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Optical investigations of GalnNAs /GaAs multi-quantum wells with low
nitrogen content
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The optical properties of GalnNAs/GaAs multi-quantum wells were investigated by
photoluminescence excitatidi?LE) spectroscopy, as well as by photoluminesce(i®e), under

various excitation intensities and at various temperatures. The PLE spectra demonstrated
pronounced excitonic features and the corresponding transitions were identified. At low
temperatures the PL spectra were sensitive to the excitation intensity. Under fixed excitation
intensity, both the peak energy and the linewidth of photoluminescence showed anomalous
temperature dependence, specifically an S-shaped temperature dependence of the peak energy and
a N-shaped temperature dependence of linewidth in the PL spectra. The observed results are
explained consistently in terms of the exciton localization effect due to the local fluctuations of
nitrogen concentration. @002 American Institute of Physic§DOI: 10.1063/1.1489716

I. INTRODUCTION GalnNAs/GaAs system remains a major toffict’ Under-
) _ standing the emission mechanism in these materials is cru-

Recently, dilute 1lI-N-V alloys and superlattices have at-cjq| for not only basic physical interest but also for device
tracted a great deal of attention. The unusual large bowingesign. In this article, we report systematic studies on the
coefficient due to N-incorporation has drawn strong interesptical properties of high quality GalnNAs/GaAs multi-
to t_he investigat?on of its physical origihMeanwhile, this quantum wellsstMQWSs) investigated by photoluminescence
series of materials, especially the GalnNAs alloys, havep) spectroscopy at various excitation intensities and tem-
shqwn favorable properties in the desireg optical Communi'peratures and by photoluminescence excitatPbE) spec-
cation wavelength range around 1/m.° Compared 10  {ro5copy. We made low temperature PLE measurements on a
GalnAsPInP materials currently in common use, GalnNAS/saries of GalnNAs/GaAs MQWSs with different well widths.
GaAs has several advantages. First, the optical properties gfonounced excitonic features are demonstrated in the PLE
GalnNAs/GaAs have better thermal characteristics due to thgpectra, From these spectra, the excitonic transitions can be
introduction of N. This property has two-fold implications: ¢jearly identified. It is found that at low temperature the PL
(i) the larger conduction band offset and thus the strongegpecira were sensitive to the excitation intensity. Under fixed
electron confinement give rise to better performance of lasergyiiation intensity, both the peak energy and the linewidth
at high temperature, represented by a higher characteristi photoluminescence showed anomalous temperature de-
temperatureT, for threshold current; andi) the band gap  pendence. All these observations can be explained in a con-

energy is less sensitively dependent on temperature, impliistent way by the exciton localization effect due to the local
ing higher wavelength stability. The relative stability of both ,ctuations of nitrogen concentration.
lasing threshold and operation wavelength is highly desirable
for high performance optical-fiber communication systems
employing dense wavelength-division multiplexing. Second,”' EXPERIMENT
the fact that GalnNAs can be coherently grown on GaAs The samples were grown by solid-source molecular-
substrates allows growth of distributed Bragg reflector mir-beam epitaxy on GaA&01) substrates anth situ annealed
rors composed of high refractive index contrast AlAs/GaAsat 750°C. The fabrication process has been described
or GaAlAs/GaAs for the monolithic fabrication of vertical elsewheré® In brief, the GalnNAs/GaAs MQW structures
cavity surface emitting laser8/CSELS. Indeed, both the consisted of Gggdng 3dNg 0182S0 055 Well layers and GaAs
edge emitting lasers and VCSELs based on GalnNAs/GaAbarrier layers with 5—10 periods. Nitrogen was provided by a
quantum wells have been extensively reported recéntly. radio frequency coupled plasma source. The mole fractions
Despite great success in the demonstration of devices, tref N and In were determined by a combined analysis of
detailed investigation of the optical properties of thehigh-resolution x-ray diffraction and precalibrated PL data.
The MQWSs were sandwiched between two five-period AlAs
dAuthor to whom correspondence should be addressed; electronic mai('2 nm)/Ga-AS (2 nm superlattice cladding layers an-d finally
handong_sun@strath_acik : Eapped with 10 nm GaAs. All samples were nominally un-
bCurrently with Institute of Applied Physics, University of Karlstruhe, doped. To perform the measurement at various temperatures,
76128 Karlstruhe, Germany. the sample was mounted on the sample holder of a liquid He
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FIG. 1. PL and PLE at 5 K spectra of a §ano sgNo 014AS0.05s MQW with 04
well width of 9 nm. L
02
cooled flow cryostat with suitable optical access for PL and
PLE spectra. For the PL measurements, the samples were 00 F
excited by a high power diode las&70 nm, and the PL
signal was collected in conventional back scattering geom- -0.2 1'0 . 1'1 . 1'2 . 1'3 . 1'4 4 ~
etry. The excitation intensity was adjusted by calibrated neu- : ' : ’ ' ’
tral density filters. The luminescence signal was dispersed by Photon Energy (eV)

