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Abstract: Simulating electrical characteristics of quantum well laser diodes helps understanding their behavior 
and provides an insight comprehension of the influence of technological parameters, such as number of wells, 
cavity length and effect of temperature on their performance. In this paper we present a study of electrical 
characteristics of GaAs/Al0.32Ga0.68As quantum well laser diodes emitting at 0.8 µm. Our results indicate that 
better output performance and lower threshold current could be obtained for a single quantum well and losses are 
reduced, and we observe also a gradual and nonlinear decrease in output optical power with the increase of 
temperature. Copyright © 2015 IFSA Publishing, S. L. 
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1. Introduction 

 

Quantum-well (QW) semiconductor lasers offer 
the advantages of low threshold current density and 
high-power capability with good efficiency, [1]. The 
application of quantum well structures to 
semiconductor laser diodes has received considerable 
attention because of its physical interest and as well as 
its superior laser characteristics. By controlling the 
width of the quantum wells one can modify the 
electron and hole wave function which leads to 
modification of laser characteristics as well as 
introduction of new concepts to optical devices [2]. 
The loss level plays an important role in determining 
the relative advantages and disadvantages of the SQW 
and MQW structures. Under low loss conditions the 
SQW has the advantage, since it has a lower total 
transparency current density J0 and the total internal 
loss . At high loss, however, the MQW has the 
advantage [3]. Because the phenomena of gain 

saturation can be avoided by increasing the number of 
QW's although the injected current to achieve this 
maximum gain also increases by the increase in the 
number of wells [4]. The saturated gain of the SQW 
may not be large enough to attain the threshold gain 
and one must therefore turn to MQW [3]. In this work, 
we investigate the effect of wells number, cavity 
length and temperature on the output power, threshold 
current, and quantum efficiency. Maximum output 
power and lower threshold current were obtained for 
the case of a single quantum well (SQW) due to the 
low losses. Effective change in the output power and 
threshold current was observed with the variations in 
temperature and cavity length. 
 
 
2. Optical Power 
 

The most common characteristics of a laser diode 
is the power vs. current curve (P-I). It plots the drive 
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current applied to the laser against the output light 
intensity. This curve is used to determine the laser’s 
operating point (drive current at the rated optical 
power) and threshold current (current at which lasing 
begins). The P-I characteristics on each facet of the 
laser device are given by: 
 = − , (1) 

 
where ηi is the internal differential quantum 
efficiency, αm is mirror losses, αi is the internal optical 
loss, q is the elementary charge, hv is the photon 
energy, and Ith is the threshold current of a 
semiconductor laser [5]. To obtain a laser action in a 
semiconductor, the medium should be prepared in a 
form a p-n junction diode with highly degenerate p-
type and n-type regions, in this way the inverse is 
produced in the junction region. This can be achieved 
by forward biasing the junction .When the junction is 
forward biased with a voltage that is nearly equal to 
the energy gap voltage, electrons and holes are 
injected across the junction in sufficient number to 
create a population inversion in a narrow zone called 
the active region. The amount of population inversion, 
and hence the gain is determined by the current 
flowing in the laser diode. At low current values the 
losses offset lasing action. In this case the radiation 
exists due to spontaneous emission which increases 
linearly with the drive current. Beyond a critical value 
of the current (the threshold value), the lasing 
commences and the output power increases rapidly 
with increasing current. Moreover, we investigated the 
effect of the number of quantum wells on the 
performance of our structure.  

We varied the number of quantum wells from one 
to five and investigated the output power versus the 
injection current for various numbers of wells as 
shown in Fig. 1. 
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Fig. 1. Output power versus injection current for a 60 Å 
GaAs/Al0.32Ga0.68As SQW and MQW laser 100 µm wide 

by 300 µm long. 
 

With the increase of well number, more injection 
current is required to obtain the output power. This is 
because threshold current increases with the increase 

of the number of wells. In this study with the data we 
used, we obtained that, as far as the value of the 
number of wells decreased you can see the increased 
output power with a less threshold current, for instance 
a single well, the output power is 31.04 mW and the 
threshold current is of 8.2 mA for an injection current 
of 50 mA, while for five wells, the power is 9.84 mW 
for the same injection current, in this case, the 
threshold current is about 36.8 mA. As it can be seen 
in Fig. 2, the threshold of the laser is strongly affected 
by the laser’s temperature. Typically, laser threshold 
will increase exponentially with temperature as Ith α 
exp (T/To), where T is the laser temperature in degrees 
Kelvin (typically 100 to 400 K). And T0 is the 
“characteristic temperature” of the laser. 
 
 

0 10 20 30 40 50 60 70
0

5

10

15

20

25

30

35

40

45

 P
o

w
e

r 
(m

W
)

 Current (mA) 

 T = 100 K
 T = 200 K
 T = 300 K
 T = 400 K

 
 

Fig. 2. Output power versus injection current at different 
temperatures for a 60 Å GaAs/Al0.32Ga0.68As SQW laser 

100 µm wide by 300 µm long. 
 
