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This paper presents results of numerical simulations of a nitride semiconductor vertical-cavity sur-
face-emitting laser (VCSEL) with a tunnel junction. The modeled laser is based on a structure cre-
ated at the University of California in Santa Barbara. The analysis concerns the impact of the
position of laser’s active area on the emitted power. Both small detunings from the standing wave
anti-node, and positioning of the active area at different anti-nodes are considered.
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1. Introduction

Vertical-cavity surface-emitting lasers (VCSELs) have many advantages in comparison
with edge-emitting lasers (EELs). Nowadays, VCSELs made of arsenide materials,
emitting near-infrared radiation are successfully used. VCSELSs fabricated from nitride
materials with InGaN/GaN quantum-well (QW) active areas are not commercially
available yet. The main advantages of VCSELSs include: low threshold currents, relative-
ly good parameters of the emitted beam and low price in mass production [1, 2].

The first nitride VCSELSs operating at room temperature with continuous wave (CW)
have been presented by groups from National Chio Tung Univeristy (NCTU) [3] and
Nichia Corporation [2]. However, the fabrication of GaN-based VCSELs is difficult.
One of the main problem is the production of distributed Bragg reflectors (DBRs).
The fabrication of DBRs from native materials is not easy due to the lattice mismatch
between different nitride compounds (AIN, GaN and InN). Another solution is to use
dielectric mirrors, which from the technological point of view are easier to fabricate.
In addition, the refractive index contrast possible to obtain between different dielectric
materials is much higher than in nitride materials, so fewer layers of dielectric DBRs are
needed to fabricate effective mirrors. On the other hand, dielectric materials have low
thermal conductivity. Therefore, the use of dielectric DBRs is associated with a great
challenge connected with removal of the heat from the structure.
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The group from the University of California in Santa Barbara (UCSB) develops
nitride VCSELs with dual dielectric DBRs [4, 5]. A VCSEL presented in [4] will be
investigated in this paper. This structure has a tunnel junction (TJ) and implantation
as a current confinement. The main advantage of structures with a TJ is the fact, that
p-type material is used only as a thin layer between the active region and the TJ. P-type
GaN has a very low electrical conductivity, and higher optical absorption, compared to
n-GaN, so reducing the thickness of p-GaN can be beneficial. What is more, in a struc-
ture with a TJ both (top and bottom) electric contacts are deposited on n-type material,
resulting in significantly lower contact resistance than in the structures with a p-type
contact [6]. The other approach to obtain a current confinement is the use of a high-con-
ductivity, semitransparent ITO (indium tin oxide) contact on the p-type side instead of
aTJ. ITO VCSELs have a thick layer of p-GaN with low electrical conductivity, there-
fore the use of ITO electrode is necessary to obtain uniform current distribution in the
laser’s aperture. The first nitride VCSELs had ITO contacts and nowadays the tech-
nology for fabricating these structures is more developed than the TJ VCSEL technol-
ogy. This can be one of the reasons why VCSELSs with ITO achieve the highest output
powers. The ITO VCSEL presented recently by the Faculty of Science and Technology
from Meijo University and R&D Laboratories, Stanley Electric Co. achieved almost
16 mW output power in CW operation [7].

The laser’s performance is strongly influenced by the precision of the fabrication
of the device. For example, an imprecise positioning of the active area relative to the
anti-node of the standing wave in the resonator may cause no laser action. In the case
of a hybrid structure (a resonator with dielectric DBRs), the resonator has to be etched
in order to obtain the designed thickness, however this process cannot be controlled
as precisely as epitaxial growth. As a result, the distance from the DBRs to the elements
such as the active region or the tunnel junction in real structures may be different than
designed due to imperfections in the technological processes.

GaN-based VCSELSs often have much longer resonators than VCSELs made of ar-
senide materials. Long resonators are needed because of the very low thermal conduc-
tivity of the DBRs (dielectric or AIInN/GaN). In a long resonator the lateral heat transport
is more efficient, which can greatly reduce the thermal resistance of the device. Usu-
ally, because of the difficult control over the position of the active region relative to
the DBR, in GaN-based VCSELSs the active area is located at a short distance from one
of the DBRs. In this paper, we investigate the impact of small deviations in the position
of the active region as well as possible advantages resulting from positioning of the
active region much deeper in the resonator.

