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Photoluminescence study of InAs quantum dots embedded in GaNAs
strain compensating layer grown by metalorganic-molecular-beam epitaxy
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Self-assembled InAs quantum dd@@Ds) embedded in Gaj\yoASy.g93 Strain compensating layers

have been grown by metalorganic-molecular-beam epitaxy on a G045 substrate with a high

density of X 10'* cm 2. The photoluminescence properties have been studied for two periods of
INAs quantum dots layers embedded in GaiNASy 93 Strain compensating layers. Four
well-resolved excited-state peaks in the photoluminescence spectra have been observed from these
highly packed InAs QDs embedded in the GaiASy 993 Strain compensating layers. This indicates

that the InAs QDs are uniformly formed and that the excited states in QDs due to the quantum
confinement effect are well defined. This is explained by tensile strain in GaNAs layers instead of
the usual GaAs layers to relieve the compressive strain formed in InAs QDs to keep the total strain
of the system at a minimum. @002 American Institute of Physic§DOI: 10.1063/1.1516873

I. INTRODUCTION observed from InAs QDs embedded in GaNAs SCLs.
) ) QD lasers are expected to have low threshold current

Quantum dotsQDs) have been an important topic of gensities, high gain, high quantum efficiencies, and ultrahigh
research for more than 10 years. Great effort has been deparacteristic temperatur®st Significant progress on the
voted to the fabrication and exploitation of self-assembledyqrformance of QD lasers has been made in the past few
QDs_, dL_Je to 3their novel physical properties _and pote_ntia ears. Up to now, however, their performance in devices has
applications.™ QD lasers have been extensively studied.not necessarily satisfied theoretical predictions for low
The performance of QD lasers has been improved signifigyeshold current densities and high optical gains because of
cantly in the past few years. However, the emission waveymitations on the dot densities and size uniformity of QDs.
length from self-assembled (Ba)As QDs on GaAs is typi-  Thys, improvement of QD lasers will depend on further in-

cally around 1.0um and is mostly limited to wavelengths egtigations of increasing the QD density and controlling the
shorter than 1.3um. In order to be applied to fiber optical g e gistribution:2

communications, extension of its optical emission wave- i has been extensively studied on the dot density and
length to 1.55um and beyond is necessdry. o size uniformity of QDs. The well-resolved excited-state
In order to realize longer wavelength emission frompaaks of quantum dots have been observed in PL spectra
InAs QDs, several groups have achieved 1.3 or k8  \ith improvement of the dot size homogeneity for lower QD
emlssmzrl?for I_nAs QDs with InGaA_s strain reducing Iayersdensity. High QD density up to #ficn? has been reported
(SRLS."" Using the InGaAs SRL instead of GaAs as the; \yel| defined PL from QDs states has not been observed
capping layer, the band gap energy of InAs QDs is reduceginger sych high QD packing density. It has been difficult to

due to the relief of .compressive strain in InAs QDs._As 3jdentify QD energy states for so high a dot density due to the
result, the photoluminescen¢eL) peak of InAs QDs shifts remaining inhomogeneity of the QDs.

toward a longer wavelengthBut the higher indium compo- In this work, it will be demonstrated that self-assembled
sition in the SRL further accumulates the amount of overall g quantum dots embedded in GaNAs SCLs show excel-
compressive strain and the PL efficiency tends to be depnt yniformity and clear PL subpeaks originating from QD
graded_ due to the nonradiative recombl_natlon centers P'%nergy states are observed in spite of their very high dot
duced in the SRL due t@ the excess stfain. density of 1x 101Ycm?. The temperature and excitation de-
In our previous work,we proposed an INAs QDS Struc- nenqence of PL spectra will be investigated in detail for two
ture embedded in GaNAs strain compensating Ia86LS.  gacks of InAs quantum dots layers embedded in a
Tensile strain in GaNAs Iayers grown on GaAs, mstead c.)fGa,\b'00?0\50_993 SCL. The slight redshift of the PL peaks for
InGaAs or GaAs layers, will release the compressive straify,creasing excitation intensity as well as the unusual depen-
formed in InAs QDs and keep the total strain of the system afjonce of the PL linewidth on the temperature will be dis-
a minimum. This will reduce the strain effect on the INAS ¢, ;sseq. The thermal activation energy estimated from the
energy gap, i.e., the increase of the energy gap with compregsmnerature dependence of the PL intensity correlates well
sive strain W|II_ be_ lowered by the relief of strain inside the | it the separation in energy of the PL peak energy position,
InAs QDs. Emissions of 1.3 and 1.36n have recently been 54 this suggests that the energy barrier height in the present
INAs QDs embedded in GaNAs SCLs is larger than that of
aCorresponding author; electronic mail: isuemune@es.hokudai.ac.jp conventional InAs QDs embedded in GaAs barrier layers.
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FIG. 2. Excitation intensity dependence of normalized PL spectra of two-

FIG. 1. Atomic force microscopy image of InAs QDs on a Gal@91) period stacked InAs QDs embedded in a Ggd¥syges SCL. The QD
substrate. shells are labeled with atomic notatiogs, d andf.