a 0.46 m grating monochromator and detected by a thermo-

: ; ; . FIG. 2. PLE spectra at 5 K of three aing 3dNo 018450.05s MQWS, the well
electrically cooled Si/inGaAs detector using standard lock II’lNidths of which are denoted for each curve. The positions of three optical

techniques. The PLE signal is detected by the same systefansitions: e1—hh1, el-Ih1 and e2—hh2 are marked by a closed circle, a
but the light source was replaced by a 250 W tungsten halcslosed square and a open circle, respectively.

gen lamp combined with a 0.27 m grating monochromator

and suitable filterd!
to the well width, indicating that as expected the operation

wavelength of devices based on this material system can be
effectively tailored by both the depth and width of the quan-
Figure 1 shows typical spectra of Rlexcited by the tum wells. Second, the oscillator strength of the heavy hole
diode laser and PLE(detected ah 4—=1223 nm taken at 5 exciton transitions largely increases as the well width
K for a GaygdNgsgdNg 018ASo 0s5/GaAs structure with well  decrease®
width of 9 nm. As can be clearly seen, the PLE spectrum  As is shown in Fig. 1, the PL spectra showed a single
shows clear features of optical transitions due to differenpeak with a full width at half maximunfFWHM) of about
guantized energies of quantum wells and a strong excitoni21.2 meV. The PL peak is positioned at the lower energy side
feature dominates the lowest transition energy. The latteof lowest absorption peak with a Stokes shift of 25.5 meV.
property is the direct evidence of the formation of excitons.This indicates that the PL emission is associated with the
In a previous paper, we have assigned the features in the PLicombination of the lowest heavy-hole exciton states of the
spectrum as the transitions of el—hh1, el—-1h1, and e2—hh@uantum wells. Investigation of the lineshapes showed that
respectively, as deduced from polarized PLE measurementee PL peak is asymmetric with a low energy tail. These
and comparison with theoretical fittitg The comparison of ~features are a typical indication of the exciton localization
theoretical calculation and experimentally determined transieffect?° In general, the localization effect in quantum wells
tion energies provides important information. A type-I align- may result from the local fluctuations of both well width and
ment for the hhs with a strained conduction-band offset ratialloy composition in the wells. We have measured a series of
of about 80% and an approximately flat band alignment forsamples with the same composition but with various well
the 1hs were obtaineld. widths from 2.5 to 9 nm. The PL properties of the full set of
Figure 2 shows the evolution of the PLE spectra ofsamples are summarized in Table I. We found that both the
Gay 6Ng 38N0.01AS0.085/ GaAs MQWs as a function of well Stokes shift and the linewidth of PL show no clear correla-
width. The well widthL,, for each sample is marked in the tion with the well width. This implies that the main reason
figure. It is interesting to note that the excitonic features forfor the exciton localization in our samples is not dominated
MQWs with different well widths are correlated to the quan- by the fluctuation in well width, because otherwise the line-
tum confinement effect. First, the excitonic transition energywidth and Stokes shift would increase as the well width de-
of the quantized states in the quantum wells is very sensitivereases. Therefore the localization effect is attributed mainly

Ill. RESULTS AND DISCUSSION
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TABLE |. PL properties of various samples & K under theexcitation
power of 84 mW.

