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Abstract We present a theoretical study of the optical

gain, emission wavelength, and threshold current density

for edge emitting laser structures with an active region

based on InGaAs/InGaAsP quantum dots. The analysis of

the effects of the size distribution of the dots is also pre-

sented. Spectral gain curves are generated for InGaAs/

InGaAsP dots where high optical gain and high indepen-

dence of spectral characteristics are obtained for a uniform

distribution of dots. With typical non-uniform distribution,

we show a reduction in gain by a factor of 6. Also, we

predict the onset of new transition peaks and a red shift in

the most probable operating lasing wavelength. Finally, we

demonstrate that there is a large range of full width at half

maximum (FWHM) of the dots size distribution where

variations in the maximum gain and associated wavelength,

as well as threshold current density, are minimum.

Introduction

Nanostructures in active regions of lasers can provide an

efficient mechanism for stimulated emission in both con-

ventional Fabry–Perot lasers and non-conventional micro-

resonator lasers. The insertion of 2D nanostructures, such

as quantum wells, in the active region of semiconductors

lasers has already allowed the use of quantum levels with

the control of the emission wavelength through geometric

characteristics of the structure [1]. Moreover, these struc-

tures have shown to provide greater gain and higher

spectral purity. Also, one obtains a reduction in threshold

current density due to larger spectral pumping concentra-

tion. In the last two decades, several efforts have concen-

trated in obtaining devices with nanostructured active

region in the form of wires and dots [2]. With a complete

dimensional reduction, such as for quantum dots, the cre-

ation of new active media in which not only complete

control of the emission, but also its spectral properties

dependence with carrier injection, are expected. A major

problem towards obtaining these structures is the fact that

quantum dots are obtained by self-assembled techniques

where the control of uniformity of the dot size is very

difficult [3].

In this work we describe an approach for the optical gain

calculation of quantum dots [4], including the effects of the

non-uniformity distribution of the dot’s sizes for the

application in laser structures. The wave function calcula-

tion is based on cylindrical geometry where the dots are

treated as nanodisks in an approach similar to the one used

for microdisk laser structures [5]. The insertion of these

nanostructures in semiconductor laser active region is also

considered for the investigation of the behavior of wave-

length emission and threshold current density with the

FWHM parameter inherent to the non-uniformity of the

dots.

Optical gain applied in quantum dots

Based on the time-dependant perturbation theory, optical

gain involving transitions between states in the conduc-

tion and valence band of direct bandgap semiconductors
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can be given by a summation in the first Brillouin zone

[6]:

where Ef is the photon energy, EC (EV) is the conduction

band energy level (valence band energy level), EFC (EFV)

is the conduction quasi-Fermi level (valence quasi-Fermi

level), CðEfÞ ¼ pq2�h
m2

0
e0Ef vg

, M12 is the transition matrix be-

tween the states, qð~kCÞ; qð~kVÞ are density of states

(conduction and valence bands) and f1,f2 are Fermi

occupation probability for the valence and conduction

bands, respectively. Considering parabolic bands and

only direct transitions (k selection rule), and the case of

quantum dots, the integrals in k-space are substituted by

sums over all energy levels for each quantized dimen-

sions. The optical gain is then given by:

gdotðEf ;EFC;EFVÞ¼CðEfÞ
XL;M;N

i;j;k

�
Mdot ECi;j;k;EVi;j;k

� ��� ��2
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� �
þ f2 ECi;j;k;FEC

� �
�1

� �

�qdot�
ð2Þ

where the transition matrix and density of states are given

by:

Mdotj j2¼ m2E2

�h2
WCl;m;n ECl;m;n

� �� ��ê � ~X WVl;m;n EVl;m;n

� ��� ��� ��2

ð3Þ

qdot ¼ 2 � Ndot ð4Þ

where ê � ~X is the electric dipole operator. The literature

refers to superficial density of dots of magnitude 1 ·
1010 cm–2 [7]; we have used this value to estimate a vol-

umetric density (Ndot) of 1 · 1015 cm–3. The transition

matrix is the electric dipole overlap between conduction

eigenstate and valence eigenstate of the quantum dot Glmn

with the quantum numbers l,m, and n, respectively. The

electric field is assumed to be in the radial direction of the

nanodisk as shown in Fig. 1.

The calculation of the eigenstates and energy levels for

quantum dots was obtained assuming the nanodisk ap-

proach where the thickness is much smaller than the radius.

