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Abstract 

Growth of 90
o 

interfacial-misfit-dislocation (IMF) array at heterointerfaces offers low 

dislocation densities in highly mismatched heterostructures such as GaSb/GaAs. We 

investigated time-integrated and time-resolved photoluminescence (PL) properties of a 

GaSb/AlGaSb quantum well (QW) structure grown on (001) GaAs substrate with and without 

IMF array at the GaSb-buffer/GaAs interface. Our observation reveals that the low-

temperature PL from the QW with IMF is twice more intense than that of the QW without 

IMF, indicating higher quantum efficiency with IMF. The QW with IMF also exhibited the 

band filling effect at higher excitation power revealed from the spectrally resolved PL decay 

measurements. These results are the indication of subdued dislocation density with the IMF 

growth mode. Our PL measurement results along with supportive band-structure calculation 

of the GaSb/AlGaSb QW show that the luminescence efficiency of the present QW structure 

is limited by the hole leakage at elevated temperature. Therefore the IMF effect will be more 

clearly demonstrated by replacing the heterostructure with the one with higher band-offsets. 
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1. Introduction 

GaSb-based heterostructures have gained a lot of scientific interest owing to narrow band-gap 

properties
1) 

and high carrier mobility,
2−4) 

which make them suitable candidates for long-

wavelength light-emitting devices,
5−8) 

high-speed detectors,
9) 

and low-power consumption 

devices. A wide range of applications such as thermo-photovoltaic (TPV) devices,
10,11)  

medical diagnostics, military scene projection, detection of gas pollution,
12,13) 

as well as the 

new era of optical-fiber-based communications have been accomplished by the effectual use 

of antimony-based detectors and emitters. 

To comply with the economical demand and also to exploit advanced device functionality 

with optimum characteristics, it is attractive and challenging to grow GaSb on a desirable 

matrix such as on inexpensive and well-established GaAs or Si substrates rather than on 

native substrates. Despite the considerable interest, the growth of GaSb epilayers on GaAs is 

fundamentally difficult due to the large (7.8%) lattice mismatch, resulting in structural 

defects such as threading dislocations.
14,15) 

Innumerous studies have been carried out to 

minimize the strain and defects in the growth of highly lattice-mismatched materials by 

employing lateral overgrowth and thick metamorphic buffer.
16,17) 

Recently, the periodic 

interfacial misfit dislocation (IMF) growth mode has been demonstrated distinctively
18−24) 

as 

an alternative approach to accommodate the large mismatch and to offer high-quality buffer-

less GaSb on GaAs and related materials. In the IMF growth mode, about 98.5% of the strain 

between the epilayer and substrate can be relieved by the formation of a two-dimensional 

misfit array consisting of 90
o
 dislocations at the GaSb/GaAs interface, where the permissible 

propagation direction is along the [110] and [-110] directions.
18) 

This IMF is formed by the 

periodic skipping of atomic bonds which results in a highly periodic array of Ga-dangling 

bonds localized at the GaSb/GaAs interface.
21) 

The misfit periodicity is measured to be 5.56 

nm and corresponds to exactly 13 GaSb lattice sites and 14 GaAs lattice sites. Thus, every 

14
th

 Ga atom has dangling bonds. In this way strain remains localized at the interface rather 

than propagating in the vertical direction and thus the deleterious vertically propagating 

threading dislocations are prohibited.
18)

 

The IMF growth mode has been applied to GaSb on GaAs,
18)

 GaSb quantum dots (QDs) 

on GaAs,
19,20)

 GaAs on GaSb,
22)

 and AlSb on Si,
24)

 and mainly the interface structural 

properties have been discussed in detail based on transmission electron microscopic 

observations. The effect of the interfacial states on the electronic properties
23)

 and the optical 

properties
19,20)

 has been also studied previously. This includes the comparison of the 
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photoluminescence (PL) properties of GaSb QDs grown on GaAs by the Stranski-Krastanov 

and IMF growth modes. Although both ensembles showed room temperature PL,
19)

 the effect 

of the IMF growth mode on the improvement of the optical properties was not clear. 

