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The new modified structure of nitride diode vertical-cavity suiface-emitting lasers (VCSELs) of anticipated
high-performance low-threshold room-temperature operation is presented. Two essential structure modifications are pro-
posed in this new design. First, tunnel junctions and a semi-transparent contact are used to enhance uniformity of the current
injection into a VCSEL active region. Second, a new built-in radial waveguiding mechanism is introduced within the output
distributed Bragg reflector. According to simulation results, the radius of the active region may be dramatically reduced in
this new VCSEL design, even to just I um, without a significant increase in the cavity optical losses. Hence, using this new
proposed design, manufacturing low-threshold, electrically-driven, room-temperature-operated nitride VCSELs may become

possible even at the current, still immature, development stage of nitride technology.
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1. Introduction

History of nitride diode lasers began in December 1996, when
their first continuous-wave (CW) room-temperature (RT) op-
eration was reported [1]. It was obviously an edge-emitting
(EE) diode laser. Currently EE nitride diode lasers are already
commercially available. However, their another possible con-
figuration, namely the nitride vertical-cavity surface-emitting
laser (VCSEL), seems to be much more promising taking into
consideration its numerous potential applications. Neverthe-
less, RT operation of nitride diode VCSELs has not been re-
ported until now at all.

There are many reasons of problems with RT operation
of possible nitride diode VCSELSs. It is obvious that nitride
VCSELSs need stronger excitation (exhibit definitely higher
lasing thresholds) than nitride EE lasers, disregarding their
structures. But one their peculiarity, being a result of spe-
cial features of nitride materials, plays a special role in an
operation of nitride VCSELs. It is definitely a very high
electrical resistivity of the p-type nitride materials. Conse-
quently, in typical nitride VCSELs structures with both
n-side and p-side annular contacts, current injection into a
laser active region is extremely nonuniform: nearly insig-
nificant current density reaches the active-region centre
whereas its dramatic increase may be observed with ap-
proaching its perimeter. Similar nonuniformity has been re-
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ported also for some arsenide and phosphide VCSELs of
similar structures. But this effect is much more severe in
possible nitride VCSELs. Besides, low-order transverse
modes are also not favoured in the standard nitride VCSEL
structure because of a lack of any radial waveguiding
mechanism (as, e.g., oxide apertures in arsenide VCSELs)
discriminating higher-order modes. Accordingly, beneficial
single-mode operation on the LP,; fundamental mode
needs relatively high excitation in possible standard nitride
VCSELs and higher-order transverse modes may even ex-
hibit lower lasing thresholds which leads to a possible very
disadvantageous multimode operation.

The above situation may be drastically improved by an
enhancement of uniformity of current injection into
VCSEL active regions and an introduction of an efficient
radial built-in waveguiding mechanism which may together
considerably reduce the lasing threshold for the fundamen-
tal LPy; mode. The first improvement may be accom-
plished by tunnel junctions and/or semi-transparent con-
tacts. There are still, however, some difficulties in creating
radial built-in waveguide in nitride VCSELs. It has been
easily introduced in arsenide diode VCSELs with the aid of
a selective oxidation of the AlAs-rich (AlGa)As layers
[2,3]. The oxidation apertures work not only as radial
waveguides but they also may funnel current spreading into
the central active region. Unfortunately, similar technologi-
cal structure modification of a laser resonator is not known
in possible nitride VCSELs. Therefore in this paper a new
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method of an enhancement of uniformity of current injec-
tion into the active region (Sect. 2) and new built-in radial
optical confinement mechanism (Sect. 3) is proposed. The
first is associated with a proper arrangement of tunnel junc-
tions and a semi-transparent contact, the second consists in
a modification of the cylindrical part of the output distrib-
uted Bragg reflector (DBR). Performance of the above
VCSEL structure modifications will be analysed using the
comprehensive VCSEL model.