 

This increasing threshold current can be explained 
by lower gain of the quantum wells at higher 
temperature, and lower characteristic temperature T0 
represents a high increase of threshold current with 
increasing temperature. The threshold current is 
predominated by the gain that is needed to compensate 
the internal losses and the mirror losses, respectively. 
Thus the temperature dependence of the gain is the 
main reason for increasing threshold current with 
increasing temperature [6]. In our structure, the output 
power has been estimated to be 31.04 mW at room 
temperature with an injection current of 50 mA. 

The output power versus the injection current for 
various cavity length is shown in Fig. 3. With 
increasing cavity length the output power decreases, it 
can be explained as follows; the laser with longer 
cavity length has higher current density and higher 
electron density, therefore the radiative 
recombination, and consequently output power is 
decreased. In the case of 300 µm length cavity, the 
threshold current is about 8.2 mA, and a power of 
31.04 mW for an injection current of 50 mA, while for 
a length of 500 µm, the current threshold is of the order 
of 13.2 mA, and a power of about 22.23 mW for the 
same injection current. 
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Fig. 3. Output power versus injection current at different 
cavity length for a 60 Å GaAs/Al0.32Ga0.68As SQW laser 

100 µm wide by 300 µm long. 
 
 
3. Threshold Current 
 

The threshold current density of a MQWs laser 
with identical QWs is then obtained from the threshold 
condition, where the gain equals the cavity losses. [7], 
it is given by the expression: 
 = + − 1 , (2) 

 
where NQW and Γ are the number of QWs and the 
optical confinement factor of a single QW, 
respectively, where R = 0.32 is the reflectivity of 
naturally cleaved mirrors of the laser cavity, L is the 
cavity length [8], J0 is the transparent current density 
and G0 is the gain coefficient to describe the quantum 
well gain G as =	 ⁄  [9]. The threshold 
current is calculated by the usual formula: 
 =  (3) 
 

The threshold current density Jth that corresponds 
to the modal gain value that satisfies the oscillation 
condition can be obtained from the modal gain-current 
density plots. Then the threshold current calculations 
can be performed using desired structure cavity width 
W, length L, and mirror reflectors [10]. 

Fig. 4 shows dependence of threshold current Ith on 
temperature for a cavity length of 300 μm. It was 
observed from our analysis that Ith increases with the 
increase of temperature. This is due to the increase of 
cavity losses with the increase of temperature; hence 
more current is needed to achieve population inversion 
to overcome cavity losses. 

However, The threshold current density decreases 
with the increase in cavity length as shown in Fig. 5 
which is plotted for T = 300 K. 

We can see from Fig. 6 a significant increase of the 
threshold current density to the shorter lengths of the 
cavity, which is due to the high gain saturation at high 
injection current density for quantum well laser. This 
gain saturation is due to the step-like shape of the 
density of state functions and the fact that penetration 

of the quasi-Fermi levels into the conduction band or 
valence band takes place at high current injection, the 
gain saturates when the sub-band of electrons and 
holes are completely reversed.  
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Fig. 4. Threshold current versus the temperature for SQW 
laser. The characteristic temperature is 240 K in the range 

of 100 K to 400 K. 
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Fig. 5. Threshold current density versus the cavity length  
for SQW laser, the transparent current density and modal 

gain are estimated to be 48 A/cm2 and 204.7 cm-1, 
respectively. 		
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Fig. 6. Threshold current density versus the cavity length 
for SQW and MQW laser. 

= = 240	  
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If the gain thus obtained is insufficient to compensate 
the losses, oscillation threshold is not reached. The 
maximum modal gain available with NQW is thus N 
times larger than modal gain with 1QW since each 
well can now provide its saturation gain, which is 
equal to that of a SQW laser. We can consequently 
avoid the saturation effect by increasing the number of 
QW’s although the injected current to achieve this 
maximum gain also increases by N times. Owing to 
this gain saturation effect there exists an optimum 
number of QW’s for minimizing the threshold current 
for a given total loss, on the other hand, the increase in 
the threshold current is substantially shifted to shorter 
length cavity by increasing the number of wells ( see 
figure (6)), such that for a structure with a single well 
and a length of 300 µm, the threshold current density 
is about 27.47 A/cm2 while for a structure with five 
wells, it is about 122.62 A/cm2 for the same length. 
Theoretically, the lower threshold current is obtained 
with the minimum number of wells, Therefore we can 
conclude that the multi-quantum well laser can be 
operated with lower threshold current density when 
designed with long cavities.  
 
 
4. External Quantum Efficiency and 

Internal Quantum Efficiency 
 

The inverse external quantum efficiency (1/ηext) 
as a function of the cavity length is plotted in Fig. 7. 
The external differential quantum efficiency decreases 
linearly with increasing cavity length; we can see also 
that the shorter cavities could provide higher external 
differential efficiency. The main source of 
deterioration of differential efficiency in short cavity 
lasers is an increase of internal loss αi caused free 
carrier absorption which rises proportionally to the 
carrier concentration. The mirror loss coefficient rises 
with shorter cavity lengths, requiring higher gain and 
consequently more carriers in the quantum well. The 
inverse external quantum efficiency is given by: 
 1⁄ = 1⁄ 1 + 1⁄⁄  (4) 
 

The internal quantum efficiency (ηi) and internal 
optical loss (αi) are extracted to be 74 % and 10 cm-1 
respectively. The value of αi is lower than the typical 
values of 10-20 cm-1 reported for double hetero-
structure lasers [11].  