2. Simulated structure

The simulated structure is based on the structure fabricated at UCSB [4]. The simulated
VCSEL is designed to emit at 405 nm. The original structure has a relatively long res-
onator of 22.54. In Fig. 1, a scheme of the analyzed VCSEL is shown. The structure
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Fig. 1. Scheme of the analyzed nitride TJ VCSEL.

has two dielectric DBRs made of Ta,O5 and SiO,. The top and the bottom DBRs con-
tain 12 and 16 pairs, respectively. The bottom laser contact has the form of a gold ring
surrounding the bottom DBR. The active area of the laser consists of a double quantum
well (DQW). The InGaN QWs are 14 nm wide, while the GaN barrier is 1 nm wide.
Below the active area there is a p-GaN layer and a tunnel junction. The TJ consists of
14 nm of p™" GaN and 32 nm of n*" GaN. The absorption of the p*" GaN is assumed
to be 2000 cm™!, while in the n** GaN the absorption is 280 cm™!. The active area of the
laser is at a distance of 1.5 from the bottom DBR (see the magnification in Fig. 1).
The outer area of the laser is implanted by ions of aluminium. This implantation forms
a high-resistive area that confines the current flowing through the laser.

The simulations were performed using computer models created in Photonics Group
at the Lodz University of Technology. These computer models allow for calculation
of the thermal, electrical, gain and optical phenomena occurring in the laser in the self
-consistent way. Details of the computer models can be found in [8] and the material
parameters used in the simulations presented in this paper are described in [9, 10].
The validity of our models has been confirmed by experimental results [11-13].
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3. Results
3.1. Tuning of the active area position

The analyzed structure is designed in such a way that the 29 nm-thick active area is
placed at the anti-node of the standing wave. In our simulations, the active area is shift-
ed +5/-9 nm (upwards or downwards). Figure 2 shows the distribution of the electric
field of the optical mode for +5 and —9 nm shift of the active region in the areas near
the active region. Because of the high absorption, the TJ is placed in such a way that
the node of the standing wave is in the middle of the p*" GaN (Fig. 2). The absorption
of n-GaN forming the greatest part of the resonator (see Fig. 1) is assumed to be
23.5 cm! [9]. In further analysis, we will also consider other values of absorption in
this material. More details of the optical, electrical and thermal parameters of the ana-
lyzed structure can be found in [10].

Figure 3 presents L-/ (light-current) characteristics for different active area shifts.
It shows that a shift as small as +2 nm results in a slight increase in laser output power.
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Fig. 2. Distribution of the electric fields of the electromagnetic radiation in the resonator near the active
areas and tunnel junction (TJ) for active area shifts of 5 nm upwards and 9 nm downwards.
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Fig. 3. Output power characteristics (L-/) for lasers with different shifts of the active area.



Impact of the active area position in a nitride TJ VCSEL... 305

This is probably caused by the temperature-induced change of refractive indices of the
laser layers. The power emitted by the laser depends on the material gain in the active
area and the confinement factor /" defined by the following formula:

2 2
- IACnRE dxdydz

'[ nf{Ezdx dydz
Res

where, ny is the local refractive index, E is the amplitude of the electric field of the
optical field, AC denotes the active region, while Res is the whole laser.

Figure 4 presents a graph of the confinement factor as a function of the shift of the
active area. According to results from Fig. 4, the best modal gain is obtained when the
active area is shifted by —2 nm (2 nm downwards). These results are consistent with
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Fig. 4. Confinement factor /" as a function of the active area shift.
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Fig. 5. Maximal output powers as functions of the active area shift for different values of absorption in
n-GaN resonator layer, the initial position is 0 nm.
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the results from Fig. 3. The laser achieves the highest output powers when 7 is the
highest.

The maximal values of the emitted power depend, among others, on the absorption
in the materials constituting the laser. In the considered VCSEL with the resonator of
22.54, most of the resonator is made of n-GaN (placed between the active area and the
top DBR). Therefore, the influence of the absorption in n-GaN on the laser’s perfor-
mance was analyzed. The value of absorption in real structures depends on many factors.
The values reported in [14—16] are between 10 and 30 cm™!, but in a recent paper [17]
the authors say that the absorption in n-GaN can be as low as 1 cm ™. In our analysis
we consider absorption in the range from 5 to 23.5 cm™!. Figure 5 presents the maxi-
mum values of the power P, ,, as a function of the active region shift for different val-
ues of the absorption. The values of emitted powers are presented relative to the highest
value obtained in each case. According to the results in Fig. 5, when the absorption of
the n-GaN layer decreases then the shift of the active area has a lower impact on the
maximal output power emitted by the laser.

