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Designing of possible structures of nitride vertical-cavity
surface-emitting lasers
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Performance of various possible designs of 400-nm nitride vertical-cavity suiface-emitting lasers (VCSELs) has been ana-
lysed with the aid of the advanced three-dimensional (3D) thermal-electrical-optical-gain self-consistent threshold simula-
tion. It has been demonstrated that it is practically impossible to reach the fundamental-mode operation in nitride VCSELs
of the traditional design with two ring contacts. To enhance this desired operation, uniformity of current injection into
VCSEL active regions should be dramatically improved. Therefore we focused our research on designs with tunnel junctions
and/or a semitransparent contact. In particular, it has been proved that the design with two cascading active regions, two
tunnel junctions and a semitransparent contact may offer the most promising room-temperature performance characteristics
for both pulse and continuous-wave operation. In particular, this design offers high mode selectivity with distinct fundamen-
tal transverse mode domination. Our simulations reveal, that the thickness and localization of a semitransparent contact as

well as localization of active regions and tunnel junctions are crucial for a successful construction designing.

Keywords: computer simulation, nitride VCSEL, tunnel junction, ITO contact.

1. Introduction

Electrically pumped nitride vertical-cavity surface-emitting
lasers (VCSELs) have not been reported until now at all. It
is probably caused by very non-uniform carrier injection
into VCSEL active regions. Uniformity of the above injec-
tion may be considerably improved with the aid of a
semitransparent contact and/or tunnel junctions. A reso-
nant-cavity nitride LED, based on such a construction, has
already been demonstrated [1]. However, a VCSEL itself is
still beyond the reach of this solution. According to our
simulations, it is mostly due to high absorption losses asso-
ciated with a semitransparent indium tin oxide (ITO) layer
used in the constructions. Therefore, the main goal of this
paper is to suggest the new nitride 400-nm VCSEL struc-
ture, which could overcome these difficulties. Performance
characteristics of such a device are also analysed.

The structure we propose is similar to the VCSEL [2]
designed years ago for the InGaAsP/InP material system,
but is new in view of nitride materials. We suggest employ-
ing two cascading active regions separated by a tunnel
junction to supply enough gain and to compensate losses
within a semitransparent contact. Additionally, to enhance
radial current flow, most of the p-type GaN layer should be
replaced by n-type material and the second tunnel junction.

Performance of the proposed design of a nitride VCSEL
has been analysed with the aid of an advanced 3D ther-
mal-electrical-optical-gain self-consistent simulation. We
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present performance characteristics for both room-tempe-
rature (RT) pulse and RT continuous-wave (CW) opera-
tions. We also compare performance characteristics of four
possible configurations of nitride VCSELs. It has been
found that the proposed design enables obtaining the most
promising results.

The paper is organized as follows. The model details
are explained in Section 2. The structures under consider-
ation are presented in Section 3. Simulation results are dis-
cussed in Section 4.

2. The model

The model consists of four equally important parts: optical,
electrical, gain, and thermal ones. The optical model is
based on the 3D optical effective frequency method [3] and
takes into account realistic distributions of both parts (real
and imaginary) of a complex index of refraction in all
structure layers. The method enables determination of in-
tensity profiles of all radiation modes including their gain
and/or loss distributions. Lasing threshold is determined
from the condition of a real propagation constant. In the
optical gain calculations [4] in nitride quantum wells, the
classical Fermi’s golden rule, the parabolic band-gap ap-
proximation and the Lorentzian broadening mechanism are
assumed.

The electrical part takes into account interplay of drift
and diffusion currents of both electrons and holes. With an
exception of an active region and tunnel junctions, current
spreading is determined in all remaining layers from poten-
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Table 1. VCSEL parameters assumed in the calculations: d is the layer thicknesses (in DBR structures for both alternating layers, re-
spectively), n, is the refractive indices, n, is the group refractive indices, o is the absorption coefficient (do/dT = 0.073 em /K is as-
sumed for all layers), o is the electrical conductivity, k399 g is the thermal conductivity at 300 K, and S its temperature dependence
parameters [K = K3gg g (300 K/T)Pr; K_IAL\»Gal.xN = xx AN + (1=%) K 'gan + 0.05 x (1-x) W~'mK] DBR period or QW numbers are
given in brackets (Data are taken from: “Ref. 5, bRef. 6, © Ref. 7, IRef. 8, €Ref. 9, IRef. 10, ERef. 11, PRef. 12, iRef. 13, iRef. 14, where

not indicated, references to the data can be found in our previous publications [15-17]).

