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Abstract: In this study, the effects of variation of thickness and the number of quantum
wells as well as the contact length were investigated. In this paper, a vertical cavity surface
emitting laser was simulated using of software based on finite element method. The
number of quantum wells was changed from 3 to 9 and the results which are related to
output power, resonance wavelength and threshold current were extracted. Output
specifications in terms of quantum wells thicknesses of 3.5nm to 9.5nm were evaluated.
Contact thickness is also changed from 0.5pm to 3um. Results showed that as the number
of quantum wells increased, the resonance wavelength also increased and photon energy
decreased. By reducing the thickness of the quantum well, the threshold current and
radiation wavelength were also decreased. By increasing the contact length, threshold
current and output power increased. Temperature inside the network and density of
photon were increased as the contact length increased.

Keywords: Quantum Well, Contact Length, Threshold Current, Output Power,
Vertical Cavity Surface Emitting Laser (VCSEL)

1. INTRODUCTION

Invention the first Laser in 1960, opened new gates to discover various types
of these devices. Semiconductor lasers provided a wide field for researchers and
gained particular importance among the various types of semiconductor lasers [1-
3]. Vertical Cavity Surface Emitting Laser (VCSEL) comparing with Edge
Emitting Laser has owned more applications. Edge emitting semiconductor lasers
had many disadvantages such as: difficult testing process, the need for more
current in order to produce same output and low speed and low efficiency. All
these disadvantages have caused that almost all researches in the field of
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semiconductor lasers are about VCSEL.

A VCSEL is consist of an active region which is located between two
distributed Brag reflectors (DBR). The thickness of each layer above and below
the reflector is equal to one quarter of radiation wavelength. Several quantum

wells are located in the center of device and two separator layers are located in
two sides symmetrically. Two separator layers create a confinement to trap the
effective carriers and optical confinement. The thickness of active region is only
in nanometer range. In this small active region of VCSELs and due to reduction
of losses, the DBRs should have more reflectivity. Series resistance in the upper
reflector is the most important problem in VCSELSs. A suitable way for decreasing
of series resistance is changing of doping. The change of doping increases output
power and reduces the recombination as well as threshold current and effects on
the efficiency [4].

In [5], the effects of doping concentration are investigated, but the effects of
thickness variations and the number of quantum wells were not investigated. The
structure which is presented in this paper, has lower threshold current and higher
gain than which has been introduced in [6]. The effect of changing of doping
concentration of DBR layer in the GaN-VCSEL was studied. In the report [7], the
improved lasing performance of the Ill-nitride based vertical-cavity surface-
emitting laser (VCSEL) was demonstrated. The threshold current density was
reduced in the device. Design, simulation and analysis of VCSEL at different
wavelengths were presented in [8]. In [9], an AlGaAs/GaAs-based VCSEL in the
wavelength of 850nm was simulated. Threshold current of ImA, with a maximum
slope efficiency of 0.66W/A were obtained. In [10], the nonlinear rate equations
governing a quantum dot laser was used to simulate the transient behavior of the
laser. In [11], the frequency behavior of the tunnel junction quantum dot VCSEL
was investigated by using an analytical numerical method. A new laser structure
was theoretically investigated using simulation software PICS3D.Lower
threshold current and higher output power were obtained in [12]. In [13]
generating and controlling of the rogue waves were investigated.

In this paper, a VCSEL is simulated and effect of variation of thickness and
number of quantum wells and effect of change of contact length on the output
parameters such as threshold current, output power and density of photon are
investigated. The diagram of network temperature variation, power and threshold
current versus the changing of contact length is investigated. Fig. 1 shows the
structure of laser with wavelength length of 1550nm. In this structure, six
INo.76Gao.24 ASos2Po.18 quantum wells with thickness of 5.5nm and IngsGaos.
Asos2Po.15 barriers with thickness of 8nm of as active regions are used.
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Fig. 1 Schematic structure of VCSEL

We served rate equation as an efficient description of the basic lasing behavior
of VCSEL [10].
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Where P, N, Rsp ' TprTC are number of photons, number of electrons and

photon life time, electron life time, respectively. Gain, threshold current and
optical power calculated from below equations [10].
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Energy of photon is obtained from Eg. 6:

E(ev) = ho = hxzfxc (6)

Where ¢ is light speed, A is wavelength and h is Plank constant.
For InuGai1-.wAS y P1-y, the band gap energy is obtained from Eq. 7 [14]:

Eg =1.34w(l-y) + 0.354wv + 2.78(1 - w)(1—v) +1.432(L - w)y (7

By solving recursive equation, the values of 0.76 and 0.82 are obtained for w
and y, respectively. The Band gap energy for barrier material is also higher. For
Ino.76Gao.24AS0.82P0.18 as quantum well material, band gap energy is calculated and
equal to 1.05eV.

