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Quantum dot lasers based on a stacked and strain-compensated active
region grown by metal-organic chemical vapor deposition
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We demonstrate an InAs/GaAs quantum @D) laser based on a strain-compensated, three-stack
active region. Each layer of the stacked QD active region contains a thifnXzgP-3.8%) tensile

layer embedded in a GaAs matrix to partially compensate the compressive strain of the InAs
(Aa,=7%) QD layer. The optimized GaP thickness~2l MLs and results in a 36% reduction of
compressive strain in our device structure. Atomic force microscope images, room-temperature
photoluminescence, and x-ray diffraction confirm that strain compensation improves both structural
and optical device properties. Room-temperature ground state lasing=&t249um, Jy,

=550 A/cnt has been demonstrated. 2005 American Institute of Physics

[DOI: 10.1063/1.1926413

GaAs-based quantum d@D) lasers operating between both with and without the GaP SC layers to analyze the
1.25 and 1.65um continue to intrigue researchers with the progression of strain. These samples are characterized using
potential benefits of zero dimensionality. While the QD ac-atomic force microscop€¢AFM), x-ray diffraction (XRD),
tive region has low gain at the ground-state transition, stackand photoluminescenc@L). Finally, the three-stack laser
ing the QD layers has been shown to increase ground-stagructure and its characteristics are described.
modal gair® resulting in ground-state lasing and larger The sample growth is described in detail elsewHeTe.
The growth of QDs and stacked QDs for long wavelengthAll active regions consistfaa 5 ML Ing 14Ga, gsAs buffer, 3
emission using metal-organic chemical vapor depositiorML INAs QDs, and a 25 ML 1 15G&, gsAS cap. A post nucle-
(MOCVD) has been difficult due to the high density of re- ation Ash; pausé is used after the growth of each QD layer
laxed defect clusters that form with increased strain ando reduce the defect density. The stacked QD layers are sepa-
complicated surface environmerit. Only recently has rated by an 8 nm GaAs barrier sandwiching a t#r8 ML)
ground-state lasing ak>1.24um from MOCVD-grown GaP layer resulting in a lattice mismatch to the GaAs matrix
stacked QDs been demonstrafell Two approaches have Of 3.8%. The laser structures are grownretype substrates
been successful to date. Kiet al. has embedded the QDs in followed by 300 nm GaAsn® doped, a 0.§m
an InGaP barriet,which results in highT,=210 K andJd;,  N-Alo/GaAs (n~1x 10" cm™) lower clad, 110 nm GaAs
=200 A/cn? at A\=1.28 um. Kaianderet al® and Tateba- Waveguide embedding the active region, and a /8
yashiet al® have employed annealing steps that remove deP-Alo/GaAs (p~1x 10" cm®) upper clad. The structures

fect clusters and result in a low transparency current densit§re terminated with a 50 nm GaAs layer:® .
of 7.2 Alcn? per QD layer at=1.245um.? Figures 1 shows room-temperature photoluminescence

In our work, we combine two methods to reduce defect(RTPL) from a series of five-stack structures with varied GaP

propagation in the stacked active region_ An égl-pause Iayer thickness inCIUding 2, 4, 6, and 8 MLs. Several trends
reduces the defect density at each layer and a GaP tens#@n be noted. Overall, the PL intensity is more than one order
layer is inserted within the stacked structure to partially com-2f magnitude higher with GaP SC layers than without. As the
pensate the compressive strain of the QDs. We have previbickness of a GaP layer increases, we observe a blueshift
ously reported improved crystallinity using InGaP strain-from 1.33 to 1.25um due to a 9% reduction in QD size
compensationSC) layers, however, the InGaP layers can
lead to In segregation and hexagonal material at the
InGaP/GaAs interfacE- The use of InGaP and InGaAsP SC
layers has been demonstrated in multiple strained quantum
wells lasers:*° Recently,(ln)GaF“'12 and GaNA$>*** have
been reported in stacked QD structures to improve both crys-
talline quality and optical properties. However, lasing from
SC QD structures has not yet been demonstrated.
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In this article, we describe the GaP SC layer optimiza- 0.1
tion and resulting QD laser characteristics. Three sets of ook
samples are analyzed. First, a series of five stacks with varied ' . . . . .
GaP thickness is evaluated to optimize the SC layer. Second, 1100 1200 1300 1400 1500
a set of samples with a varied number of stacks is evaluated Wavelength (nm)

FIG. 1. Room-temperature PL from five-stack samples with 2, 4, 6, and 8

dElectronic mail: huffaker@chtm.unm.edu MLs of GaP SC layer.
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Figures 2Za)-2(d) shows AFM imageq2 umXx2 um)
of the surface QD layer atop(a), (b) three-stack an¢t), (d)
five-stack active region both with and without 4 ML GaP
layers. There are several competing effects that control the
QD formation when strain, strain compensation, and defect
formation are present. Complete analysis of the strain fields
and their effects on nucleation are underway. In this text, we
comment on the general trends elucidated in Table I. With
increased stacking, the QD density reduces and defect den-
sity, QD height, and QD diameter increase. The deleterious
effects of stacking are reduced by the introduction of SC
layers.

