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We report on the comparative electronic state characteristics of particular GalnNAs/GaAs quantum
well structures that emit near 1.3 and s wavelength at room temperature. While the electronic
structure of the 1.3um sample is consistent with a standard quantum well, theun5sample
demonstrate quite different characteristics. By using photoluminescéRtg excitation
spectroscopy at various detection wavelengths, we demonstrate that the macroscopic electronic
states in the 1..um structures originate from phase-separated quantum dots instead of quantum
wells. PL measurements with spectrally selective excitation provide further evidence for the
existence of composition-separated phases. The evidence is consistent with phase segregation
during the growth leading to two phases, one with high In and N content which accounts for the
efficient low energy 1.5um emission, and the other one having lower In and N content which
contributes metastable states and only emits under excitation in a particular wavelength range. ©
2005 American Institute of Physid9DOI: 10.1063/1.18368536

I. INTRODUCTION low temperature, but at high temperatures the PL is associ-

Considerable attention has been paid recently to dilut&€d With extended QW state5”*With the further Increase
nitride alloy 111V semiconductors due to the novel physics of N content, the microstructure of GalnNAs materials may
and potential for practical application shown by these matechange considerably due to the large miscibility between N
rials. The incorporation of a small amount of nitrogen givesand As, and especially decomposition as a result of phase
rise to unusual physical properties favorable for optoelecsegregation may be enhanced. Therefore the electronic state
tronic devices. GalnNAs/GaAs heterostructures, in particustructure and the PL mechanisms may change accordingly.
lar, have been considered to be advantageous over InP-based |n this paper we investigate the electronic states and PL
material for optoelectronic devices in optical fiber characteristics of GalnNAs/GaAs heterostructures grown by
communication$® and various devices operating near 1.3 molecular beam epitaxgMBE) which emit at~1.52 um at
um wavelength based on GalnNAs/ GaAz_Hquarjtum Wells50m temperature. We utilize selective PL and PL excitation
(QWS) ha\(e been extensively demqnstrae It is also . (PLE) spectroscopy to show evidence that thel.5 um
highly desirable to extend the operating wavelength of this .~ . - .
material system towards the 1.561 optical fiber communi- emission in these particular samples originates from In-.r|ch
cations window. However, achieving this goal is challengingqLIantum dot{QDs) as a result of strong phasg separation.
because further reduction in band gap requires the increagdthough PL from QDs has been observed 4l.3 um
of In and/or N content risking serious degradation of materiaGalnNAs/GaAs QWs by scanning near-field magneto-
quality and substantial decrease in photoluminescéRtg  Pphotoluminescence spectroscépyhese QD levels only ac-
efficiency. Although there have been some reports on theount for the localized states in the lower energy range of
demonstration of diode lasers emitting-a.5 um2° until  two-dimensional2D) QW states, and the properties of de-
now very few and limited reports have been made on theices fabricated from such material should be still governed
optical properties of GalnNAs/GaAs heterostructures in thisyy the QW electronic structure. By contrast, in our samples
longer wavelength rand®&™* and the optical emission here are no links between the long-wavelength emission and

mechanisms have never been fully investigated. Previoush{_he electronic states of QWs, and the macroscopic PL prop-

there have been studies on the electronic state structures éra. .
. . ties are governed b Ds. Our measurements are not in-
1.3um GalnNAs/GaAs QWs by various spectroscopic tech- 9 y Q

niques, in which the basic electronic state structures Wergended to imply that all 1.5m GalnNAs quantum wells wil

discussed consistently in terms of interband transitions bes0W dominant dotlike characteristics, and indeed we have

tween quasi-two-dimensional QW statds® The optical recently measured other structures grown elsewhere showing
X 4 )
emission mechanisms were attributed to localized states &tear 2D QW state§! However, we present this data to show
that spontaneously generated quantum dot effects can be im-
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FIG. 1. Typical spectra of PL and PLE of the Luf GalnNAs/GaAs quan-
tum well at 10 K. The horizotal dot line is the base for PL and PLE spectra. F B c
The inset shows the PL spectrum measured at 300 K. L kl