O
Sample No.  Well widthnm) FWHM (meV)  Stokes shifttmeV) |
12393 25 19.0 23.0 F
12394 4 16.1 22.6
12313 7 19.2 31
12395 9 21.2 255

to the fluctuation in the alloy composition in the well layers.
Because of the very large bowing coefficient induced by
N-incorporation, it is expected that the local fluctuation of N
concentration gives rise to a big difference in local potential
and thus a strong localization effect. Moreover, for the
strained quantum wells, the local fluctuation of nitrogen con- -
centration also implies the spatial distribution of strain. All
these effects are expected to affect the PL properties of
Gay 64N0.38N0 015450 085/ GaAS MQWs:>H

In order to further investigate the PL properties, we per-
formed PL measurements under various excitation intensities

PL Intensity |, (arb. u.)

at low temperature for all samples. In Fig. 3, we show the PL T BT B S S TTr S T
spectra 85 K normalized by their peak intensity under 0.01 01 1 10 100
average excitation power from 0.084 to 84 mWw for a Excitation Power |_ (mW)

Gay 62Ng 38N 0.015AS0.985/ GaAs MQW with a well width of 9
nm. One can see that the PL peak energy blueshifted about™G. 4. Dependence of integrated PL intensity on the excitation power. The
meV as the excitation power increased from 0.84 to 84 mw/S°lid line represents the linear relatig | oyc.

As is well known, two factors may lead to blueshift with
increased excitation: filling of band tail states and the screen-

1.018

- <4 ots 5K ing of electric fields by high carrier density.The latter,

- Q@ . . . . .

L > 1014 /// however, should be negligible in our samples. This is be-

- S 1.012 , cause(001) symmetry does not suffer from electric field nor-

" L% 1.010 ! mal to the QW plane owing to spontaneous and piezoelectric

& 1.008 ' polarizations. Furthermore, even if there exist electric fields

I Ve —. in local areas induced by composition fluctuations, this

Excitation Energy (mW) screening effect should be negligible because of the very low

Excitation itation density(the highest excitation density in our ex-
oower (mW) excitation density( g y

periment is about 300 W/ch
The inset of Fig. 3 shows the dependence of the peak
energy of PL &5 K on theexcitation power. In the power
range from 0.084 to 84 mW, the PL peak energy increases
monotonically without saturation, indicating that in the
whole range the PL is still from localized states. The rate of
increase of peak energy with respect to excitation power was
very fast at weak excitation and slowed down at higher ex-
citation power. This behavior is totally consistent with the
distribution of density of localized states. It is well recog-
nized that the distribution of the localized states in a disor-
dered system shows an exponential-like density of states.
This means that the filling of the localized states with higher
energies needs more photogenerated carriers, consistent with
S the experimental observation.
092 064 096 088 100 102 104 1.08 Figure 4 shows the integrated PL intensity as a function
Photon Energy (eV) of excitation power plotted in log—log scale. Under low ex-
_ _ citation power the PL intensity has a nearly linear relation
FIG. 3. PL spectra of & Gaano.agNo.orf\So.0as MQW with well width of 9~ ity the excitation power. However, under high excitation
nm measuredtab K under different excitation power. The dashed line is . . . . . L
guide to the eye. The inset of the figure shows the peak energy as a functidhOWer it deviated from the linear relationship, and exhibits a
of excitation power. sublinear relation. This suggests that the tail states with

T T T

PL Intensity (arb. u.)
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FIG. 5. Temperature dependence of PL spectra for gsB® 3dNo 018250 985 5‘:3 [ \\ 0
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higher energy have lower emission efficiency. This is reason- S P N S S
0 50 100 150 200 250 300

able, because higher energy tail states should have higher
mobility and therefore have more chance to encounter a non-
radiative center. FIG. 6. Temperature dependence of peak enéagyFWHM (b), and inte-

We have systematically studied the temperature deperyrated intensity(c) of PL for a Ga o 3gNo.016AS0 085 MQW with well
dence of the PL Spectra inc|uding the emission peak energy{idth (_)f 9 nm measured at 84 mW. The dashed line is the fitting curve
integrated intensity, and the FWHM. The evolution of 2¢c0rding to Eq(d).

GalnNAs-related PL spectra over the temperature range

from 5 to 300 K is shown in Fig. 5 for a

Gay 64N0.38N0 014AS0 085/ GaAs MQW with well width of 9  at low temperatures until they recombine radiativélihe