However, in the case of QW laser, the maximum 
total loss (internal plus mirror) is limited due to the 
existence of a maximum (saturated) optical modal 
gain. The internal quantum efficiency is then 
determined by plotting the curve of inverse external 
differential quantum efficiency versus cavity length, it 
is of the order of 0.74 (1/ηi = 1.4) in our structure. The 
low internal loss and the high internal quantum 
efficiency provide high external differential quantum 
efficiency. 
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Fig. 7. Inverse external differential quantum efficiency 
versus cavity length at different values of internal 

efficiency for SQW laser. 
 
 

5. Current and Total Loss Factor  
 

Total optical loss, αtot, in a semiconductor laser 
includes two principal terms:  
 = +  (5) 
 

The external (mirrors) optical loss is  
αm = (1/L)ln(1/R) [12]. The internal loss αi includes the 
diffraction loss, the scattering and the free carrier 
absorption losses in the active region and mirrors[13]. 
If losses in a laser are high, it is necessary to have a 
high gain and therefore multiple quantum well lasers 
are preferable. 

From Fig. 8 we see that, for low loss, the injected 
threshold current is minimum in the case of 1QW. On 
the other hand, if the αtot = 140 cm-1, the threshold 
current with 1QW is larger than that of 2QW. We can 
see also that a five-well structure (5QW) will have the 
lowest threshold current if we increase the total loss 
higher than 140 cm-1. 
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Fig. 8. Threshold current versus number of quantum wells 
for various values of the total loss of the cavity. In this case, 
the quantum well thickness Lw is assumed to be 60 Å. 
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At higher values of αtot, which call for large laser 
modal gain gmod, a larger number of wells are needed. 
Furthermore, we can notice also that the multi-
quantum well with narrow thickness present low 
threshold currents for all numbers of wells from  
1 to 5, the optimal number of wells for better 
performance threshold will be increased with higher 
losses. Another important parameter that can affect the 
performance of multiple quantum well is its thickness. 
Fig. 9 shows the threshold current as a function of the 
number of QW for various values of the total loss of 
the cavity for QW thickness of 100 Å. In this case, the 
number of QW with each QW thickness is optimized 
so that the threshold current is minimal. We can see 
that the threshold current of 60 Å thick well is much 
lower than that of 100 Å and this current is minimized 
with thinner QW’s when total loss is low. 
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Fig. 9. Threshold current versus number of quantum wells 
for various values of the total loss of the cavity. In this 

case, the quantum well thickness Lw is assumed  
to be 100 Å. 

 
 

We can conclude from these figures that the 
optimum number of quantum wells (leading to lower 
threshold current) is 3 when the total loss is around 
140 cm-1. If one wants to get a very low threshold 
current, a diode short (60 Å) and low loss (≈ 29 cm-1) 
is preferable in this case, the optimal number is 
obviously 1.This is mainly due to the fact that the 
current for transparency (gain equals to zero) is 
minimized at the thickness of Lw = 60 Å in the case of 
NQW = 1 and also due to the fact that the optimum 
number in QW lasers with each thickness is 1 in the 
case of low loss for our structure. 

 
 

6. Conclusion 
 

We have numerically investigated the charac- 
teristics of GaAs/Al0.32Ga0.68As QW laser and the 
effect of quantum well number, cavity length and 
temperature on its performance. The threshold current 
and current-power characteristics as a function of 
numbers of wells, cavity length and temperature were 
obtained for QW structure. It is shown that the 

threshold current increases with decreasing cavity 
length and increasing temperature and its variation 
with the number wells depends on loss. Whether the 
SQW or the MQW is the better structure depends on 
the loss level. At low loss, the SQW laser is always 
better because of its lower transparency current 
density and lower internal loss. At high loss, the MQW 
is always better because the phenomena of gain 
saturation can be avoided by increasing the number of 
QW although the injected current to achieve this 
maximum gain also increases. Owing to this gain 
saturation effect, there exists an optimum number of 
QW for minimizing the threshold current for a given 
total losses. The temperature increase in the quantum 
well is an important parameter which limits the 
maximum output power of the laser. This temperature 
increase is effective for high-power operation; we 
conclude that the cavity length, temperature and its 
quantum well number play important roles in 
determining the laser performance. Smaller values of 
threshold current density, Jth indicate superior 
performance. Jth can be minimized by maximizing the 
internal quantum efficiency, minimizing the loss 
coefficient and minimizing the quantum well 
thickness. The device performance was significantly 
improved due to the reduced total loss of ≈	29 cm-1 
without degradation of electrical properties, resulting 
in a high output power of 31.04 mW and a low 
threshold current of 8.2 mA and with an internal 
efficiency of 74 % for one well at room temperature 
for the 300 µm cavity and quantum well thickness of 
60 Å. 
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