Therefore a more comprehensive study is required to understand the effect and influence of 

the interfacial misfits on the optical and carrier-thermo-dynamical properties of 

semiconductor heterostructures. In this paper, we prepared two GaSb/AlGaSb quantum well 

(QW) samples grown on (001) GaAs substrates. The two samples have the same structures 

except for the GaSb buffer and GaAs substrate heterointerface. One sample was grown with 

the IMF growth mode (hereafter designated as “QW-IMF”) and the other was grown without 

IMF (“QW-No-IMF”). We show the measured results of the detailed optical properties such 

as the luminescence spectra, the luminescence quantum efficiencies, and the recombination 

lifetimes. We discuss the IMF effect by the comparison of the two samples from the 

viewpoints of the temperature and excitation-power dependences of these optical properties. 

2. Sample Preparation and Measurement Setup 

We studied two GaSb/Al0.5Ga0.5Sb QW samples grown on (001) GaAs substrates by 

molecular-beam epitaxy (MBE). One sample is grown by introducing the IMF arrays at the 

GaSb-buffer/GaAs heterointerface (QW-IMF), the details of which are presented distinctively 

elsewhere.
18)

 The other sample is grown directly on GaAs without the formation of IMF at 

the interface (QW-No-IMF). The key issue for the difference of the two samples is that GaSb 

buffer is grown on the Ga-stabilized GaAs surface in the former case and it is grown on the 

As-stabilized surface in the latter case. The schematic illustration of these sample structures 

of QW-IMF and QW-No-IMF is shown in Figs. 1(a) and 1(b), respectively. For both samples, 

the GaSb QW of 8 nm thickness is sandwiched by the 50 nm thick Al0.50Ga0.50Sb barrier 

layers and is capped by the 10 nm thick GaSb layer on top. Concerning the structural 

difference of the samples of QW-IMF and QW-No-IMF, the cross-sectional transmission 

electron micrograph images of the interface of GaSb/GaAs with IMF array and the interface 

when grown without IMF growth mode can be found in the related work.
25)

 

Time-integrated PL measurements were performed using non-resonant continuous-wave 

(CW) excitation at the low average power density of 6 W/cm
2
 using a frequency doubled 

Nd:YAG laser emitting at 2.33 eV (532 nm). For the temperature dependent PL spectroscopy 

a 75-cm monochromator with a 300 groves/mm grating and a liquid-Nitrogen-cooled InGaAs 

photodiode array detector were used.  
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Time-resolved PL spectroscopy was performed to investigate the temperature dependent 

carrier dynamics in the QWs. The ~5-ps optical pulses generated by a mode-locked 

Ti:Sapphire laser tuned at 1.59 eV (780 nm) with a repetition rate of 76 MHz were used for 

the excitation. A near-infrared streak camera (Hamamatsu C11293-01) combined with a 150-

groves/mm monochromator was used for the detection of the time-resolved PL spectra with 

20-ps time resolution. 

3. Results and Discussion 

The two QW samples with and without IMF showed qualitatively similar properties. 

Therefore the measured results on the QW-IMF sample will be shown first and then the 

comparison with the QW-No-IMF sample will be discussed quantitatively. 

3.1 PL characterization of QW-IMF sample 

3.1.1 Time-integrate PL measurements 

The temperature-dependent time-integrated PL measurements were performed on the QW-

IMF under the low excitation power of 6 W/cm
2
 and the measured spectra are shown in Fig. 

2(a). The PL emission peak was observed at the photon energy of 878 meV (1412 nm) at 10 

K and the full width at half maximum was 23 meV. In the temperature range between 40 and 

80 K, the PL emission peak showed an anomalous blue shift as shown by the close circles in 

Fig. 2(b). The measured temperature dependence was fitted using the well-known Varshni 

empirical expression
26)

 

(1)                                                                         , )(
2

0
T

T
ETE

+
−=

β

α

 

where E0 is the energy gap at 0 K, T is the temperature in K, α and β are the fitting 

parameters. The dashed lines are the fittings using the Varshni parameters of α = 0.42 meV/K 

and β = 140 K reported on GaSb
27)

 and the two E0 values of 878 and 893 meV. The 

temperature dependence below 40 K and above 80 K is well fitted with Eq. (1) and follows 

the typical temperature dependence of the semiconductor band gap. Therefore the observed 

transient blue-shift is attributed to the localization of excitons in the states formed by the QW 

interface fluctuation at the lower temperature and their thermal delocalization at the higher 

temperature.
28)

 
The spectrally integrated PL intensity is plotted in Fig. 2(c) with the closed circles as a 

function of inverse temperature. The solid line is the fitting to the experimental data using the 

Arrhenius equation, 
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where I0 is the integrated PL intensity at 0 K, Ea is the thermal activation energy, k is the 

Boltzmann constant, and T is the sample temperature in K. B is the dimensionless coefficient 

which is defined simply as the ratio of carrier capture time and carrier escape time related to 

non-radiative recombination processes.
29)

 For the QW-IMF, the best fit of Eq. (2) yields the 

activation energy of Ea = 17 ± 3 meV and the corresponding coefficient of B = 303 ± 43. 