Il. EXPERIMENT

The 1.5um GalnNAs/GaAs “quantum well” samples in
this study were grown by gas source molecular beam epitaxy
on an(001) GaAs substrate. The single “QW” structure con-
sisting of ~8 nm GalnNAs well and GaAs barriers was
grown at 400—-420 °C. Before the growth of QWs, a 400 nm
GaAs buffer layer was deposited at a temperature of 580—
600 °C. Finally the QW structure was covered with a 155 nm
GaAs capping layer grown at 580 °C. The detail of the (®) Photon Energy (eV)

grovvth process 1S similar to that of our reference, 8 FIG. 2. PLE spectra with different detection energies for two different

25
Ga).72|n0_.2_8N0.0114 A_S/GaAS structure'§ except _fOI’ the  GainNAs/GaAs QWs(a) 1.3 um structure andb) 1.5 pm structure.
compositions. In this case the plasma power was increased to

275 W and the pressure was adjusted to 125 mTorr in order
to incorporate more N into the QWSs. As will be detailed meV. The peak at-1.52 eV in the PLE curve is attributed to
later, the studied 1.5m QW material is highly inhomoge- the band edge transition of the GaAs barriers, but at photon
neous and the precise compositions are difficult to determingenergies lower than the barrier band gap the PLE curve dem-
However, the nominal compositions of In and N were esti-onstrates interesting features. First, the PLE spectrum does
mated to be 38%-40% and 2%-3%, respectively. For th&@ot demonstrate a steplike profile expected and measured by
temperature dependent PL measurements, the samples wetgfor other samples in this wavelength rafider the joint
excited by a high power diode lasé70 nm, and the PL  density of states of 2D semiconductor superlattices. Second,
signal was collected in conventional back scattering geomas we will discuss in detail later, the PLE features below the
etry. The luminescence signal was dispersed by a 0.46 r@aAs barrier band gap are sensitively dependent on the de-
grating monochromator and detected by a thermoelectricalljection wavelength. This is contrary to what we have ob-
cooled Si/InGaAs detector using standard lock-in techniquesserved for the 1.3im structure which demonstrated typical
The PLE signal is detected by the same system, but the eQW electronic statés as shown in Fig. @) where the PLE
citation source was replaced by a 250 W tungsten halogespectra of the 1.3um reference structure at four different
lamp and 0.27 m grating monochromator combination andletection wavelengths are plotted. The relative positions of
suitable filters. detection energies are denoted on the PL spectrum. One can
see that the spectra remain the same in terms of both the
shapes and the transition energies. This is consistent with the
properties of QWs because the continuity in the joint density
The PL properties were investigated from 10 to 300 Kof states(JDOS assures the effective carrier relaxation and
under excitation by a 670 nm diode laser. Shown in the insethe PLE spectrum closely replicates the JDOS. By contrast,
of Fig. 1 is the PL spectrum measured at 300 K for the 1.5n the 1.5um sample, the PLE spectra change sensitively
um sample subjected to detailed studies. It demonstrated w&ith detection spectral position as shown in Fi¢h)2
single PL peak at-1520 nm, very close to the desired 1.55 The above results imply that, contrary to the 1ud®
um fiber communication wavelength. Figure 1 shows thesample, the electronic states contributing to the b PL
typical spectra of PL and PLE taken at 10 K, where the PLemission may not be from the transitions of QW states, but
was obtained under excitation at 670 nm from the dispersedhow behavior expected of inhomogeneous ensembles of
lamp system, and the PLE was recorded at a detection wav€Ds?® In the following, we will discuss the spectroscopic
length of 1490 nnm0.832 eV). The PL shows a single peak at properties on the basis of QD ensembles with variable dis-
0.851 eV(1457 nm with full width at half maximum of 56 tributed dot sizes and/or composition.