baver d (nm) ny dn,/dT n o (em™) | Q! co-m*1 at K300 K Br
(1074/K) : 300 K/400 Ky | Wm K™

IO} (4 DBR B3 | a0 |00 sy 10 - so | om
TiO, 0.899 A 3.00 | -0.0525¢| 5.00 10 - 8.9/ -0.72
ITO 100/25 1.95 - 1.95 | 2000/664 | 2500/1850 8.2b -
n-GaN spacer 2.54 2.88f 3.44 10 1.21/1.18 1957 0.264¢
Ing 15Gag gsN QW (5) 3.5 2.554 232/ 2.554 2000 - 100/ 0.264¢
Ing 0rGag ogN barrier (4) 35 2.59 2.58/ 3.83 10 - 100/ 0.264¢
p-Al,GogN blocking layer 20 2.42 0.578 3.45 10 - 60 -
p-GaN 75.16 2.54 2.88/ 3.44 10 3.82/12.7 100/ 0.264¢
p-InGaN:Mg++ 15 2.7 23.2/ 4.5 150 - 100/ 0.264¢
n-GaN:Si++ 30 2.54 2.88/ 3.44 150 - 100/ 0.264¢
n-GaN 64.26 2.54 2.88/ 3.44 10 3.82/12.7 100/ 0.264¢
Ing 15Gag gsN QW (5) 3.5 2.554 232/ 2.554 2000 - 100/ 0.264¢
Ing 0,Gag ogN barrier (4) 35 2.59 2.58/ 3.83 10 - 100/ 0.264¢
p-Aly G gN blocking layer 20 2.42 0.578 3.45 10 - 60 -
p-GaN 75.16 2.54 2.88/ 3.44 10 3.82/12.7 100/ 0.264¢
p-InGaN:Mg++ 15 2.7 23.2f 4.5 150 - 100/ 0.264¢
n-GaN:Si++ 30 2.54 2.88/ 3.44 150 - 1007 0.264¢
n-GaN 80.14 2.54 2.88/ 3.44 10 3.82/12.7 100/ 0.264¢
AIN 47.6 2.10 0.6" 2.67 10 B 2854 1.64
Alg 15Gag gsN (24) DBR 40.2 2.49 0.578 3.53 65 -
Cu heat sink - - - - - 588200 398! 0.053

tial distributions found by solving the Laplace equation.
This 3D finite-element approach is supported by pheno-
menological approximation of the p-n junction current-vol-
tage characteristics taken from the experimental results re-
ported by Song et al. [1] for nitride VCSEL-like devices.
Analogously, current-voltage characteristics of a tunnel
junction are found for nitride devices [18,19]. We suffer
from the lack of crucial parameters to accurately calculate
both the above characteristics from the first principles.
Therefore we have decided to use some experimental re-
sults. The model does not account for spontaneous and pi-
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ezoelectric built-in fields as high carrier concentrations re-
quired to achieve lasing threshold efficiently [20] screen
these fields.

Electrical conductivities are calculated using data re-
ported by Tanaka et al., Yoshida et al., and Gotz et al.. Fur-
ther details of used approximation can be found in our pre-
vious paper [15]. The specific n-GaN contact resistance is
assumed to be 3.6x10-8 Q cm? (Ti-3 nm/Au-300 nm) [16],
while in the case of p-GaN we use the value of
4x10° Q cm? (Ni/Au 5/5 nm) [17]. The ambipolar diffu-
sion processes in the active region are taken into account
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by solving the following equation (the carrier decrease re-
lated to stimulated emission is omitted as only threshold
condition is investigated here)

2 .
D(T)lia .1 . )} )
or roor
—B(n,Tn> (r) — An(r) + 0 _ 0
edA

&)

where A is the monomolecular coefficient (108 s~1-16), B
is the bimolecular coefficient; its temperature dependence
is evaluated based on data reported by Dmitriev et al. [23],
while its free carrier dependence — on data reported by
Smagley et al. [32] (0.4x10719 cm3/s at 300 K for carrier
concentration of 2.1x10'” cm3), C is the Auger recombina-
tion coefficient (1.4x1073! cmbs~116), D is the ambipolar
diffusivity (10 cm2s~1-33 for RT), n is the free carrier con-
centration, j is the current density in the active region, e is
the unit charge, d, is the cumulative active region thick-
ness, and r is the radial coordinate.

