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Abstract: A theoretical model is evaluated to investigate the characteristics 
of InAs/InP quantum dash (Qdash) lasers as a function of the stack number. 
The model is based on multimode carrier-photon rate equations and 
accounts for both inhomogeneous and homogeneous broadenings of the 
optical gain. The numerical results show a non monotonic increase in the 
threshold current density and a red shift in the lasing wavelength on 
increasing the stack number, which agrees well with reported experimental 
results. This observation may partly be attributed to an increase of 
inhomogeneity in the active region. 

©2011 Optical Society of America 

OCIS codes: (140.5960) Semiconductor lasers; (250.5590) Quantum-well, -wire and -dot 
devices. 
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1. Introduction 

Tuning the emission wavelength of Qdash and quantum dot (Qdot) lasers depends primarily 
on the size of the nano structures and particularly the height [1,2]. This feature together with 
the InP technology and various process techniques has enabled the demonstration of 
Qdash/Qdot lasers in the c-band telecommunication window with improved performances 
[3,4]. On the other hand, recent experimental studies on InAs/InP Qdash lasers by different 
research groups have reported the dependence of the lasing wavelength on laser structural 
parameters [5–7]. They have observed a red shift in the lasing wavelength on increasing the 
number of stack layers or the cavity length. This observation is ascribed to the unique 
characteristics of Qdashes determined by their density of states (DOS), in general [5,7]. 
However, the phenomenon needs more physical insight, particularly the stacking layer effect 
as this is a fundamental technique to improve the characteristics of Qdash lasers. Therefore, a 
theoretical assessment is essential to understand the phenomenon in a more comprehensive 
manner. In addition, one may expect this observation as a result of alteration to other laser 
parameters that change with the stack number. Our results are important as this is directly 
related to the spectral characteristics and, in general, the performance characteristics of the 
device.  

In this work, a simulation model is considered to compare the characteristics of InAs/InP 
Qdash lasers as a function of the number of stacking layers. We theoretically verify the red 
shift in the central lasing wavelength (calculated by identifying the central wavelength at full 
width at half maximum (FWHM) of the lasing spectra) and non monotonic increase in the 
threshold current density on increasing the stack number. The numerical simulations show a 
good agreement with experimental observations. By the simulations we find that the 
phenomenon is partly due to the inherent change in the laser parameters particularly the active 
region inhomogeneity. 

2. Theoretical model 

The numerical model, applicable to InAs/InP Qdash lasers, is evaluated from the basic 
coupled rate equations of each Qdash ensemble incorporating the carrier and photon dynamics 
at each energy level. The technique is based on the density matrix formulation of the Qdash 
gain media [8,9] where the quantum wire like nature has a large influence on the gain 
properties of the laser [10]. The formulation is similar to the one reported for the analysis of 
both InGaAs/GaAs [11] and InAs/InP [12,13] Qdot lasers, and InAs/InP Qdash semiconductor 

optical amplifier [14], following identical assumptions. The dashes are grouped into 2 1dM   

groups according to their central transition wavelength 
cvE  ( dj M corresponds to 

cvE ) and 

a series of longitudinal cavity photon modes ( 0,1,..,2 pm M  modes with separation 

2m aE ch n L  ) are considered over the central photon mode energy cvpE  to describe the 

interaction between the dashes with different resonant energies and the generated photons. 

Furthermore, a single ground state (GS) with N  intra-dash energy levels is considered in each 

dash ensemble characterized by the DOS function * 2 2

, 1 ,02  D dh e j N jN N m E E    [14]. ,0jE  
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and 
,j NE  correspond to the lowest and highest GS energy of the thj  dash group and ,j kE  

represents a generic energy level of the system. We consider a three level energy system [11] 
consisting of the separate confinement heterostructure (SCH), the wetting layer (WL) and the 

GS energy levels of the dashes with carrier populations 
SN , 

WN  and ,j kN , respectively. 

Both, the homogeneous Lorentzian broadening 
,( )m j kB E E  with FWHM 

hom  and 

inhomogeneous Gaussian broadening, of the optical gain is considered in the formulation. 

Therefore, the fraction of energy states available at the energy level 
,j kE is given by [14]: 

 
 

2

,0 , 1 ,0 , ,0

, 2

00 , 1 ,0

1
exp .

