically, the different mobility and the presence of indium composition fluctuations make the performance of blue  μ -LEDs different from that of red  μ -LEDs. In an attempt to examine this, supposing the carrier mobility in an InGaN QW is as high as that in an AlGaInP QW, from Figure 5, we notice that the IQE in the InGaN QW is still superior to that in the red LED, which indicates the influence of hidden factors that have not yet been revealed. Hence, we need to further examine these unknown factors influencing the IQE of  μ -LEDs.




3.2. Influences of Random Alloy Potential Fluctuations, Piezoelectric Field, and p–n Layer Mobility


Since the higher carrier mobility in AlInGaP QWs is not the only reason for the lower IQE of red LEDs, we need to examine other parameters that influence the IQE of  μ -LEDs. Aside from the difference in the bandgap, the parameter differences of blue and red include: (1) the piezoelectric polarization-induced quantum-confined Stark effect [32]; (2) the effects of random alloy fluctuations; (3) the mobility difference in the QW; (4) the effective mass difference in the QW; (5) the mobility difference in the QB; (6) the mobility difference between the n and p layers. These six factors are listed as different cases for parameter examination in Table 3.



Case 1 is a 20- μ m blue LED without the piezoelectric effect, and the other 5 cases are adjusted on the basis of the preceding case by altering a specific factor (i.e., Case 2 differs from Case 1 by removing the fluctuations; Case 3 differs from Case 2 by strengthening the electron mobility (   μ n  = 4500   cm   2  /Vs in QWs). In Figure 6a, we start by removing the piezoelectric polarization (Case 1, the gray line) and random alloy fluctuations (Case 2, the red line) in the simulations of nitride-based LEDs, since the AlGaInP system does not have these effects. Under the condition that the random alloy fluctuations and piezoelectric effects are neglected, the IQE drops at low current density, which indicates that the carriers are not localized. Furthermore, the IQE peak shifts toward a much larger current density, and the droop effect disappears. This is due to better electron and hole overlap and a shorter radiative lifetime; the Auger effect will appear later because the carrier density will not be high enough due to the shorter lifetime.



From Case 3 to Case 6, we can find that the QW, QB, and p and n layers all play roles in spreading the current and influencing the IQE. In cases 3 and 4, the mobility and effective mass of the nitride material are changed to be as high as those in AlInGaP, where a significant drop of IQE is observed. This can be explained to be the result of the large diffusion coefficient due to the higher mobility and effective mass. However, changing these two factors still leads to a higher IQE than that found in the AlInGaP-based red LEDs. After we further set the mobility of the QB and the p and n layers to be the same as in the AlInGaP-based red LEDs, the result gradually approaches the performance of AlInGaP.



In summary, there is more than just one cause keeping the IQE low in red  μ -LEDs. The effective mass and even the mobility in the QB (which might affect the current spreading) will diminish the IQE; the current may already diffuse to the sidewall before reaching the QW. However, for nitride material, the p-GaN layer has a lower mobility, which turns out to be a positive factor that can maintain relatively higher efficiency in  μ -LED applications.



These results indicate that to improve efficiency in red LEDs, weakening the carrier mobility in all layers (QW/QB) is needed to improve the IQE in  μ -LED applications. Moreover, as noted previously, random alloy fluctuations contribute to localizing the carriers and restricting transport such that most carriers will diffuse vertically (few carriers flow into the sidewall region), providing a better IQE. As Figure 6b shows, we consider fluctuations in Case 6 (dashed line) for another case (solid line); the outcome shows that the fluctuations increase the IQE in this simulation work. In other words, the IQE for red LEDs [Figure 3c] may be increased by imposing fluctuations on its QWs. The results also suggest that increasing the resistivity in the p and n layers might be good for  μ -LED applications; this is in contrast to standard-sized LEDs, in which a lower resistivity is always preferable. In addition, for AlInGaP based red LEDs, it is hard to confine carriers with alloy potential fluctuation due to smaller effective mass and the smaller band offset energy difference. Hence, using the QD-like structure would help to build up deeper potential to confine carriers and limit the lateral diffusion of carriers. This will provide similar effect to the random alloy fluctuation in the InGaN QW system.