The above equation is solved using the self-consistent
finite-difference method. Bimolecular [23], monomolecu-

Table 2. Material parameters for GaN and InN: E; is the energy
band-gap at 0 K, A—A¢ valence band effective-mass parameters,
m, is the conduction band effective mass in the &, direction, m -
is the conduction band effective mass in the &y ky plane, 7 is the
intraband relaxation time, b is the bowing parameter, AEg is the
band-gap renormalisation (Data are taken from: #Ref. 21, PRef.
22, °Ref. 23, IRef. 5, °Ref. 24, Ref. 25, &Ref. 26,27, "Ref. 28,

iRef. 29).
GaN InN
Ey 3.486 eV @b 1.9ev?
y 0.832x1073 eV/K @b 0.245x1073 eV/K ©
835.6 K @V 624K ¢
A —6.56 4f —9.28 de
Ay -0.914f —0.60 4¢
As 5.65 4f 8.68 e
Ay —2.834f —4.34 de
As -3.13 4f —4.324de
Ag —4.86 4f —6.08 de
m 0.20 my 4f 0.11 my &
mgt 0.18 mq 4f 0.10 mq %€
T 100 fs 8
b 1.02 4
AE, -2.0x1078 (n [em>D1B eV !
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lar and Auger recombination coefficients have been esti-
mated as previously reported [15,34]. The first one addi-
tionally depends on excess carrier concentration [32,35],
which turns out to be important at high excitation level.

The 3D finite-element thermal part of the model utilizes
the same mesh as the one generated for electrical model.
All calculations are performed for ambient temperature of
300 K (RT). To adequately estimate heat dissipation, we
also simulate heat spreading in-5 mm thick copper heat
sink. Thermal conductivity of gallium nitride has been
found to strongly depend on carrier concentration [14].
Thus, for doped GaN spacers we have used distinctly lower
value of thermal conductivity than in the case of nominally
undoped layers of nitride DBR.

In the simulation, all the most important interactions
between individual physical phenomena are taken into ac-
count including temperature and carrier concentration [36]
dependencies of refractive indices and absorption, tempera-
ture- and doping-dependent thermal conductivity, electrical
resistivities and optical gain. Material parameters are care-
fully evaluated based on recent literature values.

3. The designs

Four different intracavity VCSEL designs are analysed in
this paper. The desired emission wavelength for all designs
is assumed to be 400 nm. To enable their comparative anal-
ysis, for all structures, 4 pairs of the dielectric SiO,/TiO,
distributed-Bragg reflector (DBR) are used as upper reso-
nator mirror, 24 pairs of the semiconductor
AIN/Alj 15Gay gsN DBR are applied on the bottom side of
the structure to additionally ensure an efficient heat extrac-
tion (important in the case of the CW operation). High-re-
flectivity dielectric DBR mirrors have been manufactured
many times for the above spectral range [18,37,38]. Re-
cently, also analogous nitride DBR mirrors have been re-
ported with reflectivities exceeding 99% [39,42]. More de-
tailed analysis of the most suitable DBR configurations for
nitride VCSELSs can be found elsewhere [17].

The layers between the bottom and the top DBR reso-
nator mirrors, in all structures, comprise 4-A cavity (c.f.
Fig. 1). To minimise the threshold, active regions are
placed in a Fabry—Perot cavity to match gain layers with
the maxima of the optical mode, and the tunnel junctions
and the semitransparent contact — with its minima. In arse-
nide VCSELSs, AlAs oxidation enables efficient lateral con-
finement of both carrier injection and optical field. There-
fore arsenide VCSELs with active-region diameters even
less than 1 pm have been reported. For nitride VCSELs,
analogous method is not known. Detailed threshold analy-
sis [17] has revealed that their optimal active regions are
much larger, i.e., of a diameter equal to about 10 pm.
Therefore we assume this value for all nitride VCSEL de-
signs under consideration. Nevertheless, if an additional
waveguiding mechanism is applied the diameter of the ac-
tive region could be reduced to 2 pm without a significant
change of the cavity optical losses. The optical confine-
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Fig. 1. Cavity design and radiation intensity distribution in the

propagation direction of the modelled VCSEL with a cascade

double active region (MQW), two tunnel junctions (TJs) and a

semitransparent contact (C TJ ST VCSEL) for its RT CW
operation.

ment of nitride VCSELs will be discussed in detail in our
next paper.

