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Effect of strain-compensation in stacked 1.3 pm InAs/GaAs quantum dot
active regions grown by metalorganic chemical vapor deposition
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We have introduced tensile layers embedded in a GaAs matrix to compensate compressive strain in
stacked 1.3um InAs quantum dotQD) active regions. The effects of the strain compensation are
systematically investigated in five-stack and ten-stack QD structures where we have inserted
In,Ga _,P (x=0.30 or 0.3 layers. High-resolution x-ray diffraction spectra quantify the overall
strain in each sample and indicate85% strain reduction can be accomplished. Both atomic force
and transmission electron microscope images confirm that strain compensation improves material
crystallinity and QD uniformity. With aggressive strain compensation, room temperature QD
photoluminescence intensity is significantly increased demonstrating a reduced defect density. ©
2004 American Institute of Physid®Ol: 10.1063/1.18057Q7

Quantum dotQD) material has drawn considerable in- range of 450—-520°C. All active regions consisad mono-
terest for more than ten years due to the optoelectronic adayer(ML) Ing 1:Ga, g5As buffer layer, a 3 ML InAs QD cov-
vantages that zero-dimensional systems offer. Impressiverage, and a 25 ML ky:Ga gsAS cap. A postnucleation
properties such as low threshold curferdnd current AsH, pausé” is used after the growth of each QD layer to
density? low chirp,3 and high characteristic temperatlire reduce the defect density. The stacked QD layers are sepa-
have been demonstrated. However, low gain at the grounchted by an 8 nm GaAs barrier sandwiching the 8 ML
state transition is often considered a limiting factor in the QDIn,Gg;_,,P SC layer. The SC layer thickne$8 ML) and
device performan.CESeveral groups have repogtesd stackinginterface region2 ML) are measured from high resolution
the QD layers to increase modal gain near 48" “result-  transmission electron microscogyEM) images. The inter-
ing in ground-state lasing and largés. However, accumu-  face regions, GaAs/InGaP and InGaP/GaAs, are optimized
lated overall strain in the epitaxial material can cause defectgyrough the switching of gas flows to minimize In segrega-
and nonradiative recombination centers that increase thgsn and As—P interchange.
threshold current densfyand cause device failure. A thick By varying the In content in the SC layers, we study
spacer(300—-500 A between the QD layers is often used t0 three types of samples; with no SC, with moderate (8C
reduce strain accumulation and defects. However, the ex=0 3, and with more aggressive S@=0.30. The lattice

tended active region reduces the optical overlap and is NQYonstant of the two WGa_P compositions area,
. . . —X
attractive for microcavity lasers. _ . =0.5601 nnix=0.36 and a,=0.5576 nnix=0.30 resulting
The compensation of compressive stra|_n by msertmq a lattice mismatch to the GaAs matrix of —0.86% and
tensile layers has been demonstrated using InGaP anc :31%. The composition and thickness of the InGaP SC

InGaAsP in multiple s.tramed quantum Well lasers. Improv_e-layer was calibrated by growing InGaP/GaAs superlattice,
ments in both crystalline quality and lasing performance in-

. . . i ) d investigated by simulated x-ray diffractiodRD).
cluding higher photoluminesceng¢®L) intensity, narrower and 1r : ! :
PL linewidth, and lower threshold current density have been Figure 1 shows a TEM image of a five-stack QD active
proven’ ™ The use of strain compensati¢8C) to reduce
defect formation in stacked QD actives may be a powerful
parameter in designing laser structures, but has not been well r
studied. This is likely due to the inconvenience of a pyro-
phoric phosphide source in QD-growing molecular beam ep- SC 1§
itaxy sglstems. Only recently, the use of tensile GaNAs cap layer
layers“*®was reported to improve luminescence efficiency
in In(Ga)As-based QDs.

In this letter, we discuss the effects of InGaP SC layers vertically-
on five-stack and ten-stack QD ensembles. Our samples are aligned QDs |
grown by metalorganic chemical vapor deposition : i }

(MOCVD) at 60 Torr using trimethylgalliuniTMGa), trim-
ethylindium(TMIn), tertiarybutylphoshin€TBP), and arsine
(AsHs). Growth is initiated on a GaAB01) substrate with a
3000 A GaAs layer at 680°C, then the temperature is re-
duced and stabilized for active region growth within the

FIG. 1. TEM image of a five-stack QD active with SC layéxs 0.36. The
¥Electronic mail: huffaker@chtm.unm.edu image shows SC layers and vertically aligned QDs.
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TABLE I. Tabulated XRD data including zero-order peak, total strain, % strain reduction, and FWHM for five-stack and ten-stack samples with no SC and
In,Ga,_,P (x=0.36 and 0.3pSC layers.