2. Uniformity of current injection

Possible resonator mirrors of nitride VCSELSs, even semi-
conductor ones, are practically electrical isolators. There-
fore a double lateral injection scheme (Fig. 1) with the aid
of two (p-side and n-side) ring contacts seems to be un-
avoidable in these devices. As a result, current injection
into the centrally located VCSEL active region is ex-
tremely nonuniform: hardly any current can reach its broad
central part and the current flow through a p-n junction is
practically confined to a narrow ring area close to the ac-
tive-region perimeter. Such a profile enhances unwanted
multi-mode operation on higher-order transverse modes.
Although this effect is already known in some arsenide and
phosphide VCSELSs, it is much stronger in nitride ones be-
cause of special features of nitrides — extremely high elec-
trical resistivities of p-type nitrides and very rapid tempera-
ture changes of nitride refractive indices.

Let us consider the simplest possible structure of nitride
VCSELs with two annular contacts. There are two possible
methods to enhance uniformity of current injection into
VCSEL active regions: with the aid of a semi-transparent
upper contacts and/or tunnel junctions. Our detailed com-
parative analysis (using the methods of computer physics
[4]) of many possible VCSEL designs (4 = 400 nm) reveals
that the best results are obtained in the modified nitride
VCSEL (Fig. 2). The proposed VCSEL is equipped with a
double Ing 5GaggsN/Ing i,Gag 9gN multiple-quantum-well
active region, two tunnel junctions (15-nm InGaN heavily
doped with Mg and 30-nm GaN heavily doped with Si [5])
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Fig. 1. Double-lateral injection scheme of nitride VCSELs.
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Fig. 2. New proposed design of nitride VCSELs with a double
multiple-quantum-well (MQW) active regions, two tunnel
junctions (TJs) and a semi-transparent contact.

and a semi-transparent contact (25-nm thick indium tin ox-
ide (ITO) layer [6]). The above laser construction should be
carefully designed to place active regions in maxima posi-
tions of the optical-intensity standing wave whereas both
tunnel junctions and a semi-transparent contact — in its
minima ones (Fig. 3).

Let us consider two possible structures of nitride
VCSELs: the traditional double-ring contacted (DRC) one
without any modifications and the new one with tunnel
junctions and a semi-transparent contact (Fig. 2). For their
continuous-wave (CW) RT operation, radial p-n junction
current density profiles are plotted in Fig. 4 for active-
region diameters of 10 pm. As one can see, extremely
strong current crowding effect close to the active-region
edge occurs in the traditional DRC laser, whereas, in the
proposed VCSEL design, nearly perfectly uniform current
injection is observed. Uniformity of current injection is im-
proved in the new design mostly because the previous top
high-resistivity p-type current-spreading upper layer is re-
placed in the new design by the n-type GaN layer of resis-
tivity lower by more than two orders of magnitude, which
strongly reduces the current crowding effect. As a result,
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Fig. 3. The intensity standing wave in the propagation direction
within the cavity of the VCSEL design shown in Fig. 2. TJ — tunnel
junction, MQW — active region.

© 2004 COSiW SEP, Warsaw



4t International Conference on Solid State Crystals

100 - .
o DRC laser
§80r a
(&)
<
<
=60 1
=
D
o
S 40t -
]
2
5; o0k New design 4
0 T 1 1 1
0 1 2 3 4 5 6

Device radius r (um)

Fig. 4. Radial profile of the p-n junction current density within
10-pm active regions of nitride VCSELs operating CW at RT: the
traditional DRC design and the new design.

the high-order LPg; transverse mode reaches first the CW
RT lasing threshold in the case of the traditional DRC
nitride VCSEL whereas the desired fundamental-mode
LPy; operation is expected in the case of the new modified
nitride VCSEL.

3. Built-in radial waveguide

3.1. The theory

Let us consider the performance of various waveguiding
effects using the effective frequency method proposed by
Wenzel and Wiinsche [7]. The optical field E(r,z,@) is as-
sumed to be of the following form

E(r,z,@) = f(r,2)®(r)exp(L@), ey

where L =0, 1, 2, ... is the azimuthal mode member.