 3.1.2 Time-resolved PL measurements 

To investigate carrier dynamics and thermally activated escape processes in the QW 

structures, time-resolved spectroscopy generally gives us deeper insight. Transient PL 

measurements were performed as a function of excitation laser power and environmental 

temperature. The measured results at 4 K are exemplarily shown for the average excitation 

powers of 30, 1550, and 3000 W/cm
2
 in Fig. 3(a). The transient PL intensity is given with the 

spectral integration and the solid line is the fitting with the double exponential function of  

I(t) = Idark+A1exp(-t/τ1)+ A2exp(-t/ τ2), where Idark is the dark counts without the pulsed laser 

excitation. From the PL transient obtained under the low excitation power of 30 W/cm
2
,
 
the 

two time decay constants were determined as τ1 = 220 ± 6 ps and τ2 = 1006 ± 21 ps with the 

amplitude ratio of A1/A2 = 4.47. To identify the origin of the two decay constants, the PL 

transient decay was reproduced with different spectral integrations. The spectral integration 

in the energy range of 882 to 907 meV (1367−1405 nm) resulted in the fast decay shown in 

Fig. 3(b) and was well fitted with the single exponential function with the decay time 

constant of 217 ps. The spectral integration in the energy range of 859 to 882 meV 

(1406−1444 nm) resulted in the longer decay shown in Fig. 3(c) and was also well fitted with 

the single exponential function with the decay time constant of 990 ps. These time constants 

show very good agreement with those estimated with the total spectral integration. This 

indicates that the fast decay constant originates from the higher-energy excited states of the 

QW which experience fast energy relaxation and the longer one from the lower-energy 

ground states.  

Similar analyses were performed for all the excitation power dependent PL transients, and 

the measured decay time constants are summarized in Table I. It is clearly shown that the 

longer decay time of the ground state remains almost unchanged against the increase of the 

excitation power. On the other hand the excited-state decay time constant showed the clear 
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increase from 220 to 350 ps with the increase of the average excitation power from 30 to 

3000 W/cm
2
. This is the clear indication of the band filling effect, that is, the increase of the 

carrier population slows down the energy relaxation from the excited states and therefore the 

effective lifetime of the excited states is extended. 

The temperature-dependent time-resolved PL measurements were also performed under 

the constant excitation power of 30 W/cm
2
, and the measured results are shown in Fig. 4(a). 

The temperature dependence of the ground state PL decay time constants derived with the 

method described above is plotted in Fig. 4(b). The decay time constant of 1006 ps the low 

temperature of 4 K is drastically reduced for the higher temperature. The observed 

temperature dependence was fitted with the following equation
30)

 

(3)                                                       ,
exp)/(1

)(
/ kTE

ed

d

a

T
−+

=
ττ

τ
τ

 

where T is the temperature, k is the Boltzmann constant, τd (1006 ps) is the recombination 

lifetime at the low temperature limit, Ea is the activation energy, and τe is the escape time of 

charge carriers from the QW to the barriers. The fitting of the experimental data results in the 

escape time of 53 ± 8 ps and the activation energy of 16 ± 3 meV. This activation energy of 

16 meV derived from the time-resolved measurements is very close to the activation energy 

of 17 meV deduced from the temperature dependence of the time-integrated PL 

measurements shown in Fig. 3(c).

 

3.2 PL measurements of QW-No-IMF and comparison to QW-IMF  

In order to study the effect of IMF on the optical quality of QWs grown above the 

heterointerface, we measured the sample with the same QW structure but without IMF, i.e., 

the sample QW-No-IMF. The time-integrated and time-resolved PL measurements were 

performed in the similar manner and we observed qualitatively similar results. Therefore we 

will focus on the quantitative differences between QW-IMF and QW-No-IMF.  