22

j cv j k j j k j

j k j

j N j

E E E E E E
G dE

E E




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 

 (1) 

The first term of Eq. (1) is the inhomogeneous term with FWHM of 
02.35inh   , while 

the second term is the ratio of two integrals [14]. Note that 
,j kG  is normalized as 

, , 1j k j kG  . 

The rate equations are as follows: 
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Equations (2), (3) and (4) refer to the carrier dynamics in the SCH, WL and dash GS 

energy levels. I is the current injection, 
i is the internal quantum efficiency, ( , )S W D    is the 

recombination lifetime in the SCH (WL,GS) layers, 
,( , )j k

SW WD WD    is the carrier relaxation 

lifetime from SCH(WL) to WL(GS) with the bar denoting an average lifetime [11,14], 

( )WS DW   is the excitation lifetime from WL(GS) to SCH(WL), and ,  pSp   are the lifetimes 

of spontaneous emission and photons, respectively [11]. Note that DW  is calculated through 

the condition of detailed balance [14] and p  according to [11]. The multi-mode photon rate 

equation is given by Eq. (5) where 
mS  is the photon population of the thm  mode. Moreover, 

    
22

,

, , ,2

0 0

2
2 1

cvj k D

m j k j k m j k

cva

Me N
g P G B E E

Ecn m


    (6) 

represents the linear optical gain [8,9] of the 
,j kE  dash group contributing to the thm  mode 

photons, where 
2

cvM  is the transition matrix and 
, , ,2j k j k g D A j kP N D N V G  is the carrier 

occupational probability (including the spin) [11,14]. 
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Fig. 1. (a) Experimental [5,6] and (b) Calculated threshold current density versus the number of 
stacking layers for the Qdash lasers reported in [5] and [15], respectively. The three curves in 
(b) correspond to various inhomogeneous broadening values. 

The Qdash laser considered for the analysis is obtained from [15] and is based on the 
InAs/InP material system. Four stacks of InAs Qdashes with an average height of 1.5 nm and 

width of 20 nm constitutes the active region with volume 16 31.8 10  AV cm   and refractive 

index 3.5an  . The WL is 1 nm thick with a cross section dash density of 12 21.0 10  cm . The 

1.0 L mm  long laser with 40 m stripe width has an internal loss of 110 i cm   and as-

cleaved facets (
1 2 0.3R R  ) resulting in an optical loss of 112 m cm   [14,15]. 

The steady state lasing spectra are calculated [11] using the above set of rate equations 
with the fourth-order Runge-Kutta numerical method. We adopt an initial carrier relaxation 

lifetime of 
0 2 WD ps   from WL to dash GS, while the carrier relaxation to and re-excitation 

from SCH are 0.5 SW ns   and 1.0 WS ns  , respectively. The recombination lifetimes 

within SCH, WL and Qdash GS are, respectively, 
S   , 0.8 W ns   and 0.5 D ns   [14]. 

The degeneracies of the WL and GS is taken as 19 31.8 10  WD cm   and 1GD  , 

respectively, and the volumetric DOS is 17 35 10  DN cm   [14]. The other parameters used 

in the model are [11,14]:  805 cvE meV , energy level of WL 916 WLE meV , 

10 hom meV  , optical confinement factor 0.03  , spontaneous emission efficiency 

410  and lifetime 2.8 sp ns  . The separation between the dash groups is 

0.354 jE meV  , and 2 1dM   varies from 201 to 401 based on the convergence achieved at 

each 
inh  value once stabilizing the lasing spectrum. 

3. Numerical results 

Figure 1 illustrates the effect of the number of stacking layers ( lyrN ) on the threshold current 

density ( thJ ) of Qdash lasers. The experimental data is obtained from [5,6] and is plotted in 

Fig. 1(a) for comparison. Figure 1(b) corresponds to the simulation results at various values of 

the inhomogeneous broadening (
inh ). A non monotonic increase in the threshold current 

density is observed on increasing the stack number, which is in good agreement with the 
experimental data except that the threshold current density values are different in Figs. 1(a) 
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and (b). This is an anticipated discrepancy owing to the fact that the two laser structures 

considered are rather different. Our aim here is to numerically address the trend of 
thJ  and the 

central lasing wavelength (
c ) as a function of the number of stacking layers and explain the 

behavior qualitatively. Therefore, we model the dash DOS high energy tail by a stair case 
approximation utilizing Eq. (1) with N = 50 rather than calculating the accurate energy states 

of the Qdashes. An almost linear increase in 
thJ  is seen when 2lyrN   as show in Fig. 1(b), at 

all inhomogeneity values. This may be attributed to the active region volume 
AV , the optical 

confinement factor  , and the inhomogeneous broadening. Increase in 
AV  due to stacking of 

the dash layers may enhance internal absorptions, thus affecting the threshold current density. 