The above expression enables us to reduce the wave
equation within the VCSEL resonator to the following two
mutually interrelated, nearly-one-dimensional wave equa-
tions along both the axial and the radial directions [7]

d2
Lﬂ +kgng(r, z):l f(r,2)

z (2a)
=V (kG nR(r. 2, (r, D) f(1,2),
d> 14 L? )
|:d’2 +;E— rT +v€ﬁc(r)k0 <ang>r:|(DL(r)
= vk{ {ngng ) @10, (2b)
L=0,12,..

where v,z stands for the effective frequency, ko = @g/c is
the vacuum wave number and @, is the real-valued nomi-
nal angular frequency corresponding to the desired period-
icity of DBR mirrors. ng and n, are the complex refractive
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phase and group indices, respectively, evaluated at the
nominal angular frequency @,. The dimensionless complex
parameter v plays the role of an eigenvalue and is defined
as

3

Outgoing plane waves are assumed as boundary condi-
tions for the bottom and the top resonator surfaces,
whereas, for sufficiently large radial distances, a cylindrical
outgoing waves are assumed. The solving algorithm of the
above Egs. (1) and (2) needs a self-consistent procedure be-
cause the effective frequency v is present in both of them.
The lasing threshold for a given radiation mode is found
when corresponding propagation constant becomes real (so
its imaginary part vanishes).

Following the previous section, a step gain profile of
the diameter 27, (equal to the active-region diameter) is as-
sumed in the analysis. Only the pulse RT lasing operation
is considered to simplify calculations. However, one should
remember that nitrides exhibit very strong temperature de-
pendence of their refractive indices [8], so if current paths
are properly designed, the temperature distribution during
the CW operation could cause an additional strong thermal
focusing effect, improving radial waveguiding properties.
Thank to the above simplifications, any observed improve-
ment in performance characteristics of the modified laser
will definitely follow from an improvement in radial opti-
cal confinement itself.

To compare confinement of an optical field in possible
VCSEL structures of nitride diode lasers, the effective
modal threshold gain Gy, is introduced. From the definition,
the effective modal gain Gpy; of a given radiation LPjy;
mode is an average optical material gain (with optical losses
being taken into account additionally) in the laser structure
weighted by an intensity distribution of the mode [9]

s LL277:
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where r, stands for the structure radius, L; is the resonator
length, I} is the intensity distribution of the radiation cou-
pled into the LP; \; mode, and g and ¢ are the spatial distri-
butions of optical gains and losses, respectively. So, Gy
takes into account in a natural way all areas where there is
a gain of the optical intensity and also all areas where radi-
ation is absorbed or lost, but, in both cases, proportionally
to the local mode intensity. When the distribution of mode
intensity is not correlated with gain areas and/or the mode
spreads considerably into absorption areas, the mode needs
higher material optical gain in quantum wells to be excited.
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Table 1. VCSEL parameters assumed in the calculations: d are the layer thicknesses (in DBR structures for both alternating layers, re-

spectively), np are the refractive indices, n,

are the group refractive indices, « are the absorption coefficients, DBR period or QW num-

bers are given in brackets (Data are taken from: “Ref. 12, bRef. 13, ‘Ref. 14, 9Ref. 15, “Ref. 16 where not indicated, references to the
data can be found in our previous publications [10,11]).

Layer d (nm) ng ng o (cm™)
Si0, 64.10 1.56% 1.614 10
TiO, (6.5) DBR 33.30 3.00¢ 5.00¢

Ag coating 200.00 0.173% 0.4414 612610
n-GaN spacer 74.16 2.54P 3.44P 10
n-GaN 9.15 2.54P 3.44b 10
ALOy 15.00 1.55¢ 1.575¢ 10
n-GaN spacer 58.24 2.54b 3.44b 10
n-GaN spacer 141.56 2.54b 3.44b 10
Ing 15Gag gsN QW (5) 3.50 2.55¢ 2.55¢ ~2000
Ing 0Gag ogN barrier (4) 3.50 2.594 3.834 10
p-Aly»Gg N blocking layer 20.00 2.42P 3.45P 10
p-GaN 75.16 2.540 3.440 10
p-InGaN:Mg*+ 15.00 2.70b 4.50° 150
n-GaN:Sit* 30.00 2.54P 3.44P 150
n-GaN 158.88 2.54b 3.440 10
AIN 47.60 2.10° 2.67 10
Al 15Gag gsN (17.5) DBR 40.20 2.49b 3.53b