The number of quantum wells is limited to 5 due to a
possible interwell inhomogeneity of carrier injection [43].
For the same reason, we assume a 10% gain drop in succes-
sive wells [44]. The active region is the one analysed by
Park et al. [45], so it is composed of the Ing ;5Gag gsN quan-
tum well layers sandwiched by the In,GagogN barriers.

To reduce carrier leakage, additional Aly,GaygN blocking

layers are applied.

In possible nitride VCSELs, currently available DBR
mirrors (dielectric or semiconductor ones) are practically
electrical isolators. Therefore the classical double lateral
injection (known already in arsenide VCSELSs) seems to be
the most natural way to supply nitride active regions with
carriers and the design with two ring contacts — its simplest
realisation. Additionally, 2H* ion implantation could be
used [46] to form high resistive areas between ring contacts
and the lift-off technique should be employed to deposit the
device on the copper heat sink [42,47]. Unfortunately, ex-
tremely non-uniform current injection takes place in the
above simple VCSEL design, which enhances unwanted
excitation of many high-order transverse modes and in-
creases lasing threshold. To enhance radial current spread-
ing improving uniformity of current injection, both tunnel
junctions and semitransparent contacts may be employed.
Using them, four various VCSEL designs are considered:
e NO TJ VCSEL - the above simple basic VCSEL design

with two ring contacts only,

e J VCSEL - the basic design with an additional tunnel
junction,

e CTJ VCSEL - the TJ VCSEL design, where an active
region is replaced by a cascade double active region
separated by a second tunnel junction,

e CTJST VCSEL - the C TJ VCSEL with an additional
semitransparent contact (the whole structure of this la-
ser design is shown in Fig. 2, while its construction pa-
rameters are listed in Tables 1, 2, and 3).

The tunnel junction used in our simulation is based on
the one reported by Takeuchi ez al. [19], so it is composed

Symmetryé
axis ! % Semitransparent contact
3 ra = R

o I_I > n-contact

Si0,/TiO, DBR ! —

> n-GaN

InGaN/GaN TJ = > Isolator

/?' : n-GaN

p-GaN E : «—
- n-contact

Al 156 ge/GaN ﬂ Jen

DBR

Hest sink (Cu)

Fig. 2. The schematic structure of the modelled VCSEL with a cascade double active region (MQW), two tunnel junctions (TJs) and a

semitransparent contact (C TJ ST VCSEL). The other modelled structures are variations of that design. The NO TJ VCSEL is a traditional

design with one active region and intracavity ring contacts, but without tunnel junctions and a semitransparent contact. The TJ VCSEL is

additionally equipped with one tunnel junction while the C TJ VCSEL is equipped with a cascade double active region and two tunnel
junctions.
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of 15 nm InGaN heavily doped with Mg and 30 nm GaN
heavily doped with Si. The 25-nm thick semitransparent
ITO contact layer is assumed with an absorption coeffi-
cient of 664 cm™! and sheet resistivity of 8.6x10~* Q cm?
[48].

4. Results

Results of our simulation at RT are given in successive fig-
ures and in Table 3. Both CW and pulse operations are con-
sidered. To enable threshold comparison between construc-
tions with different dominating lasing modes, we calculate
for each design the modal gains for various modes. The re-

Contributed paper

sults for fundamental LPy; modes (lines 4 and 15) and for
dominating modes (lines 5 and 16) of each structure are
listed in Table 3. For all constructions under consideration,
the driving voltage is chosen to be only somewhat above
the threshold lasing condition.

The traditional VCSEL structure (NO TJ VCSEL) ex-
hibits a very strong current crowding effect near the ac-
tive-region edge, whereas nearly insignificant current den-
sity is injected into the central part of its active region [Fig.
3(a)]. This causes highly non-uniform carrier concentration
distribution [Fig. 3(b)], very high close to the active-region
perimeter (Table 3: lines 10 and 19) and much lower in the
centre (lines 11 and 20). Subsequently, material gain

Table 3. Selected results of the simulations of room-temperature threshold operation for four analysed structures, see text for descrip-
tions of abbreviations, U, [ is the driving voltage and current, respectively, and A is the wavelength of emitted radiation.

