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Selective control of self-organized In  ;5GagsAs/GaAs quantum dot
properties: Quantum dot intermixing
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Selective postgrowth control of the photoluminescefi®tle wavelength has been demonstrated for

a single layer self-organized JgGa, sAs/GaAs quantum daiQD) structure. This was achieved by

rapid thermal processing of dots using different dielectric caps. Selective band gap shifts of over 100
meV were obtained between samples capped with sputtered and plasma enhanced silica deposition,
with the band gap shift under regions covered with plasma enhanced chemical vapor deposition
SiO, less than 70 meV. The effects of different caps on the PL linewidth were also observed. The
differential band gap shift will enable the integration of passive and active devices in QD systems.
© 2000 American Institute of Physids$0021-89780)01721-7

I. INTRODUCTION in GaAs/AlGaAs QWs are around 900 °C. Although reason-
able for unstrained QW structures, this temperature range
may cause relaxation of highly strained QD layers, and
‘hence, jeopardize device performance. Recently, we reported
a technique that enables selective QWI to be realized at sub-

novel device functionality that they can provide. Self- giandaly lower temperatures than those used in IFVD. In
organized growth following the Stranski—Krastanov mechayniq technique the silica is deposited by sputtering, during

nism is, at present, the most developed technique of realizing,;-p, point defects are created at the surface of the
QDs in semlconductor?sRepently, substantial reduction in gomiconductof® It is believed that the defects, as well as the
the threshold current density of QD lasers and lower teMyig|aciric cap, play a role in the QWI that takes place under-
perature sensitivity of the threshold current have been. ih the regions where the sputtered ,Si@p is in direct
achieved, setting the scene for fabrication of practical de- ;ontact with the semiconductor surface. It has been shown
vices containing QD structuréé. Integrating QD laser di- ;4 QWI can be inhibited using photoresist to protect the
odes with other functional devices on the same chip is highlyitace of semiconductor from the sputtered silica induced
deswgble,. and allows f.urthe.r bengflt from 3D Conf'nememdisordering. Typical annealing temperatures for QWI using
functionality to be realized in devices such as modulatorsy,;q technique are around 700 °C. In this article we present

and amplifiers. A simple and low-cost technology, such asye resylts of QDI using the IFVD and sputtered silica tech-
compositional intermixing, can be an attractive means ofq e,

achieving integration in quantum-confined heterostructiires.
The initial studies of the thermal treatment of QD structures
were undertaken to improve the subsequent growth qualitj}- EXPERIMENTS
of GaAs cap layers and AlGaAs cladding layers on top of the e structure used in this work wad-n separate con-
QD layers®’ These articles also revealed that it is possible t¥inement laser heterostructure grown by molecular beam ep-
retain the 3D confinement of dots after high temperature aMtaxy on a(001) Si-doped GaAs substrate. It contained a
nealing, suggesting that postgrowth control of the band 93Ringle layer of self-organized 4rAs, sAs/GaAs QDs, sand-
can be achleved in QD structures. To our knowledge, NQuiched between two 1.2m Al, {Ga, /As cladding layers as
demonstration has yet been reported for spatial control oV&ll,o\vn in Table I. The structure was grown at 600 °C, except
the band gap of the QD layers. Selective control of the bang,. e 4 monolayer§ML) of Ing sAs, sAs QDs and the sub-
gap of laser heterostructures is necessary for useful MONQequent 10 nm GaAs cap, which were grown at 485 °C with
lithic photonic integrated circuit§PIC9, therefore tech- an arsenic pressure of 230 ®Torr. A 0.6-um-thick
niques originally developed for quantum well intermixing 4 asp-contact layer was grown on top of the laser structure.
(QWI) are investigated in this work as means of achievingsampies undergoing the IFVD process were capped with 200
QD intermixing (QDI). _ _ 3 nm of plasma enhanced chemical vapor depositREECVD)
Impurity free vacancy disorderingFVD) utilizes Ga  gj, 5 while those undergoing the sputtering process were

Quantum dot4QDs) are currently a topic of extensive
researchdue to interest in the fundamental physics of three
dimensional(3D) quantum confinement, together with the