4. Conclusions


The influences of the mobility and random alloy potential fluctuations in the nitride system were analyzed and compared with the AlGaInP red LED system. The results suggest that, aside from potential fluctuations or mobility differences in the QWs, there are additional factors that can each play a role in limiting the efficiency. The mobility in the QB or the n and p layers and the effective mass of the carriers in the QW play critical roles in the carrier transport and lead to the low efficiency of red  μ -LED. Random alloy fluctuations are a natural advantage that help nitride-based LEDs to achieve higher IQE values. Similar structures to alloy fluctuations, such as quantum dot structures, could thus be introduced to red LEDs to increase their efficiency.
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Figure 1. Structures of the 10- μ m (a) blue and (b) red [11] LEDs, showing two 2- μ m n-pads and one 10- μ m p-pad. The depletion region (denoted by “d”) near the QW is approximately 100 nm thick. 
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Figure 2. (a) Flow chart of the simulation model. (b) Bandgap distribution and (c) conduction band potential of the whole  μ -LED with the random alloy fluctuations, which can be observed in the InGaN LED QWs. The fluctuating potential is a result of the inhomogeneous distribution of the bandgap. 
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Figure 3. IQE of (a) blue and (b) red  μ -LEDs with three different chip sizes that may be affected by SRH and Auger recombination, (c) for blue and (d) for red  μ -LEDs. 
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Figure 4. (a,c) Radiative and (b,d) non-radiative recombination rate (per unit volume per unit time) distributions at a current density of 20 A/cm   2   for the 20- μ m blue and red LEDs with piezoelectric effect and random alloy fluctuations. 
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Figure 5. Influences of carrier mobility on the IQE of blue LED QWs with random alloy fluctuations: (a) 5  μ m and (b) 20  μ m dimensions. The carrier mobility in the blue LEDs (   μ n  = 150   cm   2  /Vs,    μ p  = 10   cm   2  /Vs) increases gradually to become identical to the mobility in the red LEDs (   μ n  = 4500   cm   2  /Vs,    μ p  = 190   cm   2  /Vs). 
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Figure 6. (a) Influence of different parameters on the IQE values of blue and red LEDs. The orange and black lines respectively indicate the 20- μ m blue and 20- μ m red LEDs presented as 2 cyan lines in Figure 3a,c. (b) IQE of blue LEDs in Case 6 for 3 types of sizes with and without random alloy fluctuations. 
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Table 1. Parameters of blue  μ -LEDs.
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	Epi-Layer
	p-GaN
	p-AlGaN
	p-GaN

Cladding Layer
	GaN QB/InGaN QW
	n-GaN

Cladding Layer
	n-GaN





	Thickness (nm)
	140
	20
	10
	10/3
	10
	2500



	Bandgap (eV)
	3.437
	3.7194
	3.437
	3.437/2.8724
	3.437
	3.437



	Doping (  10 18   cm    − 3   )
	30
	20
	2
	0.01/0.01
	5
	5



	Activation energy (meV)
	180
	264
	180
	25/25
	25
	25



	  B 0   coefficient (  10  − 11    cm   3  /s)
	2
	2
	2
	2/2
	2
	2



	  C 0   coefficient (  10  − 30    cm   6  /s)
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1



	  τ n   (ns)
	100
	100
	100
	100
	100
	100



	  τ p   (ns)
	100
	100
	100
	100
	100
	100



	  τ n   at sidewall (ns)
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1



	  τ p   at sidewall (ns)
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1
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Table 2. Parameters of red  μ -LEDs.






Table 2. Parameters of red  μ -LEDs.





	Epi-Layer
	p-GaP
	p-AlGaInP
	i-AlGaInP QB/QW
	n-AlGaInP
	n-GaAs





	Thickness (nm)
	2500
	600
	9/9
	3500
	100



	Bandgap (eV)
	2.26
	2.21
	2.21/1.97
	2.21
	1.42



	Doping (  10 18   cm    − 3   )
	1
	1
	...
	1
	1



	Activation energy (meV)
	20
	12.3
	...
	12.3
	10



	  B 0   coefficient (  10  − 11    cm   3  /s)
	0.01
	8.25
	(8.25/6.50)
	8.25
	70



	  C 0   coefficient (  10  − 30    cm   6  /s)
	1
	1
	1
	1
	1



	  τ n   (ns)
	100
	100
	100
	100
	100



	  τ p   (ns)
	100
	100
	100
	100
	100



	  τ n   at sidewall (ns)
	0.1
	0.1
	0.1
	0.1
	0.1



	  τ p   at sidewall (ns)
	0.1
	0.1
	0.1
	0.1
	0.1
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Table 3. Comparison of the parameters in cases 1–6.






Table 3. Comparison of the parameters in cases 1–6.





	Parameter/Case Number
	Case 1
	Case 2
	Case 3
	Case 4
	Case 5
	Case 6





	Piezoelectric effect
	Yes ⇒ No
	No
	No
	No
	No
	No



	Fluctuation
	Yes
	Yes ⇒ No
	No
	No
	No
	No



	  e −   mobility in QWs (cm   2  /Vs)
	150
	150
	150 ⇒ 4500
	4500
	4500
	4500



	  h +   mobility in QWs (cm   2  /Vs)
	10
	10
	10 ⇒ 190
	190
	190
	190



	  e −   effective mass in QWs (  m 0  )
	0.157
	0.157
	0.157
	0.157 ⇒ 0.0832
	0.0832
	0.0832



	  h h   effective mass in QWs (  m 0  )
	1.82
	1.82
	1.82
	1.82 ⇒ 0.576
	0.576
	0.576



	  l h   effective mass in QWs (  m 0  )
	0.1338
	0.1338
	0.1338
	0.1338 ⇒ 0.131
	0.131
	0.131



	  e −   mobility in QBs (cm   2  /Vs)
	350
	350
	350
	350
	350 ⇒ 4000
	4000



	  h +   mobility in QBs (cm   2  /Vs)
	10
	10
	10
	10
	10 ⇒ 180
	180



	  e −   mobility in n layer (cm   2  /Vs)
	350
	350
	350
	350
	350
	350 ⇒ 4000



	  h +   mobility in p layer (cm   2  /Vs)
	10
	10
	10
	10
	10
	10 ⇒ 180
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