Every dot from the upper layer is not necessarily verti-
cally aligned with each other in the two stacks of InAs QDs
Self-assembled InAs QDs embedded in a GaPRSy o9z With the 10 nm GalyggASy.g93 SCL. The dots in the upper
SCL were grown on GaA&O01) substrates by metalorganic- and lower layers are almost equal in size. The lattice distor-
molecular-beam epitaxyMOMBE). The metalorganic pre- tion due to the strain field was very small around the dots, as
cursors used were triethylgalliufTEGa), trisdimethylami- measured by a cross-sectional transmission electron micro-
noarsenic(TDMAAs), and Trimethylindium(TMIn). The  scope(TEM). This shows the strain compensation effect of
GaAs buffer layer was first grown on a GaAs substrate withthe GaNAs SCL. Their crystal quality shown TEM was re-
thickness of 300 nm at 550 °C. The QDs were formed undeported in detail elsewhefe.
Stranski—Krastanov growth mode, and a wetting lay®L ) The excitation intensity dependence of the normalized
with thickness of 2 monolayer@L) was formed under the PL spectra for the two stacks of InAs QDs embedded in the
InAs QDs at 450 °C. Then a 10 nm GaNAs strain compen-GaN, 5,ASy 993 SCL measured at 19 K is shown in Fig. 2,
sating layer was grown at 550 °C. The nitrogen compositiorwhich displays four well-resolved excited-state peaks. It in-
was about 0.7%. Similar growth conditions were used fordicates that the InAs QDs are uniformly formed and that the
growth of the second stacked layers. The three-dimensionaixcited states in QDs due to the quantum confinement effect
growth was monitored by reflection high-energy electron dif-are well defined. At low excitation intensi.019 W/cn%)
fraction (RHEED) and QD nucleation was observed directly we observe only a single pedlabeleds) in the PL spectrum.
via the onset of a spotty RHEED pattern. Details of thewhen the excitation intensity is increased, the emergence of
growth are reported elsewhét&or an atomic force micros- the second and third peakabeledp andd) was observed in
copy investigation, growth was stopped and the samplethe PL spectra. The fourth pedlabeledf) gradually ap-
were quickly cooled down to room temperature. peared as the excitation intensity was increased to over 8
The 532 nm line from the second harmonic generation ofi/cn?. These results indicate that the excitation intensity
a YAG laser was used as the excitation source for the Pldependence of the PL spectra are due to the state filling
measurements, which were performed between 18 K angrocess in the QD516 namely, the shells of the QDs are
room temperature in a closed-cycle He cryostat. Aprogressively populated by a number of photoexcited carriers
LN,-cooled Ge detector was used to measure the signal digvith an increase in excitation intensity. When the excitation
persed by a 0.5 m monochromator via a lock-in mode detedntensity is increased, the saturation of #)g, dandf peak
tion scheme. intensities was also observed as shown in Fig. 2. According
to the state filling effect, lower energy states will become
saturated and a higher energy state will then begin to be
populated if the excitation intensity is high enough. Strong
Figure 1 shows the AmXx1 um atomic force micros- photoluminescence was observed even for the low excitation
copy image of self-assembled InAs QDs grown on GaAsntensity of 0.019 W/crfy which indicates that the InAs QDs
(00)). The characteristic diameter and the mean height of thembedded in the GapNgASy 993 SCL have excellent quality
QDs are about 30 and 3 nm, respectively. Very high areand a low density of defects. The origin of the PL peak that
density of 1x 10Ycn? was observed. The surface coverageappeared at 873 nifi.42 eV} will be discussed later.
is about 78%, and it is close to the maximum coverage. In  Usually for high QD density it is difficult to identify the
our sample, the average spacing of two neighboring dots izero-dimensionalOD) states due to lateral coupling or strain
the lateral direction is 8 nm. interaction. In this regard, high QD density up to 1