create group Il point defects’ Since its discover_?,l_FVD without any dielectric caps were also studied for comparison.
has been widely used to fabricate optoelectronic integrategt, samples were annealed epilayer down on a fresh piece of
circuits and PICS. The temperatures at which IFVD occurs GaAs at different temperatures for 60 s by rapid thermal
processing(RTP). After annealing, the SiQcap was re-
dElectronic mail: debu@elec.gla.ac.uk moved by wet etching in buffered HF for 60 s. The heavily
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TABLE I. Schematic of single layer self-organized, & sAs/GaAs QD 120
laser heterostructure. L . Sputtere d SiO
I
- 2
Contact p* GaAs 0.6um » e — PECVD SiOz
Graded p-Algs .o 0.1 um 100 -+ \ .
Upper cladding p-Aly Ga -As 1.2 um roo % ¢-- NO SlOZ Cap
Barrier GaAs 95 nm A \ /
Single layer QDs Ip:Gay sAs 4 ML S\ 80 - P
Barrier GaAs 95 nm o
Lower cladding n-Alg Ga 7As 1.2 um £ \
Graded n-Alg .3 0.1 um E L
Buffer n-GaAs 0.3um 60 - \.
Substrate n-GaAs (100 E L /.\
40 A \\\
doped thick GaAsp-contact layer and part of the upper i
AlGaAs cladding layer were removed using a 1:8:40 mixture F »
of H,SO;:H,0,:H,O at room temperature. Photolumines- 20 1
cence(PL) measurements were carried out at the temperature S S A R A

of 10 K using an At laser \ =514 nm) and liquid nitrogen
cooled germanium detector. 0 50 100 150 200 250
Bandgap Shift (meV)

lll. RESULTS AND DISCUSSION FIG. 2. QD emission linewidth vs band gap shift using different intermixing

Figure 1 shows the band gap shifts obtained by differentechniques.
intermixing techniques as a function of temperature to dem-
onstrate the possibility of selective intermixing in QDs. A

blueshift, of up to 190 meV, in the PL peak emission waspptained using the caps. In contrast to the caps, a broadening
observed accompanied by narrowing of inhomogeneous lingsf the PL linewidth was observed upon annealiRiy. 2. In

width from 80 meV for the as-grown QD sample to 37 meV g cases, the energy shift was approximately linear over a
when annealed with a sputtered 3i€ap at 725°C. Samples yjide range of annealing temperatures, as can be seen in Fig.
annealed with PECVD Sigxaps exhibited a maximum blue- 1

shift of 228 meV and a minimum linewidth of 27 meV at Figure 2 shows the PL linewidth versus band gap shift in
950 °C, as shown in Fig. 2. Similar results on QDI by IFVD the QDs obtained by different intermixing techniques. The
have also been reported by other autHﬁrQDs_ annealed jhhomogeneous broadening of the QD PL spectrum is re-
without any dielectric cap showed band gap shifts of up 10 7jyced significantly due to an effective increase in the dot
meV at 950 °C, which are smaller than the band gap shiftgjze for both the IFVD and sputtered SiProcesses for an-
nealing temperature ranges where In—Ga interdiffusion
across the dot-barrier interface promotes a large blueshift

240 4 induced by group Ill point defects'! However at relatively
Sputtered PECVD lower annealing temperatures, where no substantial intermix-
2104 sio, SiO ing is taking placé? the PL linewidth of annealed dots
C 2 increases compared to as-grown QDs for both the tech-
§ 180 4 / nigues. An interesting effect seen in the samples annealed
) : ° with no silica cap is that the emission linewidth increases as
E 150 4 / a function of the extent of intermixingFig. 2). The reasons
& - o for such behavior are not yet understood. Thermal interdif-
%’ 120 4 NO SiO fusion could be the reason for broadening of the PL line-
: / 2 width in QDs without any cap as predicted recently utilizing
9 90 4 ® Cap a simplified model based on Fickian interdiffusion of the dot
2 / ..,0*0' l and barrier materidf It is also known that annealing with-
B 60+ L= out dielectric caps results in the loss of As from the sample
. . L surface, hence, generating a large number of group V
30 1 vacancies® These observations suggest that, although As
L& outdiffusion (and hence, the generation of group V point
R B I S m s defects does not have a great impact on intermixing, it may

600 650 700 750 800 850 900 950 cause broadening of the PL linewidth from the dots. Con-
A line T t °C versely, when Ga outdiffusion, and hence, group Il point
nnealing Temperature ("C) defect generation, is used to control the intermixing of the

