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Effects of two-dimensional electron gas on the optical properties
of InAs/GaAs quantum dots in modulation-doped heterostructures

T. W. Kim® and J. H. Kim
Advanced Semiconductor Research Center, Division of Electrical and Computer Engineering, Hanyang
University, 17 Haengdang-dong, Seongdong-gu, Seoul 133-791, Korea

H. S. Lee
Department of Materials Science and Metallurgy, Kyungpook National University, 1370 Sangyeok-dong, Buk-
ku, Daegu 702-701, Korea

J. Y. Lee
Department of Materials Science and Engineering, Korea Advanced Institute of Science and Technology, 373-
1 Gusung-dong, Yusung-ku, Daejeon 305-701, Korea

M. D. Kim
Department of Physics, Chungnam National University, Daejeon 305-764, Korea

(Received 15 July 2004; accepted 10 November 2004; published online 5 Januayy 2005

The Shubnikov—de Haas data showed that the carrier density of two-dimensional electron gas
(2DEG) in the GaAs active region containing InAs quantum QD) arrays embedded between
modulation-doped Al,:Ga, 7sAs/GaAs heterostructures increased with increasing doping
concentration in the modulation layer. The transmission electron microscopy images showed that the
sizes of the self-assembled InAs vertically stacked QD arrays inserted in the GaAs did not change
significantly with increasing carrier density of the 2DEG. The photoluminescére spectra
showed that the peaks corresponding to the interband transitions from the ground electronic subband
to the ground heavy-hole subband of the InAs QDs shifted to the higher energy side with increasing
density of the 2DEG and that the full width at half maximum of the PL spectrum increased slightly
with increasing density of the 2DEG. @005 American Institute of Physics
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Potential applications of electronic and optoelectronicsity in the GaAs layer. Transmission electron microscopy
devices and investigations of the fundamental physics utiliz(TEM) measurements were performed to characterize the mi-
ing self-assembled quantum-d@@D) structures grown by crostructure in the InAs QD arrays inserted into the GaAs
using the Stranski—Krastang¢8K) growth mode have driven layers, and photoluminescen@®l) measurements were car-
extensive and successful efforts to grow various kinds ofied out in order to investigate the interband transitions in the
QDs!*°Recently, the carrier dynamics of QDs have becomesample.
particularly interesting because of promising applications to The Samp|e5 used in this work were grown on semi-
optoelectronic devices such as injection lasef$,wave-  insylating (100-oriented GaAs substrates by using MBE.
length switching device¥’ and optical memorie¥. Since the The InAs and the GaAs growth rates were set to 0.19 and
microstructural properties of QDs significantly affect their 1 4o monolayetML )/s, respectively. The whole growth pro-
optical and electrical properties, which are important for fab-.o5s was controlleih situ by using reflection high energy
ricating of high-efficiency optoelectronic and electronic de-actron diffraction(RHEED). First, a 100-nm-thick GaAs
vices, studies of the physical properties are very importanE)u]crer layer was grown at 530 °C, ;/vhich was followed by 20

for optoelectronic and electronic devices based on QD struc- _ . :
tures. Some studies concerning the influences of the QDperIOdS of an Ald>a, 7sAs/GaAs superlattice buffer layer

close to the two-dimensional electron ge2DEG) on the and:;en bya20(: nm undé)'pgdltGadAs b(Lijlfer Iay;r. Aéfter 240
electrical properties have been investigafsd® Very few "M Alo2sGa7As layer, a Si delta-doped layer, dia 6 nm

works on the effect of the density of the 2DEG on the mi-Alo25Ga 7As layer had been grown, the substrate tempera-

crostructural and the optical properties of InAs QD arraysture was lowered to 410 °C for the QD superlattice growth.

inserted into GaAs embedded between modulation dopefior €ach period, a 2.5 ML InAs layer was deposited followed
Al,Ga_As/GaAs heterostructures have been studied. by a GaAs spacer layer after a 20 s growth interruption. The
This letter reports data for the magnetotransport, the miRHEED pattern became spotty after an InAs deposition of
crostructural, and the optical properties of InAs QD arraysl-8 ML, indicating three-dimensional island formation. The
inserted in GaAs layers embedded between modulationGaAs spacer layer thickness was 6 nm. After the substrate
doped AlGa,_,As/GaAs heterostructures which had varioustemperature had been increased to 430 °C, a 10 nm undoped
doping densities and which were grown by using moleculaGaAs layer a 6 nm A ,:Ga, ;5As spacer layer, and a Si
beam epitaxy(MBE). Shubnikov de Haa¢SdH) measure- delta-doped layer were grown sequentially. Four Si delta-
ments were carried out in order to determine the carrier derdoped concentrations were used: 1.26, 1.98 2.25 and 2.41
X 102 cm™?, which were denoted by S1, S2, S3, and S4,

dAuthor to whom correspondence should be addressed; electronic mail€spectively. Then, a 40 nm undppedo_@ﬁamaAs Iaygr
twk@hanyang.ac.kr was grown, followed $ a 5 nm Si-doped GaAs capping
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FIG. 1. Shubnikov—de Haas results at 1.5 K of the InAs quantum dots

inserted in the GaAs barriers embedded between modulation dopeBIG. 2. Plan-view bright-field transmission electron microscopy image for