Il. EXPERIMENT

IIl. RESULTS AND DISCUSSION
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FIG. 3. Excitation intensity dependence of normalized PL spectra of two-

period stacked InAs QDs embedded in GaAs spacer layers at 19 K. FIG. 4. Excitation intensity dependence of PL peak energy of two-period
stacked InAs QDs embedded in a GaplAsy 993 SCL. The energy positions
of the ground state and excited states are denotegl pyd andf curves,

x104cm? has been reported but the well defined PL fromeSPectivel:

QDs states has not been observed under such a high packing

H 7,18

density of .QD§ These problems are “S“?”y eVen Wors€sor easier comparison with the experimental data. We can see
v_vhen n_1u|_t|stacked _Iayers are used to try to increase the_ Ry, Fig. 4, thes, p, d andf peaks showed a slight redshift with
t|?a:] gain llln thelac(tjwe r?g'g” of QD. Ia;grs. BEt ?bsTrv:tlonan increase in excitation intensity. When the excitation inten-
of the we -rr]esor:/ N er0|te sta_tes |n.ft IS v::or ¢ early em'sity was increased, the density of the photogenerated carriers
ohnstrates tlhat t ﬁ ?] s are(;qung umforhm rom one aysr thC?ncreased, and the exchange interaction between carriers of
the next ait oug the area density of the QDs is Very N'9Mne same charge increased. We attribute the redshift of,the
The observation of a number of well-resolved excited stateﬁ d andf peaks with an increase in excitation intensity to

is, therefore, the principal figure of merit for QDs. On theqband gap renormalization due to carrier—carrier exchange

other hand, we could not observe such well defined excite hteractiontd-21

state peaks for the samples grown with 10 nm GaAs spacer .o temperature dependence of normalized PL spectra
layers with two stacks of InAs QDs grown under the SaMEyt |nAs QDs embedded in a GalhASy 003 SCL With exci-
optimized growth condition. As is seen by the excitation in'tation intensity of 9.5 W/crhis éhown'gigr? Fig. 5. We ob-

tensity dependence of the normalized PL spectra shown iQerved four well-resolved excited-state peaks labslqz d

Fig. 3, only the broader first excited state was observed witt(;}mdf from the QDs and one additional peak at 873 nm mea-
much higher excitations. The PL intensity of this sample Was red at 18 K. When the temperature was increased to 70 K,

also weaker than that s_shown .in.Fig. 2. This comparison demthe emission peak at 873 nm disappeared, the origin of which
onstrates that the tensile strain in the GaNAs layers grown of. pe discussed later. The and d peaks were gradually
GaAs, instead of InGaAs or GaAs layers, will relieve the '

compressive strain formed in InAs QDs and keep the total
strain of the system at a minimum. This helps the InAs QDs

embedded in the GaMyASy 993 SCL to be quite uniform i
and almost equal in size from one layer to the next although sl
the area density of the QDs is very high, and the InAs QDs

embedded in the Gaj¥oASy 993 SCL have a low density of . 25 1

defects on the InAs/GaNAs interface.

We can see in Figs. 2 and 3 also that the PL peak energy
of the ground state of InAs QDs embedded in
GalN, goASy.993 SCL is redshifted with respect to that grown
with GaAs spacer layers even if the InAs QDs were prepared
under the same growth condition. This can also be explained
by the strain effect. Using the GaNAs SCL instead of GaAs 0
as the capping layer, the band gap energy of InAs QDs is
reduced due to the relief of compressive strain in InAs QDs.
As a result, the PL peak of InAs QDs shifts toward a longer
Wa\/e|engt|'?_ Wavelength(nm)

Figure 4 shows the excitation intensity dependence OI:IG. 5. Temperature dependence of normalized PL spectra of two-period

the RL peak energy for two-period stagked |nA_\S Q_DS embedstacked InAs QDs embedded in a GadAso 903 SCL. The QD shells are
ded in a GalygASp.993 SCL. The horizontal line is added labeled with atomic notations;, p, d andf.
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T T QD system move from smaller dots to larger ones via tun-
neling. The carriers recombine radiatively at nearby larger
dots based on the transfer and relaxation processes of the
carriers from smaller dots to larger ones. It is clear in Fig. 7
that the FWHM decreases and then increases as the tempera-
ture increases. At low temperature, the PL linewidth of quan-
- tum dots is determined by the inhomogeneous broadening
coming from size fluctuation of the dot size. That is, PL
- arising from all of the emission from many dots of different
size is observed. For the higher temperature, more carriers
1 will become thermalized in the quantum dots and the carriers
will tunnel and redistribute among nearby QDs and find a
local-energy minimum in each energy shell. Thus, the PL
linewidth will be reduced for the higher temperature. When
the temperature is higher than200 K, electron—phonon
scattering becomes a dominant contribution. Then the PL
FIG. 6. PL spectrum and multiple fitted Gaussian curves of two-period'iHEWidth starts to increase for the higher temperature. The
stacked InAs QDs embedded in a GailAs, 903 SCL at 166.7 K. two-stage behavior of the temperature dependence of the
FWHM of PL spectra will thus be understoét?®
In Fig. 7, it is obvious that the behavior is strongly de-