No. Parameter NO TJ TJ CT] CTJ ST
VCSEL VCSEL VCSEL VCSEL
1 |UyV 7 7 13 13
Continuous wave operation

2 |Ij, mA 11.8 15.6 10.0 11.6

3 |A,nm ~401 ~401 ~402 ~405

4 | Modal gain of the LPy;mode, cm™! +12.9 +13.7 +63.4 +80.3

5 | Highest modal gain /mode, cm™! +16.2 LPg +13.9 LP; +64.1 LP3 +80.3 LPg {
6 | Highest optical gain in active region, cm™! 7945 6507 5547 6257

7 | Lowest optical gain in active region, cm™! 2582 6061 5185 4492

8 | Highest temperature in active region, K 328 332 348 353

9 | Lowest temperature in active region, K 317 322 332 331

10 | Highest carrier concentration in active region, 101 cm3 5.7 4.6 4.2 4.8

11 | Lowest carrier concentration in active region, 1019 cm=3 2.0 3.6 32 2.7

12 | Highest current density, kA/cm? 106 61 50 14

Pulse operation

13 |7,, mA 8.8 12.2 9.8 10.3

14 |2, nm ~400 ~400 ~400 ~400

15 |Modal gain of the LPy;mode, cm™! -6.42 +12.5 +77.2 +87.4
16 | Highest modal gain /mode, cm™! —-6.38 LPy +12.5 LPy +77.2 LPy +87.4 LPy 4
17 | Highest optical gain in active region, cm™! 6822 6847 6215 6854

18 | Lowest optical gain in active region, cm™! 2193 6263 5589 4852

19 | Highest carrier concentration in active region, 1019 cm 4.5 4.4 39 4.4

20 |Lowest carrier concentration in active region, 10'° cm™> 1.8 34 3.0 2.5

21 |Highest current density, kA/cm? 76 58 47 14
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non-uniformity (lines 6,7 and 17,18) strongly favours un-
wanted higher-order transverse modes [see Fig. 3(c)].

Uniformity of current injection is considerably im-
proved in the TJ VCSEL. By introducing a tunnel junction
in the cavity, one can almost completely replace low elec-
trically conductive p-type GaN spacer by its n-type coun-
terpart. In this way overall series resistance of the device
can be reduced and, more importantly, radial current flow
is significantly enhanced. Therefore the dominant excita-
tion of the fundamental LPy; mode in the case of RT pulse
operation may be expected. For the RT CW operation,
however, the dominating mode is LP,;, which once again
confirms the importance of the radial temperature distribu-
tion in nitride VCSELs [Fig. 3(d)].

The third design (C TJ VCSEL) is additionally
equipped with the cascade double active region. It results
in much higher optical gain (achieved for lower current —
Table 3: line 2) in comparison with NO TJ and TJ VCSELs
(c.f. Table 3: lines 5 and 16). It may be especially impor-
tant for RT CW operated nitride VCSELs, where the active
region temperature at threshold is relatively high [c.f. Fig.
3(d)] which is followed by a significant reduction of optical

100 L T T T T T ]
75 L NO TJ VCSEL i
< T : =
= 20 r ]
=
b -
2 45 | CTJSTVCSEL : _
7] B
= TJ VCSEL 1\
© 1O b T f |
3 G TJ VCSEL

0 : : ' '
Device radius r (um)
(@)
8000 - ' ' '
TJ VCSEL
".\
= 6000 [ ¢ TySTVCSEL |
5 C TJ VCSEL
o .
§ 4000 | - ]
g NO TJ VCSEL '
2 .
o ..... o
2000 | |
0 ' : ' '
Device radius r (um)
(c)

gain. The dominating mode for this operation is still
a non-fundamental mode, however, the differences in the
average absorption losses between low order transverse
modes are nearly insignificant. Thus, one may expect
a multimode operation with mode switching for that design
during its RT CW operation. On the other hand, a sin-
gle-fundamental mode-operation is likely to occur for the
RT pulse operation.