In more detail, the QD density remains constant-&
X 10'° QDs/cnt as the stacking is increased if SC is incor-
porated. Without SC, overlapping vertically propagating
FIG. 2. (Color onling AFM images(2 umx 2 um) showing the top layer  Strain fields likely control the QD nucleation and reduce QD
of a three stacka) without SC, andb) with SC and a five stackc) without  density. As QD density reduces for samples without SC, the
SC, and(d) with SC. defect density increases. The five-stack sam{@lewithout

SC, has a high defect density of X1.0° /cn? and surface

driven by the increased tensile strain. The PL intensity inundulations. With SC, the defect density remains in the
creases with a GaP layer thickness from 2 to 4 MLs theril0® /cn? regime. Increased stacking also causes larger QDs
decreases for thicknesses of 6 and 8 MLs. The decrease in both width and height, compared to a single QD layer. The
PL intensity associated with the thicker GaP layers can beliameter increases30% for the samples without SC due to
attributed to partial relaxation of the SC layer and disloca-a reduced wetting layer thicknegsore material in the QDs
tions in the structure. The critical thickness of the embedde@nd only~10% with SC. The height increases35% both
GaP layer is expected to be much lower than the value rewith and without SC.
ported at 12 MLE for GaP on GaAs due to the existing Room-temperature PL is shown in FiggaBand 3b)
strain from QD region. The total average strain values forfrom four samplesione stack to four stagkwith SC and
each sample were obtained from XRD spedtrat shown  without SC, respectively. Two different peaks are evident in
by** each spectrum. The peak at Jué is emitted by surface
QDs and the shorter wavelength at 8 is emitted from
—_— 1, (1) the capped QD region. The electron-hole pairs are mainly
sin(fg + A6) generated in the GaAs buffer layer since the GaAs barriers

where g is the Bragg angle of the GaAs substrai@, is the between the QD actives are very thin. In both types of

separation between zero-order peak and GaAs peak. Thigmples(with and without SC the relative intensity of the
calculation indicates total strain changes from 0.014 go#ncapped QDs to the capped QDs reduces with additional

without SC to 0.009 550 with 4 MLs Gaf36% reductioh stacks as more of the carriers are captured by capped QDs. In

Details of XRD characterization is described in our previousti9- 3@, the PL intensity increases linearly with each addi-
work.* A simple summation of strain using Eq®) and(3)  tional QD stack indicating that the number of nonradiative

confirms the 36% strain reduction with the presence of Gapecombination sites does not increase dramatically with

sin Og

(e)=

layers: stacking. The redshift in the PL peak position with an in-
creased number of stack layers is attributed to an increase in
> (g))i 1 QD size as observed in AFM. In Fig(l9, the intensity in-
(6,)= i (2) creases from a one stack to a three stack, then begins to
>t ’ reduce as the fourth stack is added. The intensity from the
|

single QD stack is fairly low because carriers readily ther-
malize to the lower energy level of the surface QDs where

8 — Agape they recombine radiatively at the 16m wavelengtH.’
e, =—— (3 Finally, we demonstrate lasers that utilize a three-stack
Bcans InAs QD active with 4 ML GaP embedded in a GaAs matrix.
wheree, andt are strain and thickness of eadh layer, Figure 4 shows the RT lasing characteristics under pulsed
respectively, an@, is the lattice parameter ath layer. conditions(10% duty cycle. The light versus current curve

TABLE I. Tabulated AFM data from samples in Fig. 2 including dot density, defect density, and dot size for a single layer, three-stack, and fitesstack ac
region with and without GaP SC layers.

Dot density(cm) Defect density(cm™2) Dot diameter(nm) Dot height(nm)
Single layer 5.4 10 4.0x10° 32 55
Three-stack layer Without GaP 4@10° 9.0x 1C° 36 5.9
With GaP 5.1x 101 6.0x10° 31 6.0
Five-stack layer Without GaP 228100 2.1x10° 42 7.3
With GaP 4.9 10% 6.5x 10° 35 7.5
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FIG. 3. RTPL spectra comparing single to four-stack QD active redians
with SC and(b) without SC layers.

indicatesJ;,=550 A/cnt and the inset shows a multimode
lasing spectrum centered at1.249um. The broad area
laser dimensions are 50m X 2 mm. High reflectivity coat-

ings (three pairs Si/AlO;) are applied by a sputtering tech-

Appl. Phys. Lett. 86, 193115 (2005)

lows us to place upper and lower boundaries on the three-
stack modal gain. We estimate three-stack modal gain to be
about 8 cmt, based on internal loss of about 5 ¢nfor
MOCVD grown QD lasef:® We observe a 45 nm blueshift
of the lasing peak compared to the RTPL speffiig. 3a)]
which indicates saturation of the larger QDs at high injection
current such that lasing transitions originate from smaller
QDs!®*8 The blueshift in lasing spectra should be sup-
pressed with an increased number of QD stacks.

In conclusion, the GaP SC layer can be used as an im-
portant parameter especially for multiple QD-stack systems
for extended wavelength lasing where the strain is a very
critical issue. The manuscript describes and analyzes the ef-
fect of GaP tensile layers embedded in a GaAs matrix to
compensate compressive strain in stacked InAs quantum dot
(QD) active regions. The optimized GaP thickness is
~4 MLs and results in a 36% reduction of compressive
strain in our device structure. Atomic force microscope im-
ages, room-temperature photoluminescence, and x-ray dif-
fraction confirm that strain compensation improves both
structural and optical device properties. Room-temperature
ground-state lasing ak=1.249um, J;,=550 A/cn? has
been demonstrated.
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