On the other hand, a lower   (due to increase in 
AV  as a result of increase in 

lyrN ) probably 

assists in attaining the modal gain (
thg ) relatively fast, thereby decreasing the threshold 

current density [6,16]. However, the results show an increase in 
thJ  for 2lyrN   which 

suggests that 
AV  dominates. Moreover, increase in 

thJ  could be due to an increase in modal 

gain as a result of stacking of the dash layers which has been reported experimentally [1,5,16]. 

Nevertheless, our model considers a fixed modal gain ( 122 th i mg cm      ) independent 

of the number of stacking layers in spite of varying   accordingly (0.009 per layer) and 
therefore, probably, does not affect the threshold current density numerically.  

Increase in 
thJ  due to lyrN  has also been attributed to the increase in 

inh  by various 

experimental work as a result of change in dash sizes and density due to subsequent growth of 
dash layers [1,16,17]. However, in our analysis we assume an identical dash density per layer 

and fixed the inhomogeneous broadening for all the values of 
lyrN . Therefore, to understand 

the effect of 
inh  we plot the trend of 

thJ  at different 
inh  in Fig. 1(b). A further increase in 

thJ  for the entire values of lyrN  is observed when 
inh  increases from 15 meV  to 45 meV . 

This observation is relatively consistent with the results from literature that are based on Qdot 
model [18] since Qdashes may be thought of an elongated Qdots with quasi zero dimensional 
DOS. Here, we make an effort to explain this observation qualitatively in a generalized 

manner. Increase in 
thJ  may be ascribed to the increase in size dispersion of the dashes, 

particularly the height, which possibly increases the internal absorptions (due to dispersion in 
energy states of dashes resulting in overlapping states). Higher energy photons from smaller 
dashes which acquire lasing conditions first (due to their dot like features) get absorbed by the 
longer dashes (with relatively smaller band transition energies) which eventually dominate 
due to their higher modal gain and DOS.  

For a Qdash laser with a single stack layer, no lasing is observed experimentally and 
thJ  

reaches an infinite value, as depicted in Fig. 1(a). This has been attributed to the very small   
and low dash density [5]. However, the numerical results show that besides the above 

mentioned parameters 
inh  strongly affects the lasing condition and is an important parameter 

when 2lyrN  . In Fig. 1(b), less inhomogeneous Qdash lasers ( 15inh   and 25 meV ) show 

lasing even for a single stacking layer and small   ( 0.009 ), attaining 
thJ  values of 115  and 

2233 /A cm , respectively, unlike for 45 inh meV   which does not lase (even at 

21250 /A cm ). This observation may again be ascribed to reduced internal absorptions due to 

relatively similar energy states of dashes in the less inhomogeneous system, thus being able to 
attain lasing from the low density single dash layer with small  . Our model also predicts a 

minimum of 
thJ  for the two and three layer stack structures irrespective of the active region 

inhomogeneity values. This supports the experimental observation of Fig. 1(a) and also the 
numerical study of the Qdots [18]. In general, based on our observation we may write a 
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relation for 
thJ  in a similar manner reported for Qdots [16], as /th inh AJ V  , where 

 ,
inh , and 

AV  dominates at the two extreme values of stack number (1 and 8, respectively). 

However, for 2lyrN   and 3 these parameters probably balance each other thus attaining a 

relatively small value of threshold current density. 

 

Fig. 2. (a) Experimental [5] and (b) calculated lasing wavelength as a function of the stack 
number for the Qdash lasers reported in [5] and [15], respectively. The three curves in (b) 
correspond to various inhomogeneous broadening values calculated at low current injection 
(1.1 thJ ). 