The PL peak of QW-No-IMF at 10 K under the low excitation power of 6 W/cm
2
 was 

observed at 879 meV (1410 nm) and is almost the same as that of QW-IMF. The measured 

temperature dependence showed the blue shift from 40 to 76 K in the same way as the one 

shown in Fig. 2(b). The temperature dependence of the time-integrated PL intensity was 

measured and was fitted in the same way by using Eq. (2), which resulted in the activation 

energy of 14 meV. This is slightly smaller than that of 17 meV for QW-IMF (not displayed 

here).  
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The time-resolved PL measurements performed on the QW-No-IMF also revealed two 

decay time constants. The PL traces at the power of 30, 1550, and 3000 W/cm
2
 are 

exemplarily displayed in Fig. 5(a) and the extracted decay time constants are summarized in 

Table I together with those of QW-IMF. The lower-energy ground state showed the slightly 

longer decay time of about 1.5 ns and the higher-energy excited states showed the one of 

around 250 ps. The most important difference is that the excited-state decay time remained 

constant for the increase of the excitation power unlike QW-IMF. This means that the band 

filling effect is quenched in the case of QW-No-IMF. This suggests the presence of additional 

nonradiative recombination process
31)

 or carrier leakage passage in this sample and therefore 

inferior optical quality. 

The temperature-dependent PL transient measurements showed the drastic reduction of the 

PL decay time with increasing temperature in the same way as shown in Fig. 4. The derived 

temperature dependent decay time constant is displayed in Fig. 5(b). The activation energy 

obtained from the fitting of the temperature dependence is found to be 10 ± 2 meV in this 

case which is smaller than the value of 16 meV shown in Fig. 4(b) for QW-IMF. The escape 

time is estimated to be τe = 10 ± 3.7 ps and the recombination lifetime to be 1590 ± 20 ps.  

The comparison of the time-integrated PL spectra of the QW-IMF and QW-No-IMF 

measured under the same excitation power of 40 W/cm
2
 is shown in Fig. 5(c). It is observed 

that the PL intensity of QW-IMF is twice more intense than that of the QW-No-IMF and the 

PL peak of QW-IMF is blue-shifted in comparison to that of QW-No-IMF. These differences 

imply that the quantum efficiency in the QW-IMF sample is increased by the insertion of the 

strain relief IMF layer at the GaSb-buffer and GaAs heterointerface.  

3.3 Discussion 

From the comparison of the excitation power dependence of the excited-state recombination 

lifetime and the spectra under the same excitation condition, it is now clear that the QW 

structure prepared with the IMF growth mode exhibits more clear band filling effect by the 

reduction of defects that quench photo-generated carriers and therefore the IMF at the 

GaSb/GaAs interface improve the optical quality of the upper-grown semiconductor layers. 

On the other hand the luminescence from the GaSb/AlGaSb QW is rapidly quenched and the 

ground-state recombination lifetimes are drastically shortened for the elevated temperature.  

The mechanism is discussed below based on the above-measured activation energies. 
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3.3.1 Calculation of unstrained QW-IMF band structure based on PL measurements. 

To study the relation of the measured activation energies and the QW structure, the QW sub-

band energies are examined employing the known parameters such as semiconductor energy 

gaps and effective masses as well as the QW width and the measured optical transition 

energies. In the case of the QW-IMF, 98.5% of the strain is reported to be relieved with the 

insertion of the IMF arrays at the GaSb/GaAs interface.
18) 

Therefore no strain contribution 

was considered to calculate the GaSb/AlGaSb QW band structure grown on the strain-

relieved GaSb buffer layer. The unstrained energy gaps of the GaSb QW, the exciton binding 

energy of GaSb and the Al0.50Ga0.50Sb barriers are known or interpolated as 813, 1.5, and 

1203 meV, respectively, from the reported materials data.
32−34) 

 

The QW confinement energies were calculated by solving the Schrödinger equation for 

the GaSb/AlGaSb finite potential well. The calculation was repeated by varying the band 

offset to reproduce the experimentally observed QW emission energy of 878 meV at the low 

temperature with the calculated ground-state transition energy. In the present GaSb/AlGaSb 

common-anion heterostructures, it is known that the band offsets are localized to the 

conduction band. Employing the iteration method it is found that the small valance-band 

offset of 13% of the energy-gap difference gives the most precise agreement. Our calculated 

band parameters are summarized in Fig. 6 and the calculated transition energy is given 

by meV 877.5meV )9575.1813(11 =++−=++−= − HHebindingexcgT EEEEE , where, Ee
1
 = 57 meV 

is the ground-state electron confinement energy, EHH
1
= 9 meV is the ground-state heavy-hole 

(HH) confinement energy, Eexc-binding = 1.5 meV is the exciton binding energy, and Eg = 813 

meV is the GaSb energy gap. For this calculation the QW width was assumed to be a slightly 

narrower value of 7.5 nm to give the best fit to the measured transition energy of 878 meV. 