nm at an excitation power of 84 mW. It is interesting to noteemission energy from the localized excitons is lower than the
that the temperature dependent PL of GalnNAs/GaAslelocalized free excitons, which is the main origin of the low
MQWs exhibits an S-shaped property. Figute)&hows the temperature Stokes shift. With the increase of the tempera-
temperature dependence of the peak energy of PL. When thare, some of the localized excitons are thermally activated,
temperature increases from 5 to 60 K, the PL peak energgnd thus are mobile to some extent. In this case, some of
redshifts 2.9 meV. However, from 60 to 100 K the peakthese excitons may relax down into lower energy tail states.
energy of PL blueshifts 3.2 meV. When the temperature iSThus the higher energy side emission is suppressed and a
further increased above 100 K, the peak energy decreasesdshift of peak energy is produced as indicated from 5 to 60
again. This behavior differs remarkably from the temperaturé&K. However, with the further increase in temperature, the
dependence of the band gap energy for a semiconductgoeak energy of the thermal equilibrium distribution of the
which decreases monotonically as the temperature increasksalized excitons will increase and get close to the delocal-
following the Varshni or Bose—Einstein relation. The anoma-ized exciton energy. This process can explain the blueshift of
lous temperature dependence of PL has been also observpdak energy of PL from 60 to 100 K. At still higher tempera-
by other authors for GalInNAs/GaAs MQW&!*'®and was  tures, the recombination of delocalized states dominates the
generally explained in terms of the competition between thé°L, and the peak energy of PL will follow the delocalized
transfer dynamics of localized carriers/excitons and the therexciton emission energy and will decrease as the thermal
malization effect® At the lowest temperature, the photoge- shrinkage of gap energy.

nerated carriergexcitons are rapidly captured in their life- It is interesting to note the temperature dependence of
time by the localized potential induced by the fluctuation ofthe PL linewidth as shown in Fig.(B) and its correlation to
well width or alloy composition. In the localized states theythe temperature dependence of peak energy. From 5 to 100
are essentially immobile apart from phonon-assisted tunnek, the value of FWHM increases monotonically from 21.2 to
ing or hopping to adjacent localized states. Within the local-35.6 meV. However, as the temperature increases from 100
ization length, the excitons have a high probability to persisto 210 K, the value of FWHM decreases from 35.6 to 25.9

Temperature (K}
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meV. As the temperature further increases, the FWHM valugion effect. The reason may be attributed to different samples
increases again. This N-shaped temperature dependence @ excitation conditiongexcitation wavelength and inten-
be well explained by the transfer and thermalization of local-sity) since the recombination dynamics of localized carriers
ized state$® As we have pointed out, the temperature rangeshould be dependent on the distribution of localized states.
from 5 to 100 K represents the transfer process of localize®or example, the tunneling rate between the localized states
exciton states to delocalized state. At the lowest temperaturés dependent on the localization depth and length; and the
(5—-20 K), the localized excitons follow the distribution of thermal equilibrium distribution of localized states should be
trapped localized excitons. Thus the linewidth of PL changexcitation intensity dependent.
little with temperature. With the increase in temperature up
to the thermalization point~100 K), two processes occur. |y SUMMARY
First, some of the trapped excitons gain enough energy to ) )
transfer to deeper localized states; second, due to the in- N summary, optical studies have been performed for
creased thermalization some localized excitons become mé2aINNAs/GaAs MQWs with low nitrogen content using PLE
bile and occupy shallower localized statbher energy tail @nd PL spectroscopy. At low temperature pronounced exci-
states. Both of these two processes will broaden the PL line-tonic features have been observed in the PLE spectra, and the
width. When the temperature is over the delocalization temtransitions between different quantum states could be identi-
perature, the emission is dominated by the recombination df€d- PLE spectra measured for MQWs with various well
delocalized states so that the carrier distribution and thus th#idths exhibited the quantum confinement effect of excitons.
linewidth narrows. With a further increase in the tempera-1he PL properties have been investigated for various excita-
ture, thermal broadening of the carrier distribution occurslion intensities and at various temperatures. At low tempera-
and the linewidth increases accordingly. ture a single peak PL with a FWHM vqlue of about 20 meV
Finally, we investigated the temperature dependence oias located at the near-band edge._ Itis observc_ad that at !ow
integrated intensity of PL. This relationship is shown in Fig.temperature, the PL peak energy increases with excitation
6(c). Between 5 to 300 K, the integrated intensity decreaseBOWer. The PL peak energy exhibits S-shape dependence
remarkably. We found that the quenching of the PL intensityVhile the FWHM exhibits N-shape dependence with tem-
could not be described by an Arrhenius relation. HoweverPerature. The observed results is explglned by exciton local-
from 5 to 100 K the temperature dependence of integrate&fat'on effect due to the local fluctuations of nitrogen con-

PL intensity can be well described by centration.
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