E T=10K
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IIl. RESULTS AND DISCUSSION
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tensively investigated in self-assembled GPs*

Since the sample was originally designed and grown
based on two-dimensional structures, the formation of QDs
is ascribed to a strong phase separation effect. In order to
T O O 058 achieve long PL wavelength, both In and N contents are
Fogon Eneroy (2V) specified higher than for usual 1udn structures. Due to the
high In content and the big miscibility gap in mixed group V
nitride-arsenides, the high strain energy may provide a ten-
dency to strong composition separation, which would lead to
the formation of QDs. Unlike self-assembled QDs, phase-
separated QD states can be more conveniently identified by
spectroscopic techniques rather than by direct observation
through transmision electronic microscopy. A similar physi-
cal picture has been proposed in the ternary InGaN/GaN ma-
. ; . . ! terial system, where the highly efficient blue-green emission

005 010 015 020 025 is attributed to the In-rich quantum dots®® However, no
E-Edet (eV) detailed spectroscopic investigation has been reported there,
especially with respect to the observation of the electronic
FIG. 3. PLE spectra plotted against the difference between the inciderstates of QDs. For GalnNAs quaternary alloy, Asomoza,
photon energy and the detec_:tion energy for theperstrupture. The inseF_ Elyukhin, and Pena-Sierra have pointed out that
shows the PL spectrum excited at 670 nm. The detection energy posmonlsrl Gay N As;_ epitaxially grown aIons with the composi—
for the PLE spectra are marked. X X Ny 91y
tion x=0.28-0.38y=0.009-0.02 should be deeply inside the
spinodal decomposition range at their growth temperaf’t‘hre.

In order to facilitate the explanation, we divide the PLE The increase of compositions of In and N, especially the
spectrum into three zones as shown in Fig. 1. The PLE signatter, will surely increase the decomposition range. It is ex-
in zone Il is mainly due to the absorption of the GaAs bar-pected that phase separation should bring about In-rich and
riers. Thus the excitation in this zone is nonresonant withGa-rich areas in consideration of the high In concentration.
respect to the transitions in the GalnNAs layers. Zone Il hagctually, the 31 meV phonon energy in the lower energy
a relatively small and featureless PLE signal, while there argange suggests that the optical process in this energy range is
relatively stronger PLE signals and features apparent in zonelated to In-rich QDs, because this energy is very close to
I. We attribute these features to the excited states of ©Ds. the InAs LO-phonon energl. With respect to the distribu-
should be pointed out that the partition of these zones is naion of N, N atoms would more likely exist in In-rich dots for
absolute because the PLE spectra differ for different deteche relief of local strain energlj. > Therefore possibly there
tion energies. are roughly two composition phases: one with high In and N

The behavior of the features in the PLE spectra in zone tontents, which corresponds to zone | the other one with
is shown in Fig. 3, which shows the PLE spectra plottediower In and N contents which corresponds to zone Il. The
againstthe difference between the incident photon energwsimultaneous decomposition of In-Ga and As-N enlarges the
and the detection energgppectra are shown for detection at difference of the band gap energies in the two phases, which
different wavelength points in the PL peak shown in theenables the observation of several excited states in the low-
inset. Although the spectra are modified by stray light, threeenergy QD ensemble. Selectively excited PL spectroscopy
features denoted by the open circles, solid squares, and soliflay further manifest the existence of the second phase.
circles, respectively, are identifiable, which we attribute to  In Fig. 4, we compare the PL features of the two samples
the transitions of the first, second, and third excited states ads the excitation energy changes. The excitation energies are
QDs, respectivel§’ It is noticeable that the excited state marked on the respective PLE curves. While the PL charac-
resonant energies increase with increasing detection energgristics do not change with excitation energy in the [in3
As PLE spectroscopy on a QD ensemble probes the absorgample[Fig. 4(a)], it is worthwhile to note the change of PL
tion of a subensemble of similar QDs defined by the detecspectra as a function of the excitation energy in the b
tion energy, the above behavior appears consistent with theample[Fig. 4(b)]. As has been pointed out, we associate the
guantum size effect. Besides the excited state transitions, aelectronic states in zone | with the low-energy QD ensemble.
other feature appears at about 31 meV in the PLE spectrdt low-energy excitatiorflabeled(1) and (2) in Fig. 4(b)],
Since this peak is relatively sharp and does not move wittihe first excited states of particular QDs are selectively cre-
the detection energy, it is reasonable to assign it as an LOated, and we can observe only one peak ground state emis-
phonon feature. The enhanced relaxation by the involvemersion. It is possible that the ground states of some QDs may
of LO-phonons surely modifies the shape of the absorptiotbe excited and resonant ground state emission may be gen-
spectrum in an inhomogeneous QD ensemble because thésated, but this emission is not resolvable from the scattered
process happens only selectively in QDs with particular sizeexcitation light. Note that different excitation energieg1n
(in this case bigger doksfor which the energy difference and(2) correspond to different QDs selected, therefore dif-
between the ground and first excited states is close to thierent ground state emissions were observed. With the in-
energy of LO phonons. This physical process has been exrease of the excitation energy, the excitation photons may

T=10K

N PL Intensity (a.u.)