The fourth design (C TJ ST VCSEL) is based on the
third one. An additional semitransparent contact drastically
reduces the peak of current density near the active region
perimeter [cf. Fig. 3(a)] and the current injection becomes
nearly ideally uniform. However, the contact introduces ad-
ditional optical absorption, therefore it should be thin
enough and its position should fit the node of the resonator
standing wave. Surprisingly, the threshold RT CW driving
current for the C TJ ST VCSEL is only slightly higher than
that for the C TJ VCSEL (c.f. Table 3: lines 2), while the
modal gain is much higher for the former design (by more
than 25%, c.f. Table 3: lines 5 and 16). Such a significant
difference can be explained by a strong index guiding ef-
fect caused by more appropriate radial temperature profile

6 T T - T T

| CTJSTVCSEL

TJVCSEL |
4TctyveseL

Carrier concentration N (109 cm™)
w
T

2 -
NO TJ VCSEL
1+
0 1 1 1 1
0 2 4 6 8 10
Device radius r (um)
(b)
360 T T T T T T T T

C TJ ST VCSEL

Active region temperature T, (K)

o 1 2 3 4 5 6 7 8 9
Device radius r (um)

(d)

Fig. 3. Radial distribution of the active region current density (a), carrier concentration (b), optical gain (c), and temperature (d) for the
modelled nitride VCSELs and their RT CW operation (see the caption of Fig. 2 and the text for the notation used).
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[Fig. 3(d)]. Therefore, the optical mode could be better
confined and the overlapping between mode intensity and
gain distribution may be higher. As a consequence, the fun-
damental transverse mode of the C TJ ST VCSEL is ex-
cited first for both the RT pulse and the RT CW operations.
According to our simulation, the lasing condition could be
achieved at the average current density around 10 kAcm™.
It should be, however, remembered that we considered
nearly ideal thin semitransparent material [48] (c.f. Table 1).
Nevertheless, the use of a semitransparent contact with
conjunction with a cascade double active region may be ex-
pected to be a very promising design.

5. Conclusions

We have used an advanced 3D thermal-optical-electri-
cal-gain self-consistent model to compare usability of vari-
ous designs and to construct first electrically pumped RT
CW 400-nm nitride VCSELSs. It has been found that for the
fundamental-mode operation, current injection into a
VCSEL active region should be at least uniform if not of a
bell-like shape. We focused our research on designs with
tunnel junctions and a semitransparent contact, which are
known to improve the above uniformity.

The results suggest that the best performance may be
expected in the C TJ ST VCSEL with two cascading active
regions, two tunnel junctions and a thin semitransparent
contact. In particular, the semitransparent contact has been
found to considerably enhance the uniformity of current in-
jection but it may introduce huge optical absorption losses.
Therefore its thickness and an appropriate localisation in
the node of a resonator standing wave is crucial for a suc-
cessful construction. Besides, both active regions should be
placed in maxima positions of the resonator standing wave
(to supply enough gain to compensate additional losses as-
sociated with a semitransparent contact), whereas both tun-
nel junctions — in its node positions (c.f. Fig. 1). High opti-
cal gain is especially important for nitride VCSELSs, where
the active-region temperature at threshold is relatively high
and the following reduction of optical gain is significant.

It has been found that the design we propose enables
obtaining the most promising results for both the RT CW
and the RT pulse operations. The semitransparent contact
significantly enhances uniformity of a current injection into
the active region and considerably reduces the peak of cur-
rent density near the active region perimeter. The radial
temperature profile for that design enhances an additional
thermal waveguiding effect, which in turn reduces the CW
threshold and results in the domination of the fundamental
transverse LPy; mode for the RT CW operation. During the
RT pulse operation, the LPy; mode also exhibits the lowest
threshold and, more surprisingly, the structure achieves
higher mode selectivity.

The present threshold analysis does not take into ac-
count a negative feedback between the intensity standing
wave and the carrier concentration distribution, known as
the spatial hole-burning (SHB) effect. With an increase in
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an operation current over its threshold value, the SHB ef-
fect causes a gradual reduction of the gain of a dominating
mode leading finally to an excitation of another one. There-
fore, to enhance the single-mode-operation (preferably —
fundamental-mode-operation), it is not enough to obtain a
uniform current injection — material gain profile should be
as similar as possible to the intensity profile of a chosen
mode.
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