Data Five: no SC Fivex=0.36 Five:x=0.30 Ten: no SC Terx=0.36 Ten:x=0.30
A6(arcy -1962 -1476 -1283 -1602 -1314 -990

(e 0.014 897 0.011 16 0.009 68 0.012 12 0.009 92 0.007 45
Strain reduction%) . 25 35 18 38

FWHM (arc9 320 249 250 748 449 398

with SC layers(x=0.36. The image indicates good crystal- 35% reduction in compressive strain due to the SC layers
line quality and contains several important features such asompared to the sample without SC layers. Similar XRD
the vertically aligned columns of strain-coupled QDs, thedata for the ten-stack actives are listed in Table | and indicate
residual strain field, and the SC layers. The QDs and resulless strain than the five-stacks because of partial relaxation
ing strain fields appear as large dark ovals. The QD sizeglue to defect formation.
appears to increase slightly from layer to layer as a result of  |mproved crystalline quality is evident in the narrowing
accumulating compressive strain. full width at half-maximum (FWHM) of the zero-order
Experimental symmetric scans aroui@®4) reflection in peaks in Figs. @-2c). The FWHM decreases frorta)
w/26 geometry are used to measure the effect of SC layergog arcsec tdgc) 250 arcsec indicating a more uniform dis-
on the strain accumulation and lattice distortion in test strucyipution of vertical lattice constants. The ten-stack samples
tures. Resulting data are summarized in Table | for sixngicate significant improvement with SC layers: the FWHM
samples that have either-five-stack or ten-stack actives Wltr\anges from 748 arcsec without SC layers to 398 with SC
no SC,x=0.36, anck=0.30. Examples of XRD spectra from |,yer (v=0.30. An increase in the small oscillation fringe
Q\Leo'Sstgcl;r?;g;:?f%ss%re_rigom?e'g 5I%.ctzra\ll\f'?encohgrgéttgrizecintensny suggests improved crystalline quality with the SC
e e P ayer. To confirm the reduction of dislocations, another scan

by zero-order peaks located éd) A#=-1962 arcsec(b) ; . .
A6=-1476 arcsec(c) A9=—1283 arcsec. The zero-order using a narrow slit1.5 mn) was placed in front of the x-ray

peaks in Figs. @) and Zc) shift closer to the GaAs substrate
peak and indicate reduced compressive strain with decreas-
ing In content in the SC layers. The average perpendicular
strain, (¢ ) can be determined By

sin 6g _
sin(fg + A6)

where#fg is the Bragg angle of the GaAs substrate. From Eqg.
(1) and experimental values fax6, we calculate the total
strain in each sample and list them in Table I. For the five-
stack, the total straifg , ), varies from 0.014 89%ho SO to
0.009 68x=0.30. These strain values indicate a 25% and

(e)= 1, 1
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FIG. 2. Symmetric 004-ray diffraction patterns for a five-stack QD struc- (b)
ture with (a) no SC layer,(b) SC layer (x=0.36, and (c) SC layer (x
=0.30. Inset shows the linear scale spectra of a scan run with the insertiokIG. 3. AFM imageg2.0 um X 2.0 um) of the second layer for stacked QD

of a narrow slit in front of the detector. (a) without SC layer(b) with SC layer(x=0.30.
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5 stack sample (dasheg and without(solid) SC layers. The emission wave-
PL, 300K — lengths at room temperature are observed betwgen
with SC layer =1340 nm anch=1325 nm. A comparison of the five-stack
(_"_= 0.30) PL spectra in Fig. &) shows the PL intensity with SC is

E with SC layer| increased by a factor of 1(8=0.36 and 6.2x=0.30 com-

> (x=036) pared to the uncompensated sample as a result of fewer non-

3 without SC radiative recombination centers. The FWHM varies slightly

£ from sample to sample within a range of 58—70 meV.

B The spectra in Fig. @), measured at 85 K, show two
distinct peaks in the samples with SC layers that result from
the bimodal QD height distribution discussed earlier. The
separation between these peaks are 101 and 157 me¥ for

L1 1.2 13 14 15 =0.36 and 0.30, respectively. Only the emission from the
(@) Wavelength (Wm) larger QDs is visible at room temperature because carriers
3 can freely tunnel from smaller QDs to larger QBat low

stack sample . . .
PL, 85K — temperature carriers are confined in both the small and large
. with SC layer QDs giving rise to two PL peaks.
i Sy (x=030) In conclusion, we have characterized the effect of SC

- R layers in multiple stacked InAs QD structures grown by

] zv)‘(‘if)%?)y“ MOCVD. Our structures are comprised of very thin InGaP

z Da SC layers2 nm) in 8 nm GaAs barriers for SC in five-stack

g 4 without SC and ten-stack QD actives. From XRD characterization, the

i SC layers reduce the cumulative strain in a five-stack by over
35%. The reduced overall strain leads to reduced nonradia-
tive recombination centers and greatly improved PL proper-
ties in both the five-stack and ten-stack structure. The data

0 11 12 13 14 suggest that SC layers may be used to ir_nprove_the_ perfor-

(b) Wavelength (um) mance of stacked QD actives in lasers by increasing internal

efficiency and reducing threshold current density.
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