3.2. The structures

The new structure of a nitride VCSEL proposed in Sect. 2
is very complicated. Therefore we have decided to test us-
ability of our new radial optical waveguiding mechanism in
much simpler VCSEL structures, assuming, however, per-
fect uniformity of current injection confirmed for this new
VCSEL design. Four possible simple structures of nitride
VCSELSs are schematically shown in Fig. 5. In all VCSEL
designs, six and a half pairs of the dielectric SiO,/TiO,
DBR are used as upper resonator mirrors, whereas seventeen
and a half pairs of the semiconductor AIN/Al 5GaggsN
DBR are applied on the bottom of their structures as output
resonator mirrors. The desired emission wavelength in all
designs is assumed to be 400 nm. All the layers between
the bottom and the top DBR resonator mirrors comprised
a 3 cavity. As the active region, five 3.5 nm Ing;5Gag gsN
quantum wells (QWSs) separated by 3.5-nm Ing1,GagyogN
barriers are chosen. The detailed assumptions regarding the
active region and the cavity as well as the reasons for
choosing the above materials in DBRs are explained in our
earlier publications [10,11]. Table 1 lists all the parameters
used in our calculations (where not indicated, the refer-
ences can be found in Refs. 10 or 11).

In all four VCSEL structures under consideration,
a classical double lateral injection scheme is applied. The
first standard structure, labelled ‘STD’, has no additional
built-in radial optical confinement. The second one (la-
belled ‘etched DBR”) has a pillar shaped upper dielectric
DBR, which could be fabricated by selective dry etching.
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The third structure is based on the second one. Its manu-
facturing is as follows. First, the upper DBR should be
etched to form a pillar leaving only the last low-index bot-
tom SiO, layer intact. Then, on the top of the exposed part of
that layer, the second low-index SiO, layer of the same
thickness as the TiO, layer near the pillar should be depos-
ited again (Fig. 5), so the external SiO, layer is as thick as
both together the internal SiO, and TiO, layers. The refrac-
tive index step between SiO, and TiO, seems to be high
enough to ensure efficient radial waveguiding, but the effect
of optical confining can be enhanced if the exposed part of
the thickened SiO, layer is additionally covered by a highly
reflecting layer. In our simulation, we chose a silver metallic
coating for this but similar results have been obtained also
for an aluminium layer and a dielectric DBR stack. The key
feature of the coating layer mentioned above is its reflec-
tivity, which should be at least around 90%.

The last structure, labelled ‘oxidized aperture’, is a hy-
pothetical structure with both optical and electrical radial
confining mechanisms taken, only for comparison, from ar-
senide VCSEL structures. The ‘oxidized aperture’ is placed
in the anti-node position of a standing wave within the res-
onator to create more efficient optical confinement.

3.3. The results

Figure 6 presents the RT material gain within VCSEL QWs
necessary for the fundamental LPy; mode to reach its lasing
threshold plotted as a function of the radius 7, of the active
region, for all structures considered. It has been found that

© 2004 COSiW SEP, Warsaw
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Fig. 5. Schematic diagram of the analysed structures of output DBR mirrors in nitride VCSELs.

the fundamental LP;, mode exhibits the lowest lasing
threshold in all of them. As one can see, it is almost stable
and practically the same for radii larger than about 5 pm,
while for smaller radii, it starts increasing dramatically.
This could be explained in the case of the standard STD
VCSEL structure by a change in the radial mode profile
(see inset in Fig. 6). The smaller the radius of the active re-
gion, the more the mode spreads into the high absorption
lateral areas and, in this way, diffraction optical losses and,
subsequently, lasing thresholds are increased, so higher
material optical gain within VCSEL QWs is necessary for
the LPy; mode to overcome these additional optical losses
and to reach its lasing threshold.

In all remaining structures, equipped with some built-in
radial optical confinement mechanisms, an increase in the
threshold gain in QWs observed for the smaller 7, is a result
of increasing edge losses, proportional to In[(RpRg)™'],
where R and Ry are the reflectivity coefficients for the
front and the rear DBR mirrors, respectively. For r > r,
Rpis equal to as much as 99.5% for the ‘oxidized aperture’
structure, to about 90% for our new proposed structure and
to only about 50% for the ‘etched DBR’ structure. That is
why increasing edge losses are followed by increasing
lasing thresholds for smaller active regions. However, if
the waveguide is properly designed, this phenomenon may
occur for much smaller radii, which may enable a reduction
of the threshold current.

