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Two-dimensional simulations were performed to optimize the waveguiding region’s aluminum
composition of an AlGaN/GaN separate confinement heterostructure~SCH! laser with large band
discontinuities. Results demonstrate that the active region’s thickness, waveguiding regions’
thickness, and the material composition of the waveguiding region should be optimized, based on
losses of the materials in the structure. Results also demonstrate that the threshold current of a SCH
laser may be larger than that of a double heterostructure laser. The increase is caused by a
competition between the active region and the waveguiding region which has a parasitic effect on
the laser’s modal gain because of the waveguiding region’s slightly larger band gap, so that below
the lasing threshold, photon emission and population inversion can occur in both regions. At the
minimum threshold current the structure is optimized to strongly confine both the guided optical
mode and the charge carriers responsible for the gain. ©1997 American Institute of Physics.
@S0021-8979~97!08609-X#
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INTRODUCTION

There have recently been several successful demon
tions of current injection pumped, nitride based semicond
tor lasers.1–3 Lasers based on alloys of AlN, GaN, and In
are desirable because light emission would be possible ov
continuous range from red through the ultraviolet portion
the optical spectrum with the high end portion of this fr
quency range dominated by AlGaN. One important benefi
this is the higher density of information that can be sto
using shorter wavelength light. However, the greatest ro
block in the creation of these lasers at this early stage is
development of the growth technology. To enhance this
search activity, there have been many theoretical calculat
of the current flow behavior, optical gain, and lasing thre
old currents in nitride based semiconductor la
structures.4–9However, to our knowledge, numerical simul
tions which take into account the energy band structu
spectral characteristics of recombination and gain, cur
spreading and optical mode waveguiding in a consis
manner to give results as close to reality as possible, h
only been done for nitride based light emitting diodes5 and
double heterostructure lasers.8 Simulations of devices with
wide energy gaps are much more difficult than narrow
ergy gap devices because the carrier concentrations pre
at certain locations in the device make the equations
volved ill-conditioned, thwarting the solution procedur
However, simulations are important to learn how the c
rently available materials are expected to perform, and h
the device can be optimized to overcome some of the dis
vantages introduced by thepoor material quality. Using sim
lations we have alreadydemonstrated that the thres
current of an Al0.4Ga0.6N/GaN/Al0.4Ga0.6N double hetero-
structure ~DH! laser can be minimized by optimizing th
active region thickness and that in very lossy materials i
best to avoid very thin active region structures.8

a!Electronic mail: mitin@ece6.eng.wayne.edu
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The AlGaN material system is being actively inves
gated for the fabrication of current injection pumped lase
though as of yet, experimental results have only been p
lished for optically pumped stimulated emission in a vertic
cavity laser structure,10 a double heterostructure laser,11 and
a separate confinement heterostructure~SCH! laser.12 For
most applications the SCH is expected to give the best
formance. As is well known, the threshold current dens
can be minimized, by optimizing at separate locations,
energy barriers for charge carrier flow, and the refract
index difference between the waveguiding and cladding l
ers. This is the idea behind the SCH design. However,
merical simulations of this are necessary to truly underst
what effect the combination of effective masses, refract
indexes, affinities, and energy band gaps available in
material system have on the threshold current, in the S
structure. We have now performed the first numerical sim
lation of the nitride based SCH semiconductor laser str
ture, to demonstrate how the threshold current changes
the Al composition of the waveguiding regions, the thic
nesses of the active and waveguiding regions, and the lo
present in the active region. We have investigated
performance of Al0.4Ga0.6N/Al xGa12xN/GaN/AlxGa12xN/
Al0.4Ga0.6N separate confinement heterostructure lasers
which GaN is the active region, for different Al compositio
in the waveguiding regions, AlxGa12xN.

The structure investigated here is in line with curre
growth capabilities. Though most AlGaN based devices h
an Al composition of 0.15 or less, higher amounts have b
used. For instance, the vertical cavity SCH structure m
tioned above contained Bragg reflectors made fr
Al0.4Ga0.6N, and AlxGa12xN has been grown with an alumi
num composition,x, ranging from 0 up to 1.0.13

We have observed the threshold current for las
sharply increases, then gradually decreases and pa
through a minimum and finally increases again, as
waveguiding regions’ aluminum composition increases fr
1(9)/5930/5/$10.00 © 1997 American Institute of Physics
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near zero. The increase nearx 5 0 is significant, and to our
knowledge, it was not presented in the literature yet. Beca
the growth technology for these materials is not very
vanced, the materials fabricated today have very high opt
losses. The results presented here demonstrate tha
waveguiding region’s aluminum composition for minimu
threshold current is dependent on the quality of the availa
material. Also, these results indicate that it may not be b
to use very low values ofx in the waveguiding regions o
SCH lasers.