reduced and finally disappeared as the temperature was ifendent on the energy levels. The FWHM of the PL spectra
creased. At room temperature, thpeak was predominantly for thef energy level decreases for the higher temperature up
observed. The decrease of the PL intensity is attributed t% ~170 K and then and increases for the h|gher temperature'
thermal quenching due to carrier escape from the QDs Vigor theD andP energy levels, the FWHM starts to decrease
thermionic emission into the GaNAs barriers followed by until the temperature is 200 and 250 K, respective|y_ How-
nonradiative recombination which will be discussed below. gyer, the FWHM of theS energy level does not show the

For each temperature, the PL spectra can be fitted bjcreasing behavior up to 300 K. We define the temperature
multiple Gaussian line shapes as is shown in Fig. 6, whergf the minimal FWHM asT;. The temperaturd; is the
the solid lines represent multiple fitted Gaussian curves, angliming point of the dominant factor to determine the PL
triangles represent experimental data. It is obvious that the fiinewidth changing from the repopulation process to
is in fairly good agreement with the experimental result.  glectron—phonon scattering for the higher temperature. It is

Figure 7 shows the temperature dependent full width atound that temperatur® is higher for the lower shell energy
half maximum(FWHM) of PL spectra of InAs QDs embed- |evels. This behavior can be explained by the fact that the
ded in a GalyooASp 993 SCL. In the temperature range from carriers at high levelgexcited statéscan easily become ther-
19 to 300 K, the linewidth shows unusual dependence on thgalized due to the broader bandwidth of the excited states,
temperature. This is explained by the tunneling effé¢.  \yhich shiftsT; of the higher levels to the lower temperature.
Due to the difference in depth of the QD potentials, even at  The FWHM of the PL peak from the ground state of
low temperatures, photogenerated carriers in a high-densityas QDs is 30 meV at room temperature, and this is smaller
than the 40—60 meV usually reported at room temperature
(with  the exceptional report of 21 meV at room

PL Intensity(a.u.)

| l L I [
800 900 1000 1100 1200 1300 1400

Wavelength(nm)

! ' I temperaturg®® Since this value is usually associated with
01 — inhomogeneous broadening of QDs, the InAs QDs embed-
ded in the GalpoASy 993 SCL will be more uniform.
0.09 I I In order to identify the mechanism of PL quenching, the
— 0.08 - temperature dependence of the integrated PL intensities of
2 two-period stacked InAs QDs embedded in a GgM\Sy 993
0 d 7] SCL was investigated. The temperature dependence of the
s 0.06 |- | integrated PL intensity of each excited level evaluated from
the fit is shown in Fig. 8, where the dependence of the PL
0.05 - s - intensity on the temperature can be written by the following
0.04 _m N equation:
p
003 % | | ' | + [(T)=A/[1+Bexp —Ea/kT)],
0 50 100 150 200 250 300 350 wherel is the integrated PL intensityy andB are two con-
Temperature(K) stants,Eais the thermal activation energy akds the Bolt-

FIG. 7. T devend the EWHM of PL . _ c{z/mann constant. The estimated thermal activation engegy
. 7. Temperature dependence of the (o] spectra of two-perio H
stacked InAs QDs embedded in a GaAS, 00 SCL. The FWHMSs of the alues are shown in Table | for thgep, d andf states. From

ground state and excited state are denoted, ly d andf curves, respec- the_ fit _in the higher temperature range, it is found that the
tively. activation energy also shows an excited-state dependence.
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0.001 TABLE Il. Band gap energ¥g, and thermal activation enerdsa. PL peak
energyEp,  of the s state and PL peak enerdg,, of the wetting layer of
InAs QDs embedded in both GaNAs and GaAs spacer laydtsdenotes

the difference in energy between the PL emission of InAs QDs and the band
gap energy of the lower barrier, either the spacer layer or wetting layer.

0.0001

EpLs Ewe Eq AE Ea
Spacer layer (eV) (eV) (eV) (eV) (eV)

GaN, 00AS) 993 1.094 (142 1.33 0.236 0.222
- GaAs 1.258 1.42 152  0.17%  0.10%

10°

PL Intensity(a.u.)