Quantum wells are located between two InP separator layers which is separated
from GaAs reflectors layer. Thickness of cavity is 0.735um which is nearly half
of length of radiation wave (1.55um). Upper DBR layers are composed of 28 pair
of Aloe7Gao.ss As /GaAs layer in periodic mode. In lower DBR there are 28 pair
of layers composed of GaAs/AlAs. Refractive index of AlAs, GaAs and
Aloe7Gag 33As are 2.89, 3.38 and 3.05, respectively. Thickness of each layer is
calculated from Eq. 4 [15].

A

H=A1 Axn (8)

Where, n is reflective index, A is radiative wavelength and H is thickness of
layer. GaAs substrate is used in the device which has the thickness equal to half
of wavelength. Table. 1 shows the device and material parameters.

Table.1: Device and material parameters

Layer Material Thickness(um) Relfrr]gg(lve Doping(/cm3)
Substrate GaAs 0.707 3.38 10% (donor)
Top mirror GaAs/Alg57Gag33As 0.114/0.127 3.38/2.05 10%/10*® (acceptor)
*1017 14*1017
Bottom mirror GaAS/AlAs 0.114/0.127 3.38/2.89 4710 1410
(donor)
Quantum well 1N 76Gag 24AS0 82Po.18 0.006 35 | e
Barrier INo.76Gag 24AS0.82Po.18 0.008 35 | e
*1019 18
Top spacer GaAs/InP 0.045 /0.278 3.38/3.15 4*107/10
(acceptor)
Bottom spacer GaAs/InP 0.045/0.278 3.38/3.15 5*10'/10'(donor)
Top Contact GaAs 0.304 3.38 4*10" (acceptor)
Bottom 118
Contact GaAs 0.020 3.38 5*10* (donor)
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2. SIMULATION AND RESULTS

2.1: Investigation of the effect of number of quantum well on the output

specifications

The number of quantum well is changed from 3 to 9. The most important issue
that is seen in the present section is the variation of resonance wavelength of the
device, which increases with increasing the number of quantum wells. Obviously,
the maximum photon energy in the device is for a case with 3 quantum wells. Fig.
2 shows the variation of wavelength and energy with the number of quantum
wells.
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Fig. 2 wavelength and photon energy versus the number of quantum wells.

When number of quantum wells increases, threshold current also increases. In
two case with 3 and 4 quantum wells, the threshold current is very low and for
more than 5 quantum wells the threshold current increases. Fig.3 shows the
variation of threshold current based on the number of quantum wells.
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Fig. 3 Threshold current versus the number of quantum wells.
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When the number of quantum wells decreases, the active region becomes
smaller, the volume of active region and the threshold current are both decrease.
When the diameter of the device is equal to one wavelength, no more than 3
guantum wells in the active area can be considered. Because the thickness of the
barrier may be less than the thickness of the well, there will be tunneling between
the wells and consequently no radiation recombination will occur in the wells
[16-18]. But if we take the cavity length as a factor of four wavelengths (in this
structure), we cannot produce more than three quantum wells. The voltage-
current curve shows that; it is possible to calculate the series resistance of DBR
layers in specific voltages. Table. 2 shows the measured values with changing the
number of quantum wells in the device. It can be seen that the 6 quantum wells
are the best choice for the device.

Table. 2 Output parameters with changing the number of quantum wells.

o e | e | e | e ||
Wells Grid

3 Very low 305.4 1.52 0.813 Very low 28.9
4 Very low 305.5 1.53 0.808 Very low 37.7
5 0.62 307.1 1.54 0.804 27.12 24.4
6 0.685 307.3 1.55 0.8 28.42 31.4
7 0.773 307.1 1.56 0.795 26.06 18.54
8 0.77 307.3 1.56 0.791 27.78 30.4
9 13 307.2 1.57 0.788 275 37.1

Output power is another important parameter among the output specifications
of the device. Fig. 4 shows the variation of output power versus voltage.
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Fig. 4 Output power versus voltage for different the number of quantum wells.

In voltage of 2.4v, the output power is very low for cases with 3 and 4 quantum
wells; it can be seen that the maximum of output power is occurred for 6 quantum
wells and bias of 2.4v. The minimum and maximum gain in the active region are
observed for 7 and 4 quantum wells, respectively (Fig. 5).
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Fig. 5 Gain versus current for different number of quantum wells.

One of the important results that can be seen from the curve of power versus
voltage is for the case the device with 3 and 4 quantum wells that is shown in Fig.
6.
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Fig. 6 A knee in diagram of power versus voltage in device with 4 quantum wells.

It can be seen that in bias of about 1v, there is a knee in diagram. This knee is
related to spontaneous emission. This shows that before stimulated emission,
injected current has more participation in spontaneous emission. For the case with
3 and 4 quantum wells there is carrier leakage from active layers.