DEVICE STRUCTURE AND SIMULATION PROCEDURE

Figure 1 presents the structure, dimensions, and do
concentrations of the SCH laser under investigation. It ha
GaN active region, AlxGa12xN waveguiding regions, and
Al0.4Ga0.6N cladding layers. For most of the discussions p
sented here, a structure with a 0.1mm thick active region
was investigated because this thickness is associated wit
minimum threshold current density in a DH laser made fr
Al0.4Ga0.6N/GaN/Al0.4Ga0.6N with a GaN active region, as
observed in earlier simulations.8 Using this structure, we
demonstrate that further optimization is possible by introd
ing the waveguiding regions with proper material compo
tion. At the end of this article, results for a thinner acti
region structure~0.06mm! are presented to validate the o
servations, and present trends. The optical mode’s inten
at the peak is largest in the DH laser with a waveguide thi
ness of 0.2mm. Therefore, the total thickness of the SCH
waveguide was set to 0.2mm. The total structure’s width
was set to 5mm, and the top electrode’s width to only 1mm.
These two values were chosen because of the strong int

FIG. 1. The simulated separate confinement heterostructure laser w
contains a GaN active region, AlxGa12xN waveguiding regions, and
Al0.4Ga0.6N cladding layers.
J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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in wide band-gap lasers for optical disc recorders, wh
self-sustained pulsations~SSPs! provides a practical method
for reducing noise. To induce SSP, enough saturable abs
tion is needed in the active region, which is more likely
occur in narrow stripe lasers.14 Fortunately, these narrowe
stripe structures will also produce much higher modal gain
AlGaN lasers, compared to AlGaAs lasers, because the
jected current does not spread as much in the low mob
nitride semiconductors. Figure 2 presents a diagram of
energy band structure along a vertical cut through the ce
of Fig. 1, for lasers with different waveguiding region com
positions to indicate the location of energy barriers presen
the different structures considered here. Figure 2~a! presents
the band structure when the waveguiding region consist
Al0.4Ga0.6N, Fig. 2~b! presents the same when the wavegu
ing regions consists of AlxGa12xN with 0.0,x,0.4, and
Fig. 2~c! presents the same for the case when the waveg
ing designated regions consist of GaN.

For the simulation results presented here, we h
solved Poisson’s equation, the electron and hole contin
equations and the wave equation for the electromagn

ich

FIG. 2. Diagram of the energy band structure taken along a vertical
through the center of Fig. 1, to demonstrate the location of band disco
nuities. In ~a!, the waveguiding region consists of Al0.4Ga0.6N, in ~b! the
waveguiding region’s composition,x, is between 0.0 and 0.4. In~c!, the
waveguiding designated region is composed of GaN.EC is the conduction
band andEV is the valence band.
5931P. Shah and V. Mitin
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field of the emitted light, self-consistently over the tw
dimensional cross section of the structure. Thermionic em
sion of charge carriers at the heterojunctions, was include
the simulations. The spontaneous recombination rate
gain are calculated by integrating the electron and hole
tributions in the energy bands of the device according
formulas derived from Fermi’s golden rule and assum
that the k-selection rule holds.15 The lasing threshold is
reached when the modal gain equals the optical los
present, with single mode lasing assumed. For optical los
two values were chosen. First, the limiting case where o
mirror losses are present in a laser with a cavity length
100 mm ~a5157 cm21). Second, we assumed total loss
roughly twice the limiting value~a5300 cm21) to see the
influence of losses on the lasing threshold current. This
done to observe trends as the material’s losses decre
which will occur as the growth technology improves. Para
eter values for AlN and GaN, used in the simulations, are
listed in Table I. Parameter values for the alloy AlGaN we
obtained by taking corresponding proportions of the val
for the constituent compounds.

RESULTS AND DISCUSSIONS

With x50.4, which is at the high end of the range inve
tigated here@see Fig. 2~a!#, this structure corresponds to a
Al0.4Ga0.6N/GaN/Al0.4Ga0.6N DH laser. This structure’s ac
tive region’s thickness is the optimum value as presente
Ref. 8, for the lowest threshold current density, when
total optical losses, are due to only mirror losses. With this
a starting point, the aluminum composition of the now d
fined waveguiding regions are reduced for further optimi
tion. With largex in the waveguiding regions, charge carrie
build up in the active region due to two reasons. First,
recombination rate is small in the structure because the
gion with the lowest energy gap has a short extent in
direction of the current flow, which reduces the time th
charge carriers interact to recombine there. Second, the l
band discontinuity at the heterojunction between the cl
ding layer and the waveguiding layer minimizes the leaka
of charge carriers out of the central regions by thermio
emission. With the resulting charge carrier buildup in t
active region, the gain spectrum is broad.

As x decreases@see Fig. 2~b!# in the SCH structure in-
vestigated here, to define separate regions for wavegui
and charge carrier confinement, the performance of the l

TABLE I. Material parameters of AlN and GaN.