It is difficult to introduce radial waveguiding mecha-
nism into cavities of nitridle VCSELs. Therefore we have
given our attention to the upper DBR. If it is etched to form
a pillar above the active region (Fig. 6, ‘etched DBR’), one
may expect a strong radial waveguiding effect to occur, as
the refractive-index step between TiO, and air is very high
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(around 2). Our simulations, however, revealed that only a
small and discouraging improvement is observed in this
case (c.f. Fig. 6, curve ‘etched DBR’). This may be ex-
plained by considering optical losses in the cavity. The
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Fig. 6. RT threshold material gain within QWs of the VCSEL
structures under consideration (see Fig. 5) versus the radius 7. of
the active region (equal to the radius of the built-in radial optical
confinement in all structures but the STD one). The inset shows
radial intensity LPy; mode profiles for all structures plotted for
radii of the active region less than 2 pm and equal to 20 pm. For
small active regions, an optical field penetrates passive areas
considerably in the case of the traditional ‘STD structure’, whereas
this penetration is much shallower for structures with a built-in
radial optical confinement, i.e., the ‘etched DBR’ structure, the
new proposed structure and the hypothetical ‘oxidized aperture’
structure (the corresponding curves are very similar). In the latter
case, reflectivity coefficients (in per cent) in the area r > r, are
indicated. For large active regions, optical-field profiles are
practically identical in all four considered structures.
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LPy; mode penetrates the lateral (> r,) regions. This pene-
tration becomes considerable when the radius of the active
region is reduced below 5 ym [11]. When both lateral in-
tensity tails are considerably reduced after reflection (as in
the ‘etched DBR’ structure), the effective reflection coeffi-
cient for the whole mode is also reduced, so its optical
losses are increased. Therefore, to improve radial optical
confinement for a specific mode, it is crucial to increase the
reflection coefficient for the tail parts of the mode intensity
to a similar value as that of the central (r < r,) part of the
resonator. It can be realized, e.g., by forming a highly re-
flecting metallic layer above the optical confinement layer
in close proximity to the etched pillar of the dielectric
DBR; and, in fact, it is clearly seen in Fig. 6, that the re-
flecting metallic layer in the ‘proposed structure’ distinctly
improves the optical confinement.

The best optical confinement could, however, be achieved
if the confining layer is placed within the cavity (c.f. Fig. 6,
curve ‘oxidized aperture’). In the case of arsenide VCSELs,
this is easily realized using the selective radial oxidation of
AlAs layers. Unfortunately, in the case of nitrides, a similarly
simple process is not known at the current stage of technol-
ogy, although application of photonic crystals may enable a
radical improvement in future. Here, in Fig. 6, we show the
results of the calculations carried out for the hypothetical
structure of nitride VCSELs with an oxidized aperture only
for comparison of efficiencies of the optical confinements.

4. Conclusions

The new modified structure of nitride vertical-cavity sur-
face-emitting lasers (VCSELs) is presented. Two essential
structure optimisations are proposed in this new design. First,
tunnel junctions and a semi-transparent contact are used to en-
hance uniformity of the current injection into a VCSEL active
region. Second, a new built-in radial waveguiding mechanism
is introduced within the output distributed Bragg reflector. Ac-
cording to simulation results, the radius of the active region
may be dramatically reduced, even to just 1 pm, without a sig-
nificant increase in the cavity optical losses. Hence, using this
new design with both the above structure modifications, manu-
facturing low-threshold, electrically-driven, room-temperature-
operated nitride VCSELs may become possible even at the cur-
rent, still immature, development stage of nitride technology.

Radial waveguiding mechanism built-in within a
VCSEL resonator has been proved to work more efficiently
than the one introduced to resonator mirrors. Therefore
photonic band-gap materials may enable manufacturing the
best future structures of nitride VCSELSs, where radial opti-
cal confinement may be created with the aid of a proper
linear defect of a photonic-crystal slab.
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