PLE Intensity (arb. u.)
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FIG. 5. A typical PLE spectrum and a PL spectrum excited at the third
’5 i excited state in the 1.6m sample.
s
8 | do not change with the excitation energy. One can see that in
Py R zone I, the luminescence photon energy also changes sensi-
g r //ﬂ 4 : tively with the excitation photon energy. Similar to the fea-
£ | 5 ] ture in zone |, the PLE spectra change with the detection
w Jj ] energy as wel(not shown here This indicates that the elec-
o [ 6 ] tronic states in this zone are highly inhomogeneous just as in
S t 7 zone |. Returning to the PLE spectrum shown in Fig. 1, it is
T § T=10K ] now understandable that the PLE signals in zone Il are rela-
L tively small. The reason is that some of the carriers excited in
07 08 09 1.0 1.1 1.2 1.3 14 15 zone Il cannot have recombined radiatively rather than re-
(b) Photon Energy (eV) laxed to the lower energy states in zone |. With further in-

G4 pL i o _ LoK: i crease of the excitation energy to zone[[®) and(10) with
. 4. spectra wit| ifferent excitation energies at or two differ- H H H
ent GalnNAs/GaAs QW<ga) 1.3um structure andb) 1.5 um structure. The exc!tat!on energies of 1.653 and l',851 ev, respect]vehe .
excitation energies for each PL spectrum are marked in the respective PLEXCitation photons are resonant with the quantum states in
curves. neither zone | nor zone Il, and the spectra at the lower energy
region have the same line shape as those excited in zone Il. It
) ) ) is noted that emission band in zone Il is negligibly small in
resonate with the first excited states of smaller QDs and/ofyig sjtuation. This is because the carriers excited in the bar-
the secon_d excited states of relatively larger QDs and the Plars gre highly energetic and hardly captured by the inter-
spectra will gradually demonstrate broadened complex struGnegiate states in zone II, but are captured efficiently by the
tures. Especially when the excitation energy further increase,y energy QDs in zone |, which is also responsible for the
to (3) and(4), the photon energy is resonant with the third efficient long wavelength optical emission at room tempera-
excited states of some QDs. In this case we can observe thgre.

emission of excited states besides the ground state emission.
In order to further support the assignment of the QD states,
we show comparatively in Fig. 5 the PL spectrum excited at V- SUMMARY

(4) in Fig. 4(b) and the PLE spectrum detected at the corre- | conclusion, we have reported different electronic
sponding ground state emission peak. It is clearly seen thafractures in 1.3 and 1;5n InGaNAs/GaAs QWs grown by
transition energies of various states in these two spectra ma@BE. Whereas standard 2D electronic structure has been
well. It is observed that the emission from the first excitedgbserved in the 1.3m sample, the 1.xm sample demon-
states is relatively weak. The reason is not clear at the mostrates QD-like electronic states as a result of strong phase
ment, but may be related to the energy relaxation processeggregation. We attribute the Juf PL to the recombination

in the QDs. When the excitation energy is located in zone llof ground states in phase-separated QDs with higher In and
a new PL peak appears at the higher energy side of this oW contents. Spectroscopy of PLE with variable detection
energy peak. The appearance of this new peak seems to comavelength and PL with selective excitation energies has en-
firm the existence of the second phase due to the phase segbled us to observe the ground and several excited states of
regation. As the excitation in this zone is no longer selectivehe QDs and the existence of the second phase. Selectively
with respect to QD states in zone |, the resulting PL spectraxcited PL spectra have verified the existence of two phases.
in this zone show broadened structures which are determinddshould be noted that the presented results may not be uni-
by the distribution of the QD sizes and/or composition andversal in the GalnNAs/GaAs system because the microstruc-
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