Parameter AlN Reference GaN Reference Unit

me* 0.48m0 16 0.2m0 17 •••
mh* 0.7m0 estimate 0.4m0 18 •••
mn 300 16 600 19 cm2/V/s
mp 14 20 9 21 cm2/V/s
e r(0) 8.5 22 9.0 22 •••
e r(`) 4.7 22 5.35 22 •••
Ref. index 2.15 22 2.67 22 •••
Direct energy gap 6.2 23 3.43 24 eV
Electron affinity 7.64 25 10.23 25 eV
Spin orbit splitting 12 26 11 27 meV
5932 J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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improves. The buildup of charge carrier concentrations
reduced in the active region due to a decrease in the barr
height, which they have to surmount, to leave the act
region by thermionic emission. This barrier now consists
two smaller steps rather than one large step. At the sa
time, the peak of the modal gain spectra is higher for a fix
amount of current injection because the optical mode c
finement improves asx decreases. The modal gain spectru
presents a weighted product of the material gain and
local photon density which is determined by the optic
mode confinement. The stronger modal gain spectrum le
to increased stimulated emission which also reduces
charge carrier buildup. In turn, the modal gain spectrum
comes narrower. Since less charge carrier buildup occ
additional charge carriers injected into the thin active reg
recombine quicker, since they are at much lower energy
els in their respective bands, i.e., the quasi-Fermi levels
closer to the energy band edges.

Eventually an optimalx is reached, where the optica
confinement is strong enough and the injection and confi
ment of charge carriers efficient enough to give the minim
threshold current density.

As x is further reduced@approaching the structure show
in Fig 2~c!# the waveguiding regions’ energy gap narrow
and in turn, the material gain increases there, due to
inverse dependence of material gain on the emitted phot
energy in a particular region. Also, for small enoughx, the
energy barriers between the active region and the waveg
ing regions are small and charge carriers will build up
both regions. Thus, there is a buildup of gain in the act
region and a parasitic buildup in the waveguiding regions
single region with a uniform energy gap will have a mod
gain spectra consisting of a single peak, and the spec
shape will be determined by material parameters and
electron and hole distributions, assuming single-mode las
Because the three central regions of the SCH laser inve
gated here have different energy gaps, their individual c
tributions to the modal gain spectra can lead to two pea
Lasing can occur first at the energy associated with the p
having higher gain. This in turn determines the thresh
current density. The gain spectra for the parasitic region h
a strong contribution, over a fraction of its energy range fro
charge carriers that can recombine in the active region. In
improperly designed structure, the modal gain could be hi
est in this energy range rather than the energy range as
ated with light emission due to stimulated emission on
from the active region. Even in a properly designed structu
if the pumping level is very high, the gain of the active a
waveguiding regions may both reach the lasing thresh
and then lasing at two frequencies will occur.

Figure 3 demonstrates the positions of the quasi-Fe
levels for electrons,EFN , and holes,EFP . These quasi-
Fermi levels indicate the charge carrier distributions in
structure at the lasing threshold in both the active region
the waveguiding regions, for the structure withx50.02 in the
waveguiding regions, and assuming that the total opt
losses area5300 cm21. This figure clearly shows that th
separation of the quasi-Fermi levels is larger than the ene
P. Shah and V. Mitin
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gap, in both the active and the waveguiding regions, whic
necessary for gain.

When the aluminum concentration of the waveguidi
regions,x, is very close to zero, charge carrier confinem
to the active region is poor, and this structure behaves lik
double heterojunction laser with a 0.2mm thick active region
@see Fig. 2~c! for a band diagram of the structure#. Whether
charge carriers are in the active region or in the regions d
ignated as the waveguiding region, they will contribute
most equally to the laser gain. The modal gain will be we
because of poor overlap between the inverted populatio
charge carriers and the guided photons.

To clarify the ideas of this section, Fig. 4 presents
calculated gain spectra at lasing threshold, for an AlG
SCH laser with total optical losses ofa5300 cm21, when
the waveguiding layers’ aluminum composition isx50.3,
x50.1, x50.02, andx50.005. The two separate humps
the gain spectra forx50.02 are due to the competition t
reach the threshold, between the waveguiding and active
gions. One of these humps is due to the population invers
in the active region, and the second corresponds mainl
the waveguiding region with a contribution from the acti
region. For thex 5 0.005 case the gain spectrum is narrow
because a smaller range of energy levels are filled by ch
carriers compared to the cases represented by the o
curves. These spectra are narrower even though the thres
current is higher because the large number of charge car
that contribute to population inversion and material gain,
not encounter enough photons to produce stimulated e
sion, due to the presence of strong waveguiding but w
charge carrier confinement. These gain curves also indica
shift in the wavelength of emitted light as the aluminu
composition of the waveguiding regions increases.