3.2. Active area at the center of the resonator

In nitride VCSELSs, even though the resonators are many-A-thick, the active area is
located close to one of the DBRs. In lasers without a TJ it allows for decreasing the
thickness of the high-resistivity p-type GaN layer. In a laser with a TJ, the active area
and the TJ can be placed in an arbitrary position without increasing the laser’s resist-
ance, however there is another reason why the active area should be located near one
of the DBRs. Because the thickness of the resonator can be controlled with a limited
accuracy, the active area will not be perfectly aligned with an anti-node of the standing
wave. The higher the distance between the active area and the nearest DBR is, the big-
ger the misalignment will be. This is due to the fact that the anti-node of the standing
wave is generated at the border between the resonator and the DBR. Even if the laser
is designed to emit a certain wavelength, in the real resonator the wavelength will be
slightly different. The misalignment Am between the successive anti-nodes of the ac-
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Fig. 6. Comparison of distributions of standing waves in two resonators of similar widths. Numbers Am;
denote the distances between the corresponding anti-nodes.
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tual standing wave and the anti-nodes in the designed resonator increase with the dis-
tance from the nearest DBR, i.e. Am, > Am, (see Fig. 6). This could be one of the
reasons why in the existing TJ nitride VCSELSs the active area is placed close to the
bottom DBR [4, 18]. In principle, however, it is possible, in a TJ nitride VCSEL, to
have the active region located at the center of the resonator. In what follows we will
show certain benefits resulting from moving the active region deeper into the resonator.

Figure 7 presents thermal maps for two different distances d - between the active
area and the bottom DBR, namely 1.54 and 11.54, at threshold conditions. For d,c =
= 11.54 the active region is placed at the anti-node of the standing wave in the middle
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Fig. 7. Thermal maps of analyzed TJ VCSELs with the distance from the bottom DBR to the active area
of 1.54 (left) and 11.54 (right). The results are for threshold conditions.
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Fig. 8. Maximal output powers as functions of the active area shift, for two different positions of the active
area in the resonator: dyc- = 1.51 (active area near the DBR), and d, = 11.54 (active area in the center
of the resonator).
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Fig. 9. Maximal output powers as functions of the distance from the bottom DBR to the active area, for
different values of absorption in n-GaN resonator layer.

of the resonator. For the laser with d,- = 11.54 the maximal temperature increase in
the structure is 22% lower in comparison with the base structure with d,- = 1.54. For
the VCSEL with the active area placed close to the bottom DBR (d = 1.51), the heat
is extracted from the active area mainly in the upward direction. When the active area
is in the middle of the resonator (d,- = 11.54), the heat is extracted at the same time
in the upward and downward directions. This solution improves the thermal properties
of the laser. Then the powers emitted by the lasers were calculated. Figure 8 shows
maximal output powers as a function of the active area shift for two distances consid-
ered before: dy- = 11.5 and d - = 1.54. The maximal output power is over two times
higher, when the active area is placed at the center of the resonator (d,- = 11.51) in
comparison to the case where it is near the bottom DBR (d,- = 1.54).

Figure 9 shows the impact of the position of the active area on the maximal output
power P, ... In the same graph, different values of the absorption in the n-GaN reso-
nator layer are also considered. According to the results in Fig. 9, the highest output
power is obtained for d,- = 11.54 for all the considered absorptions. The maximal out-
put power depends strongly on the absorption in the n-GaN layer. The difference be-
tween the two extreme cases (a,.g,n = 5 and 23.5 cm™!) is over 6-fold.

4. Conclusions

According to our simulations, in the considered VCSEL, where the active area is lo-
cated 1.54 from the bottom DBR, a detuning between the anti-node and the center of
the active region within a £7-nm range will not prevent the device from lasing in the
case of relatively high internal loses. The impact of this detuning is less significant
when the internal losses are lower.

In TJ nitride VCSELSs, putting the active region at the center of the resonator can
be considered. This solution improves the thermal properties of the structure which
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results in an over twofold increase of the emitted power, when compared with the stand-
ard configuration, where the active region is near the bottom DBR. Such a design, how-
ever, requires a good control of the position of the standing wave anti-nodes, which in
nitride resonators can be a challenge.
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