The experimental results [5] of lasing spectra as a function of the stack number are shown 

in Fig. 2(a) and the results obtained from the model in Fig. 2(b). A red shift trend in 
c  is 

observed experimentally on increasing lyrN , which is well reflected by our calculation, thus 

showing the effectiveness of our model. The behavior is seen to be consistent with increasing 

inhomogeneity. A total red shift of ~ 7.5 nm  is observed on increasing the stack number from 

2 to 8, corresponding to 15 inh meV  . Since, the model does not take into consideration the 

growth and processing parameters that affect the lasing wavelength, we may attribute this 

observation to the optical confinement factor (lowers with increase in lyrN ) which probably 

assists in achieving the 
thg  rather early. Therefore the lasing condition might be achieved 

with occupation of carriers in relatively lower energy states, thereby lasing at longer 

wavelength. Note that the emission at shorter wavelength due to increase in 
thJ  with lyrN  is 

suppressed. 
Interestingly, our results show that the red shift phenomenon may also be attributed to 

active medium inhomogeneity. To support this statement we compare the lasing spectra of 

Qdash lasers at various explicit values of 
inh  in Fig. 2(b). Considering 6lyrN   at 

15 inh meV  , we observe 1541.6 c nm   and at 45 inh meV  , we have 1557.9 c nm  . 

These values correspond to a red shift of ~16.5 nm  when inh  is increased three times. 

Moreover, a total red shift of ~ 26 nm  is observed for 45 inh meV   on increasing lyrN  

from 2 to 8, which is more than three times the value of less inhomogeneous system. This 
unique observation is a consequence of a quasi zero dimensional DOS of the Qdashes which 
exploits the increase in the higher energy tail states due to dispersion in dash sizes as a result 
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of increase in 
inh . In general, dispersive dash sizes result in overlapping DOS which 

probably increases the states in the high energy tail of the dashes DOS. Therefore, higher 
energy photons from shorter dashes (smaller height and larger band transition energies) which 
lase first probably get absorbed in the high energy tails (now incorporating more electronic 
states due to overlap) of longer dashes (larger height and smaller band transition energies) 
which lase later and eventually dominate. Therefore, lasing occurs at longer wavelengths due 

to the small energy photons of the longer dashes. As 
inh  increases, the dashes with least band 

transition energy subsequently dominate and the lasing shifts to longer wavelengths (red shift 

of 
c ). In general, we may then deduce the relationship 

c inh    . 

 

Fig. 3. Calculated (a) threshold current density and (b) central lasing wavelength (at 1.1 thJ ) for 

different internal loss values for the Qdash laser reported in [15]. The inhomogeneous 
broadening is 45 meV. 

In our earlier analysis, we have fixed the modal gain 
thg  irrespective of increasing lyrN , 

although experimentally it is shown to increases with 
lyrN  [1,6,16]. Therefore, we now 

explore the effect of 
thg  by varying the internal loss 

i  on the threshold current density and 

the central lasing wavelength as a function of lyrN . The results are shown in Figs. 3(a) and (b), 

at fixed 
inh . We observe that lower 

i  ( 17 cm ) decreases 
thJ  and enhances the red shift of 

c  for all values of lyrN . This is typically the practical case for few stacks, where the lasing 

condition is achieved rather fast due to lower 
thg  ( 119 cm ). Hence, further shift to the 

longer wavelengths is predicted theoretically. However, an increase of 
thJ  and a reduction of 

red shift phenomenon is observed at large 
i  ( 114 cm ) as illustrated in Fig. 3. This is again 

consistent with the number of stacking layers. The observation may again be related to the 
practical case of a large stacking layer structure which improves the modal gain 

( 126 thg cm  ) but with the expense of an increased thJ  and a shift of c  to shorter 

wavelengths. Besides, Fig. 3(b) show that inh  is still the dominant parameter of the red shift 

phenomenon. 
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4. Conclusion 

In conclusion, we have demonstrated theoretically the effect of the number of stacking layers 
on the characteristics of Qdash lasers. Our model predicts an increase in threshold current 
density as a result of an increase in the stack number, inhomogeneous broadening and modal 
gain. We have shown that the red shift phenomenon is a result of the optical confinement 
factor and, more significantly, of the inhomogeneous broadening. We have qualitatively 
explained the enhanced red shift phenomenon due to the active medium inhomogeneity by 
considering the unique DOS of Qdashes. 
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