This is the case for many self-assembled structures. The

quasi-Fermi levels for an electron hole density of Ne,h can

be given by:

Ne;h¼
XLC;v;MC;vNC;v

i;j;k

2�Ndot

1

e EC;Vði;j;kÞ�EFc;vð Þ=kTþ1
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þ
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E
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 !
dEC;V

ð5Þ

where m is the effective mass of each band and Emaxis the

well depth. Sub-indices c, v refer to electrons or holes,

respectively. To simplify our calculations, we consider the

electron and hole densities to be equal. The injected car-

riers require a relaxation time to thermalize with the car-

riers in a quasi-equilibrium situation [8] by intraband

scattering. We consider a Lorentzian distribution account-

ing for the intraband scattering.

Gaussian distribution of dots’ dimensions

As found in the literature, quantum dots usually present a

symmetrical distribution of sizes [9, 10]. We propose a

Gaussian function to describe the distribution of radius

dimension around 25 nm and we suppose the thickness

constant and equal to 5 nm. We inserted a Gaussian dis-

tribution in Eq. 2 to obtain:

gdotGaussian
ðEf ;NÞ ¼

Z 1

0

gdotðEf ;NÞGðRÞdr ð6Þ

where

Fig. 1 The nanodisk approach was used to describe the form of the

dot. Notice the direction of the electric field along the plane of the

nanodisk

gðEf ;EFC;EFVÞ ¼ CðEfÞ
Z Z Z Z Z Z

M12j j2f2ðEC;FECÞð1� f1ðEV;FEVÞÞdðE � EfÞqð~kCÞqð~kVÞd3~kC d3~kV ð1Þ
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GðRÞ ¼ 1

r
ffiffiffiffiffiffi
2p
p e�

R� �Rð Þ2

2r2 ð7Þ

Spectral gain curves

Figure 2 shows the calculated spectral gain curves gener-

ated by Eqs. 2 and 6 for carrier concentrations in a range

between 4 · 1017 and 5.6 · 1018 1/cm3 in steps of 4 ·
1017 1/cm3. The nanodots are considered to be made of

InGaAs (Q = 1.69 lm) surrounded by InGaAsP

(Q = 1.41 lm) material. Here, Q stands for the room tem-

perature unstrained bandgap for the InP lattice matched com-

pound. We have assumed T = 300 K; with a refractive

index nInGaAs = 3.4548; InGaAsP (InGaAs) conduction band

effective mass of mC InGaAsP = 0.066m0 (mC InGaAs = 0.054

m0); InGaAsP (InGaAs) valence band effective mass of

mhhInGaAsP = 0.489m0 (mhhInGaAs = 0.447m0).

The spectral gain curves in Fig. 2a show two peaks

corresponding to the allowed nanodisk energy transitions.

Obviously, the quantum dot levels are discrete with a

discrete density of states. Therefore, the line-width of each

transition is completely controlled by intraband scattering

time. The gain increases as carrier concentration increases

since the quasi Fermi levels are becoming more separated.

The gain becomes positive for concentrations values above

4.0 · 1017 1/cm3. For energies below the first transition

energy of the dot, the semiconductor becomes transparent.

In other words, there is a blue shift of ~0.79 eV with

respect to the bandgap energy of InGaAs (0.73 eV).

Figure 2b shows the spectral gain for the same structures

depicted in Fig. 2a, but with a Gaussian distribution of the

nanodisk’s radius with FWHM of 7 nm. A preliminary

analysis shows that the gain values reduce significantly (over

six times) when we consider the Gaussian distribution. Also,

it is possible to observe the presence of new energy levels

related to the variation of the nanodisk radius. Therefore,

both gain and the spectral purity are seriously affected by the

presence of non-uniformity in the dot’s sizes.

It is interesting to compare the gain and spectra

dependence with carrier concentration for the uniform and

non-uniform size distribution. Figure 3a shows the maxi-

mum optical gain as a function carrier concentration. Fig-

ure 3b shows the maximum optical gain as a function of

the wavelength where it occurs for the different carrier

concentrations. Clearly gain reduction is observed as ex-

pected. On the other hand, for both cases, wavelength

insensitivity to carrier concentration is observed.

Notice that even though the wavelength remains un-

changed for different values of concentration, there is a

red shift with respect to the uniform dot distribution as

Fig. 2 Spectral gain curves for

quantum dot in approximation

to nanodisk (5 nm of thickness

and 25 nm of radius)—InGaAs/

InGaAsP system. (a)

Homogeneous distribution of

dots’ dimensions. (b) Gaussian

distribution of dots’ dimensions

with 7 nm FWHM
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(a) (b)Fig. 3 Square refers to

homogeneous distribution and

triangle refers to Gaussian

distribution. (a) The maximum

gain obtained in the spectral

curves of Fig. 2 are plotted with

respect to carrier concentration.