Al :Ga 75As/GaAs heterostructures with different modulation doping con- [004] two-beam diffraction from InAs quantum dots inserted into GaAs

centrations.{a) S1, (b) S2,(c) S3, and(d) S4. barriers embedded between Si-doped Aba, ;sAs/GaAs heterostructures
with a doping concentration of 1.2610% cm2.

layer. Five periods of the InAs self-assembled QD arrays
were grown at 410 °C via the SK mode. QDs shift to the higher energy side with increasing Si doping

The results of the SdH measurements with the magneticoncentration. These peaks are related to the interband tran-
field oriented normal to the interface are shown in Fig. 1.sition from the ground electronic subband to the ground
The 2DEG carrier densities determined from the SdH meaheavy-hole subban¢E;-HH;) of the InAs/GaAs QDs. The
surements increased with increasing doping concentration iblueshift of the peak corresponding to tt&;-HH,) inter-
the modulation layer. However, it is not possible to deter-band transition of the InAs/GaAs QDs with increasing Si
mine from the present measurements with certainty whethedtoping concentration might be attributed to the more occu-
how many electrons are occupied in the InAs QDs. pation by the electrons of the subband level in the InAs/

Figure 2 shows a plan-view bright-field TEM image for GaAs QDs?® The full widths at half maximum of the PL
[004] two-beam diffraction from InAs QDs inserted in an peaks of InAs/GaAs QDs is approximately 80—90 meV. The
undoped GaAs matrix embedded between Si-dopedroadness of the PL peaks might originate from the various
Al :Ga 75As/GaAs heterostructures with a doping concen-sizes of the quantum dots or from the electrons in the Si
tration of 1.26x10'2cm™. Strained QDs are clearly ob- modulation layer that move into InAs QDs. In Si-doped
served, as indicated by the characteristic dark and bright cormodulation-doped heterostuctures, electrons are transferred
trast related to an inhomogeneous lattice deformation in &om Aly,:Ga, 75As barriers to the GaAs conduction band.
three-dimensional structuf The sizes of the QDs are ap- Therefore, while 2DEGs occupy the GaAs layer, few elec-
proximately between 20 and 30 nm, and the real surfacé&ons occupy the subband level in the InAs/GaAs QDs.
density of the QDs is approximately310*° cm™2. The mor- PL spectra measured at 300 K depict that the peaks cor-
phology observed in Fig. 2 can be explained by the thermoresponding to théE;-HH,) interband transition of the InAs/
dynamics of island growtﬁl. Even though the formation of GaAs QDs shift to the low energy side with increasing tem-
the QDs releases the strain energy, they might build up @erature and that the distribution of carriers in the InAs/
local stress concentration; thus, the central white and black
contrast in the InAs QD islands originate from the strain
effects for the transition from two-dimensional to three-
dimensional nucleatioff

Figure 3 shows plan-view bright-field TEM images of
the[00]] zone of the InAs QDs inserted in the GaAs barriers
embedded between modulation doped) ABa, ;5As/GaAs
heterostructures for different modulation doping concentra-
tions. The size and the shape of the QDs do not change
significantly with varying doping carrier concentration. The
density of the 2DEG and the Si-doping seed layer with dif-
ferent doping concentrations are independent of the micro-
structures of the InAs QDs. The 2DEG forming in the GaAs
layer side which is separated by the spacer layer from the
ionized donors in the Al:Ga) ;5As layer might not affect
the formation of the size of the InAs QDs.

Figure 4 shows PL spectra measured at 26 K for InAs/
GaAs QD arrays embedded in GaAs barriers inserted be=!G. 3. Plan-view bright-field transmission t_electron microscopy image_s of
tween Si modulation doped pGa, -sAS/GaAs heterostruc- the [001] zone of the InAs quantum dots inserted in the GaAs barriers

: - embedded between modulation doped AGa, ;sAs/GaAs heterostructures
tures. The PL spectra at 26 K shows that the peakgith different modulation doping concentrationg) S1,(b) S2,(c) S3, and

corresponding to the interband transition in the InAs/GaAsgd) s4.
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FIG. 4. Photoluminescence spectra measured at 26 K for InAs quantum dot

arrays embedded into GaAs barriers with different modulation doping con- )
centrationsfa) S1,(b) S2,(c) S3, and(d) S4. FIG. 5. Photoluminescence spectra at 300 K for InAs quantum dot arrays

embedded into GaAs barriers with different modulation doping concentra-
tions; (a) S1,(b) S2,(c) S3, and(d) S4.
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