Output power of the device versus number of quantum wells is shown in Fig.7.
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Fig. 7 Power versus number of quantum wells

There is a point that when the diameter of the device is equal to wavelength, it
is not possible to consider more than 3 quantum wells, because the thickness of
barrier may be lower than the thickness of well and tunneling may not occurred
between wells and as a result, the radiative recombination in well is not occurred.
Because of the structure design with specified values, radiative recombination in
QWN of 6 to 7 is less for QWN of 5 to 6.
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2.2: The effect of change of quantum well thickness on the output
specifications

The other parameter that its effect on the performance of VCSEL have been
investigated is thickness of quantum well. Table.3 shows the variation of output
specifications of the device with change of thickness of quantum well.

Table. 3: Output specifications of device with change of thickness of quantum

well.
Thickness | Threshold Output Gain | Wavelength(nm) | Photon | Temperature
(nm) Current(ma) | Power(mw) Energy Inside the

Grid
35 0.603 27.51 32.69 1542 0.803 307.2
4.5 0.65 27.45 30.89 1546 0.801 307.2
5.5 0.689 27.37 28.25 1551 0.79 307.2
6.5 0.703 27.33 26.1 1553 0.797 307.2
7.5 0.722 27.22 24.64 1557 0.796 307.2
8.5 0.731 26.89 23.26 1561 0.794 307.2
9.5 0.748 26.52 22.03 1564 0.792 307.2

The thicknesses of wells are selected 3.5nm to 9.5nm, respectively. The
thickness of cavity is sum of thickness of active regions and spacer layers. The
cavity thickness, temperature and barrier thickness is 75nm, 300K and 8nm,
respectively. The minimum and maximum threshold current are for the cases with
guantum well thickness of 3.5nm and 7.5nm, respectively.

Output power is calculated at voltage of 2.4v and Fig. 8 shows the variation of
threshold current and output power versus quantum well thickness. In thickness
of 5.5 nm, as can be seen from Table. 3, radiation wavelength is 1551 nm which
has the lowest shift relative to defined wavelength (1550 nm).
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Fig. 8 Variation of threshold current and output power for various thicknesses of
quantum wells.

The variation of wavelength and photon energy with variation of well thickness
is shown in Fig. 9.
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Fig. 9 Variation of wavelength and photon energy versus variation of thickness of
quantum well.

Due to the overlapping of resonance spectrum of cavity in the gain region, by
increasing the thickness of quantum well, the threshold gain reduced.
Fig. 10 shows the variation of threshold gain in terms of well thickness.
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2.3: The effect of contact length on the output specifications
Table. 4 shows the variations of output specification of VCSEL lasers versus
the variation of contact length.

Table. 4 Output specifications of device by changing the contact length.

Contact Threshold Power(mw) Photon Gain Temperature
Length Current(ma) Density Inside the
Grid
0.5 0.668 6.57 1.89*10° 33.8 304
1 0.677 7.21 2.11*10° 33.07 305.8
15 0.681 7.62 2.23*10° 32 306.7
2 0.685 8.01 2.29*10° 31.26 307.3
3 0.687 8.13 2.32*10° 31.13 307.9

Fig.11 shows the diagram of photon density with changing of contact length at
voltage of 1.5v. It is obvious that if the contact surface is increased, the density
of the photons will increase.

The threshold current and output power increased by increasing the contact
length, which is shown in Fig. 12.

Temperature in the device is increased by increasing the contact length as well
as by increasing the threshold current. Fig. 13 shows the diagram of temperature
with increase in contact length.
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Fig. 13: Device temperature versus the contact length.

3. CONCLUSION

In this article, the effects of changing of thickness and the number of quantum
wells as well as contact length on the performance of VCSEL were investigated.
A simulation of VCSEL was performed with MATLAB and Silvaco software.
The VCSEL has 6 quantum wells which has two distributed Brag reflectors at top
and bottom. Device used a GaAs substrate with the thickness of half of the
wavelength. The radiative wavelength is 1.55pum. The number of quantum wells
was changed from 3 to 9, and the output specifications were studied. The results
showed that with increasing of the number of quantum wells, resonance
wavelength increased and photon energy decreased. For 3 and 4 quantum wells,
the value of threshold current is very low and after that by increasing the number
of quantum wells, the threshold current also increased. In the case with 6 quantum
wells the maximum output power is obtained from the device and for 7 quantum
wells, the minimum gain was observed.

The thickness of quantum well was changed and the output specifications were
observed. By reducing the thickness of quantum wells, the threshold current and
the radiation wavelength were reduced. In the device 5.5nm quantum wells, the
minimum wavelength shifts from the wavelength of 1.5um was observed.

Also, the contact width was changed from 0.5um to 3pum and the output
specifications are observed and tabulated. By increasing the contact length, the
threshold current and output power were increased. Temperature inside the device
was also increased. By increasing the contact length, photon density was
increased.
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