FIG. 1. QD band gap shift as a function of annealing temperature for theQD$’ narrowing in the emission "ne_Width _from the C!Ots is
different intermixing techniques. achieved. Although further systematic studies are being car-
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12500 | a wavelength of 985 nm, with a full width at half maximum
10000 { () As Grown (FWHM) of about 80 meV. At high excitation, the PL spec-
7500 { trum of the as-grown sample contains three distinct peaks at
5000 1 GaAs 940, 859, and 840 nm, respectively. The PL peak at 940 nm
2500 1 " is due to emission from an excited state with an energy 60
12500 - T L B meV above the QD ground state. The peak at 859 nm, which
10000 ! \L (b) Sputtered is 185 meV above the dot ground state, could originate from
7500 { [675°C] the WL. It is known from recent theoretical and experimental
;(5)22 observation¥"1° that the energy difference between the QD
i : I ground state and WL is in the range of 175 meV for the type
= 12500 § of dot structures studied here. The third peak at 840 nm is
Z 10000 (c) Sputtered from the GaAs barrier or substrate.
.g‘ Z(S)gg [700°C] A similar pattern of luminescence lines was also ob-
§ 2500 | served from the annealed dots, with a blueshift including a
= 0 L ; ‘ . iy , ‘ . reduction of the PL peak separations. The WL transitions in
12500 the dots annealed at higher temperatiise®, e.g., Fig. @)]
10000 @ Sp“ttoered were not well resolved in the PL spectra, as reported earlier
;5)% [725°C] by Leonet al.” The WL peak only shifts slightly, from 859
2500 nm in as-grown QDs to 847 nrti.e., around 20 meyin
0 | P T V. samples capped with sputtered silica and annealed at 725 °C.
;(z)ggg 1 (9 PECVD The linewidth of the WL emission broadens at higher exci-
7500 | 800°C] ta_ltlon as can _be seen from Fig(dB-3(e). .In ad@tpn, at
5000 A f /- [ higher ar_meal!ng temperat.ure_s, the P.L |nten§|ty is greatly
2500 | T~ N reduced implying degrngﬂon in mgtenal quality. N
0 O e T SRR T The shallower confining potential due to compositional
800 825 850 875 900 925 950 975 1000 disordering in dot layers and an effective increase in the dot

size after thermal annealing induce a large blueshift in the
transitions and reduce the separation of the energy subbands
of QDs**2The rapid refilling of higher subbands as well as
FIG. 3. 10 K PL spectra of ixGa sAs/GaAs QDs under different operating  thea \W/L is, therefore, expected to be enhanced in QDs due to

conditions(a) as-grown dotsib), (c) and (d) QDs capped with sputtered . . .
SiO, after annealing at temperatures of 675, 700, and 725 °C, respectivel)I,he decrease in the carrier confinement energy. The compo-

for 60 s; ande) QDs capped with PECVD Sitand annealed at a tempera- Sition of the WL is not well known and previous watk
ture of 800 °C. The dashed and solid curves are for low and high excitatiory,uggested that the WL could be an InGaAs alloy. Our results
power density, respectively. The transitions from higher subbands are indiz . - - -
cated by arrows and the WL is marked by a dotted line. Show that the cpmposmonal change I_n the WL is relatlvgly
small resulting in a small energy shift, in agreement with
other report$:** Further investigationgsuch as photolumi-
_ . . ~ nescence excitatiofPLE) measurements to identify clearly
ried out to explain the experimental results, comprehensivgne different transition levelsare necessary to find out the
modeling tools for the effect of strain and compositionaldegree of 3D confinement in annealed QDs.
change on the QD energy levels are needed to fully analyze gy annealing without dielectric caps it is possible to ob-
the behavior. " _ , _ tain differential band gap shifts, when combined with
The band filling effect**was investigated by pumping pecyp SiQ, at 950 °C. However, RTP of highly strained
the samples at low and high optical power densmeg to UNStructures such as self-organized QDs3.5% lattice mis-
dgrstand the nature of t_he Q.D confinement potential afteFnatch in our casein this temperature range degrades the
high temperature annealing. Figurd3-3(d) shows the PL material quality and even destroys the dots, as has been re-

spectra of QDs capped with sputtered S#bd annealed at ) ) . . :
dﬁ‘ferent temperatsﬁes as werl)l as tho§s e of the as-growRO"ed earlief® QDs can be selectively intermixed in the

sample for comparison. The PL spectra of dots annealed AW€! témperature range of 700-725°C, using either a com-
800 °C using the IFVD technique are also depicted in Fig.b'nat'on of sputtgred Sigeap and no cap or PECVD SjO
3(e) for comparison. The dashed curves represent luminend sputtered Sipcaps. The surface morphology of an-
cence measured from as-grown and annealed dots utilizin’rﬂje""leOI dots without any dielectric cap is poor and so the
different intermixing techniques at low power excitation andformer technique may not be suitable for active device
mainly indicate ground state recombination. The solid curvedabrication:* With sputtered and PECVD Sjxaps, a dif-
show the PL signals from as-grown and annealed dots dgrential shift in excess of 100 meV can be achieved by
high excitation power density. The PL peaks shown by arannealing at 725 °C, as can be seen in Fig. 1. The use of such
rows are identified as the excited dot states and the pealkds low annealing temperature would ensure good material
marked by dotted lines are attributed to the InGaAs wettingjuality for device integration, combining active QD regions
layer (WL). The as-grown dots had a ground state PL peak aand passive intermixed regions on a single wafer.

Wavelength (nm)
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