“Reference 22.
PReferences 13-16.

10°

l | | ] i embedded in GAs spacer layers. In the InAs QDs embedded
0 10 20 30 40 50 60 in GaAs spacer layers, however, the thermal activation en-
1000/K ergy is much less than the difference in enedyl¢. This
. _ L _indicates that InAs quantum dots embedded in GaAs spacer
FIG. 8. Temperature dependence of integrated PL intensities of t\No-penoirI . . . .
stacked InAs QDs embedded in a GapAS,oqs SCL. The integrated in-  12YErs have a higher density of defects and dislocations. Any
tensities of the ground state and excited state are denotedphd and f defects and dislocations in the material will provide nonra-
curves, respectively. diative channels to quench the luminescence, which will re-
duce the thermal activation energy.
The PL peak energy that appeared at 1.42 eV is very
The differences in energy between the PL emission of InAglose to that of a wetting layer previously reported with
QDs and the estimated band gap of the GaAsN layer are alsgaAs capping layerS'° However the observed PL peak
give in Table | for thes, p, d andf states. These values are energy is larger than the band gap energy of the
very close to the estimated thermal activation energies of thgaN, ,,As, s03Spacer layer. This difference in energy cannot
s, p, d andf states. Therefore the reduction of the PL inten-pe explained by the normal quantum confinement effect in
sities with an increase in temperature will be mainly due tothe InAs WL. PL peaks at similar energy position have been
the thermal activation of carriers out of the InAs quantumreported after thermal annealing, and their origin was attrib-
dots into the GaNAs barrier layers, followed by the nonradi-uted to intermixed states near the heterointerfad@etails

ative recombination during diffusion in the barrier layers. of the origin of this additional PL peak is under study.
Table 1l shows the barrier band gap enekyy, thermal

activation energyea, PL peak energ¥p, s of thes state, and v cONCLUSIONS

PL peak energye,, of the additional peak of InAs QDs )
embedded in GaNAs and of the wetting layer of those em- ~ Self-assembled InAs quantum dots embedded in a
bedded in GaAs spacer layers previously reported. We caf#@Nb.ooASo.0es SCL were grown by MOMBE on a GaAs
see in Table II, theEa value for the ground state obtained (001 substrate with a high density 05410'* cm 2. The PL
from the InAs QDs embedded in the GalyAs, 093 SCL is  Properties were stgdled for two-period stacked InAs quantum
about two times larger than the corresponding values redots embedded in the GabbAsogez SCL. Four well-
ported for those in GaA&05 meVj.22 This result indicates resolved excited-state_peaks were observed in_ PL spectra for
that the InAs QDs embedded in the GaNAs SCL have dNAS QDs embedded in the GgbhASo.g03 SCL in spite of
better quantum confinement effect. The thermal activatioih® high QD density. This was attributed to improved unifor-
energy will be determined by the difference in enery§ mity by the relief of compressive strain in InAs QDs with the
between the PL emission of InAs QDs and the band gaFgensile GaNAs SCL. The state fiIIing effect was also ob-
energy of the spacer layers or wetting layer for high qualityServed. It was found there was a slight redshift of the PL
materials. We can see in Table II, the difference in energy?@aks with an increase in excitation intensity. This was ex-
AE for InAs quantum dots embedded in GaAs and GaNAdlained by band gap renormalization due to a carrier—carrier
spacer layers is 175 and 236 meV, respectively. This indi€Xchange interaction. Strong photoluminescence was ob-
cates the thermal activation energy for high quality |nASs_erved, and even a PL spectrum for the low excitation inten-

QDs embedded in the GaNAs SCL is much larger than tha$ity of 0.019 W/cm was obtained, which indicates that the
InAs QDs embedded in the GabhASy 993 SCL have excel-

lent quality. It was found that the linewidth of PL spectra
TABLE I. Thermal activation energieBa of thes, p, d andf states of InAs ~ decreased for the ground state, and the linewidth first de-
QDs and the differences in energy between the band gap of GaAsN and tigreased and then increased for the excited state with an in-

PL emission of thes, p, dandf states of InAs QDs. crease in temperature. This was interpreted by the fact that
£ d D R relaxation of the photogenerated carriers can involve two dif-
(meV) (meV) (meV)  (meV) ferent processes, the repopulation process and electron—
Ea " 112 157 222 phonon scattering. The thermal activation energy of each
AE=Eg-Ei i=s,p,d,f 77 119 181 236 state was obtained, and we attribute the photoluminescence

quenching mechanism as being due to the escape of carriers
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