However, the variation of the valence-band confinement energies for the experimentally 

determined well thickness of 8 nm from that of the assumed well thickness of 7.5 nm is minor 

with the values of 0.71 and 0.3 meV for the EHH
1
 and EHH

2
, respectively. 

Based on the band structures given in Fig. 6, holes experience lower barriers for escaping 

from the QW. Therefore it will be natural to consider the hole thermal escape to the barriers. 

Holes will be populated dominantly in the ground state EHH
1
 but will be partially populated in 

the excited state EHH
2
. The thermal barrier for the holes populated in the excited states is 17 

meV and this is almost equal to the measured thermal activation energy of 17 and 16 meV as 

shown in Figs. 2(c) and 4(b), respectively. This concludes that the PL quenching at the 

elevated temperature is due to the hole escape from the GaSb QW sub-bands to the AlGaSb 
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barriers. The light-hole sub-bands will also take part in this process. The similar calculation 

resulted in the ground state light-hole confinement energy of ELH
1

 = 25.1 meV and absence of 

excited states. This energy is in-between the EHH
1
 and EHH

2
 and does not influence the above 

discussion. 

3.3.2 Carrier-escape mechanism and comparison between QW-IMF and QW-No-IMF 

The above discussion indicated that the dominant PL quenching mechanism in the present 

QW structure is the hole leakage from the valence-band QW energy state to the barriers. 

Generally speaking, carrier escape mechanisms are not limited to this case. The principal 

parameter is the ratio of ,/ EEa ∆=ν 35−38) 
where Ea is the activation energy of the escape 

process and ∆E is the energy difference between the transition energy of an emitting area and 

the neighboring higher energy states. When this ratio, ν is equal to 1, exciton escape to the 

barrier is dominant. When ν = ½, the carrier escape is in the form of correlated electron-hole 

pairs and this mechanism was observed with GaInP/AlGaInP QW,
35)

 InAs/GaAs QD,
36)

 

InAs/InP QD,
37)

 and InAs/InGaAlAs QD.
38) 

This mechanism is probable when the band 

discontinuities both in the conduction and valence bands have relatively large values for 

carrier confinements. When ν < ½, single carrier escape mechanism dominates
36)

 and this is 

applied in the present GaSb/AlGaSb case. This is because of the band offset which is 

localized to the conduction band as is shown in Fig. 6. 

From the comparison of the time-resolved PL results between the QW-IMF and QW-No-

IMF, the activation energy for PL quenching is 10 meV for QW-No-IMF and is smaller than 

that of 16 meV for the QW-IMF. The carrier-escape time is 10 ps for QW-No-IMF and is 

also shorter than that of 53 ps for QW-IMF. These differences suggest that QW-No-IMF 

includes additional carrier escape path related to residual defects. This implies that the defect 

densities in the QW-No-IMF are larger. These results conclude that the QW structure grown 

with the IMF growth mode includes the lower density of optically active defects and 

therefore demonstrate the effectiveness of the IMF growth mode. 

4. Conclusions 

We investigated GaSb/AlGaSb QW structure grown with and without IMF array at the GaSb-

buffer/GaAs interface with time-integrated and time-resolved PL measurements. Our 

observation revealed that the QW grown with IMF showed brighter luminescence and band 

filling effect from the spectral measurements. The time-resolved PL measurements also 

showed the band filling effect for the QW prepared with the IMF growth mode. These results 
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clarified that the optically active defect densities are substantially reduced with the IMF 

growth mode. However the luminescence was swiftly quenched for the elevated temperature. 