FIG. 3. Band structure at lasing threshold, along a vertical cut through
center of the structure in Fig. 1. The waveguiding regions are compose
Al0.02Ga0.98N. EC is the conduction band,EV is the valence band,EFN is the
electron quasi-Fermi level, andEFP is the hole quasi-Fermi level. Pleas
note that the energy axes are scaled differently for the valence and con
tion bands.
J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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The gain spectra indicate how the injected carriers
the active region, and the carrier injection necessary for
device to reach the lasing threshold. The plot of the thresh
current versus aluminum composition,x, in the waveguiding
region, as shown in Fig. 5, demonstrates this behavior i
different fashion. The solid curves in this figure are for t
structure with a 0.1mm thick active region. Represented a
structures with total optical losses ofa5157 cm21, for
which the maximum threshold current occurs atx50.01, and
for a5300 cm21, in which case the maximum occurs
x50.02. Asx increases from zero, the threshold current de
sity increases due to the independent pumping of the ac
region and the parasiticlike waveguiding regions, as m

e
of

uc-

FIG. 4. The modal gain spectra, at the lasing threshold, for structures
taining waveguiding regions composed of AlxGa12xN with x50.005,
x50.02,x50.1, andx 5 0.03. Total optical losses are 300 cm21.

FIG. 5. Dependence of the lasing threshold current on aluminum comp
tion, x, in the waveguiding regions. The two lower curves are for to
optical losses of 157 cm21 and the two upper curves are for total optic
losses of 300 cm21. The solid lines represent the case of a 0.1mm thick
active region, and the dashed lines represent the case of a 0.06mm thick
active region. In both cases the active region is centered in the wavegu
region, and the waveguiding region’s total thickness is 0.2mm.
5933P. Shah and V. Mitin
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tioned above. The threshold current decreases to a minim
as demonstrated in Fig. 5, asx approaches 0.1 because
balance is reached between the strong confinement of
guided mode due to the refractive index difference betw
waveguiding and cladding regions, and the strong confi
ment of charge carriers due to the large energy barr
around the active region. Forx . 0.1 the threshold curren
increases again because the gain spectra broadens an
optical confinement, which determines the modal gain,
duces.

The shift of the peaks in Fig. 5, to higherx values, as the
total losses increase, is due to charge carrier buildup in b
the waveguiding and the active regions of the laser, whe
is pumped more intensely, to reach the gain necessary
lasing at higher losses. This buildup broadens the gain s
tra which changes the energy of the maximum gain, and
turn the location of the peak in the threshold current den
versus composition plot.

A similar plot was calculated for a laser structure with
thinner active region but with an overall waveguiding regi
thickness still just 0.2mm, to further confirm these result
and observe trends. The dashed line in Fig. 5, represent
case where the active region is centered vertically in
waveguide region as before, but now has a thickness of o
0.06mm. The material composition and other dimensions
the same as before. The peak near lowx values is higher and
wider for this case because now the volume of the region
has a parasitic effect on the gain is greater so more inje
carriers are wasted in creating a population inversion in
region. From Fig. 5, we observe that at low losses, the m
mum of the threshold current is lower than when the act
region was 0.1mm thick. However, as the losses increase,
the narrower active region structure, the optimal wavegu
ing region’s composition changes fromx50.07 to x50.
These effects are due to the interplay between the op
confinement and charge carrier confinement.

The values calculated here for threshold can be co
pared to the measurement of the threshold of optic
pumped stimulated emission of' 90 kW/cm2.12 Let us as-
sume that every electron injected into the 0.1mm active re-
gion would add to the population inversion and could reco
bine to produce one photon at a lasing energy of 3.47
which is near the peak of the gain spectra for thex50.02,
x50.1, andx50.3 cases, as shown in Fig. 4. Assuming ve
little lateral spreading occurs of charge carriers flowing fro
the top contact to the active region allows one to choose
mm wide active region. In this case, the optimal inject
current of 26.5 mA, which is near the minimum of the so
curve in Fig. 5, provides the same amount of populat
inversion, for the lasing threshold, as an optical pump
power of 920 W/cm2, assuming that the total losses are 3
cm21. A stronger comparison is not possible because
actual aluminum compositions of the different regions of
structure in Ref. 12, as well as the total losses, are
known.

CONCLUSION

Two-dimensional numerical simulation results are p
sented, for an AlGaN separate confinement heterostruc
5934 J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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laser with a GaN active region, demonstrating that besi
optimizing the width of the active region, the composition
the waveguiding regions should be optimized. These res
also indicate that with an improper waveguiding region
composition, the threshold current may be higher than i
double heterostructure laser, when the waveguiding reg
have very low aluminum composition. Furthermore, the
results demonstrate that the material’s total optical los
have a strong influence on the optimum material composi
for the waveguiding regions.
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