(b) The maximum gain obtained

for the spectral curves of Fig. 2

are plotted with respect to the

corresponding wavelength

where the maximum occurs
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shown in Fig. 3b. This effect can be explained by the fact

that the variation of the nanodisk radius allows the

presence of lower energy levels that in general will be

the first levels to provide gain. This result shows that the

choice of the desired wavelength must be preceded by the

knowledge of the inherent parameters of the Gaussian

distribution.

Dependence with FWHM

Spectral gain curves were calculated for distribution of dots

with different values of FWHM. We consider only the first

transition and one carrier concentration of 5.6 · 1018 1/cm3.

The same values of dots’ dimensions (5 nm of thickness

and 25 nm of average radius) and InGaAs/InGaAsP system

parameters are used. The maximum gain and its associated

wavelength are plotted as a function of the radius FWHM in

Fig. 4.

Figure 4a shows an approximately constant value for the

maximum gain for 4 nm < FWHM < 15 nm. The larger

gain value for the smaller FWHM is related to the higher

spectral density that exists given the reduction in the

number of available energy levels. In fact, as shown above,

the maximum gain tends to increase up to six times from a

non-uniform to a uniform distribution. As the FWHM be-

comes higher than 15 nm a large reduction in maximum

gain is obvious. At this point, the onset of more confined

levels increases the density of states, reducing the quasi-

Fermi level variation with injected carrier concentration.

Figure 4b shows that the first transition has a large red shift

exactly at this value corroborating with our hypothesis.

Therefore, as the FWHM increases, one should expect a

step like curve for both the maximum gain and the asso-

ciated wavelength due to the onset of new allowed transi-

tions.

Although the operating wavelength depends on the

Gaussian distribution properties, the interval 4–13 nm in

FWHM provides an ideal region with both maximum gain

and wavelength emission remain constant. Therefore, the

above FWHM range should be targeted for the synthesis of

dots if predictability in laser threshold current density or

emission wavelength is desired. Also, the FWHM has to be

definitely kept below 15 nm. Obviously, these limit values

will depend on the average radius, but since we are using

typical dots sizes reported in the literature, these numbers

are a good example.

At this point it is interesting to evaluate the effects of the

non-uniform distribution in a typical edge emitting laser

structure [11]. The threshold condition occurs when the

modal gain reaches the total optical loss [12]:

CgðE; nthÞ ¼ ai þ
1

L
ln

1

r

	 

ð7Þ

where ai is the optical internal loss, here assumed to be

10 cm–1; G is the confinement factor of 0.007, in our case;

r is the reflectivity, assumed of 0.3; and L is a laser length

of 750 lm. We consider a laser waveguide width of 4 lm.

From Eq. 7, the threshold current density is easily obtained

as Jth = e(Bnth
2 + Cnth

3 )� t, where nth is the threshold carrier

density, t is the thickness of the dots, B is spontaneous

recombination rate of 10–10 cm3/s and C is Auger recom-

bination coefficient of 10–29 cm6/s [6]. Figure 5 shows the

threshold current density (Jth) dependence with FWHM.
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Fig. 5 The threshold current density associated to the first transition

for different values of FWHM, are plotted with respect to this values
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We have considered only the first transition frequency of

each FWHM spectral gain curve.

Obviously, Fig. 5 presents the inverse behavior of

Fig. 4a since Jth depends directly on the optical gain.

Similar to Fig. 4a, Jth remains approximately constant at

5.8 A/cm2 between 4 and 15 nm of FWHM and a sub-

sequent deterioration of Jth for values of FWHM > 15 nm

is clearly observed. The corresponding threshold current

(Ith) for Jth equal to 5.8 A/cm2 is approximately 0.2 mA. In

fact, the small volume combined with the efficient mech-

anism of stimulated emission of the nanodots provide low

values of lasing operating current.

Conclusion

We present a theoretical calculation of the optical gain in

quantum dots based on InGaAs/InGaAsP material. High

gain at discrete levels with linewidth limited by intraband

scattering is obtained. Also, higher maximum gain inde-

pendence with carrier concentration is observed for a uni-

form dot distribution. With a non-uniform distribution,

despite the wavelength insensitivity to changes in carrier

concentration, we show a reduction in gain by a factor of 6,

the onset of new transition peaks and a red shift in the most

probable lasing operating wavelength. In both cases the

wavelength at maximum gain remains unchanged for dif-

ferent values of carrier concentration. The maximum gain

and wavelength emission dependence with FWHM shows

that a range between 4 and 13 nm is desirable for dots with

average radius of 25 nm. Also, we show great deterioration

in performance for FWHM above 15 nm. These are targets

to be aimed when optimizing the conditions for the syn-

thesis of the quantum dots if they are intended to be used in

the active region of semiconductor lasers.
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