This was attributed to the hole leakage from the GaSb well to the AlGaSb barriers. Therefore 

the IMF effect will be more clearly demonstrated when a heterostructrure with the higher 

band offsets is grown with the IMF growth mode. 
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Figure Captions: 

Fig. 1: (a) Schematic illustration of the GaSb/Al0.50Ga0.50Sb QW heterostructure grown on 

GaAs substrate including the IMF arrays at the interface of GaSb/GaAs heterojunction. (b) 

Schematic illustration of the GaSb/Al0.50Ga0.50Sb QW heterostructure directly grown on 

GaAs substrate without IMF arrays in between the GaSb/GaAs heterojunction. 

 

Fig. 2: (a) The temperature dependent PL spectra of QW-IMF for temperatures between 10 

and 200 K. A dotted line is drawn to emphasize the anomalous blue shift between 40 to 80 K 

and typical red shift for the temperature above 80 K. (b) Temperature dependent energy peak 

shifts of QW-IMF. The dashed lines are fitting with the Varshni relation. (c) Temperature 

dependent integrated PL intensities of QW-IMF. The solid line is fitted by the Arrhenius law 

and results in the activation energy of 17 meV. 

 

Fig. 3: (a) The time-resolved PL transients of QW-IMF measured at 4 K under the average 

excitation power of 30, 1550, and 3000 W/cm
2
. The transient decay is shown with spectral 

integration of the PL counts between 1363−1445 nm. The solid lines are the fitting with the 

double-exponential function. (b) The transient PL trace under the average excitation power of 

30 W/cm
2
 of QW-IMF obtained by spectrally binning the data between 1367−1405 nm 

(882−907 meV). The solid line is the fitting with the single-exponential function (c) The 

transient PL trace under the average excitation power of 30 W/cm
2
 of QW-IMF by spectrally 

binning the data between 1406−1444 nm (859−882 meV). The solid line is obtained by fitting 

with the single-exponential function. 

 

Fig. 4: (a) The transient PL traces of QW-IMF measured at the temperature of 4, 25, 45, and 

120 K. (b) Temperature dependence of the derived decay time constant and the solid line is 

the fit using Eq. (3). This results in the activation energy of 16 meV. 

 

Fig. 5: (a) The time-resolved PL transients of QW-No-IMF measured at 4 K using the 

average excitation power of 30, 1550, and 3000 W/cm
2
. The solid lines are the resultant fits 

using double exponential-function. (b) An activation energy of 10 meV is obtained by fitting 

the temperature dependent decay time constant of QW-No-IMF using Eq. (3). (c) Time-

integrated PL spectra of QW-IMF and QW-No-IMF under the same excitation power of 40 
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W/cm
2
. This shows that the QW-IMF PL is twice more intense and blue-shifted in 

comparison to that of QW-No-IMF.  

 

Fig. 6: Illustration of calculated band diagram of unstrained GaSb/Al0.5Ga0.5Sb QW structure. 

The physical values given in bold (red) are the input parameters from known data and the 

values given in italic (blue) were calculated. The measured activation energy of 17 meV 

corresponds to the energy difference of the HH excited-state sub-band and the barrier 

valence-band edge. 
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Table I. The list of decay times of QW-IMF and QW-NO-IMF. 

 

Excitation 

power 

(W/cm
2
) 

 Decay time (ps) 

 QW-IMF  QW-No-IMF 

 Ground-state 

decay time 

Excited-state 

decay time 

 

Ground-state 

decay time 

Excited-state 

decay time 

 Spectrally-

integrated  

[Spectrally- 

resolved] 

Spectrally-

integrated  

[Spectrally-

resolved] 

Spectrally-

integrated 

Spectrally-

integrated 

30 
 1006 ± 21 

[986 ± 17] 

222 ± 6 

[217 ± 8] 
  1590  ± 20 250  ± 8 

150 
 1000 ± 14 

[977 ± 16] 

260 ± 7 

[255 ± 10] 
 1530 ± 27 243  ± 7 

750 
 1050 ± 17 

[993 ± 10] 

310 ± 7 

[303 ± 6] 
 1489 ± 30 249  ± 5 

1550 
 1004 ± 20 

[980 ± 17] 

330 ± 10 

[326 ± 8] 
 1550 ± 26 258  ± 7 

3000 

 
1019 ± 28 

[988 ± 18] 

351 ± 8 

[345 ± 6] 
 1560 ± 19 257  ± 9 
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Figure 1 (1 col.) 
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Figure 2 (1 col.) 
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Figure 3 (1 col.) 
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Figure 4 (1 col.) 
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Figure 5 (1 col.) 
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Figure 6 (1 col.) 

 
 

 


