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Electroabsorption Modulators
   μ  -EXAFS,   μ  -XRF, and   μ  -PL Characterization of a Multi-
Quantum-Well Electroabsorption Modulated Laser 
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 In the past few years, strong efforts have been devoted to improving the frequency of optical-
fi ber communications. In particular, the use of a special kind of integrated optoelectronic 
device called an electroabsorption modulated laser (EML) allows communication at 
10 Gb s  − 1  or higher over long propagation spans (up to 80 km). Such devices are realized 
using the selective area growth (SAG) technique and are based on a multiple quantum 
well (MQW) distributed-feedback laser (DFB) monolithically integrated with a MQW 
electroabsorption modulator (EAM). Since the variation in the chemical composition 
between these two structures takes place on the micrometer scale, in order to study the 
spatial variation of the relevant parameters of the MQW EML structures, the X-ray 
microbeam available at the ESRF ID22 beamline is used. The effectiveness of the SAG 
technique in modulating the chemical composition of the quaternary alloy is proven by 
a micrometer-resolved X-ray fl uorescence ( μ -XRF) map. Here, reported micrometer-
resolved extended X-ray absorption fi ne structure ( μ -EXAFS) spectra represent the state 
of the art of  μ -EXAFS achievable at third-generation synchrotron radiation sources. 
The results are in qualitative agreement with X-ray diffraction (XRD) and micrometer-
resolved photoluminescence ( μ -PL) data, but a technical improvement is still crucial in 
order to make  μ -EXAFS really quantitative on such complex heterostructures. 
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μ-EXAFS, μ-XRF, and μ-PL Characterization of an Electroabsorption Modulated Laser

      Figure  1 .     a) Optical micrograph of an InP substrate patterned with SiO 2  
stripes, which allow SAG growth. b) Quantum Stark effect measured 
on the electroabsorption modulator (EAM) showing the progressive 
transition from opaque to transparent to the light emitted by the 
distributed-feedback (DFB) laser (vertical yellow plane).  
  1. Introduction 

 In the fi eld of semiconductor bandgap engineering, the 

frontier of research is represented by 1D- and 0D-confi ned 

systems, usually named quantum wires [  1–6  ]  and quantum dots, 

respectively. [  7  ,  8  ]  Nevertheless, for several practical reasons, 

the economical market of III–V quantum lasers is still domi-

nated by 2D-confi ned quantum well and multi quantum well 

(MQW) heterostructures that are currently widely used in 

optical communication systems. [  9–17  ]  They are deposited on 

suitable substrates using appropriate growth techniques, like 

molecular beam epitaxy (MBE) [  16  ]  or metal–organic vapor-

phase epitaxy (MOVPE). [  12  ,  15  ,  18  ]  The MOVPE growth process 

starts from group III (metal organics) and group V (hydrides) 

precursors that are thermally decomposed and subsequently 

deposited uniformly on the substrate, rebuilding the crystal 

lattice layer by layer with the desired composition. In this 

way, the device can perform only one function (e.g., photo-

diode, light-emitting diode, waveguide, laser, amplifi er, modu-

lator) but, in modern optoelectronic devices, the integration 

of two different functions in the same chip is often required. 

 In order to join functions, in the past, external connec-

tions were realized between discrete devices; however, this 

approach suffered from many disadvantages: high dimensions 

of the fi nal device, high cost, high sensitivity to temperature, 

and relatively low effi ciency of the coupling, resulting in a 

high fraction of photon loss. Excellent results in the develop-

ment of monolithic integration have been reached with the 

selective area growth (SAG) technique. [  19–27  ]  

 SAG exploits the perturbation of the growth fl uxes 

induced by a dielectric mask (usually SiO 2 ). When the metal–

organic precursors collide with the dielectric mask, they 

are defl ected and they can desorb or migrate through the 

unmasked semiconductor regions, where the growth can start. 

In this way, the reactive species coming from the gas phase 

are enriched by those defl ected by the mask and a different 

material is obtained with respect to the unmasked region. 

Since the reactive species have different diffusion lengths, [  28  ]  

the result is a variation in composition and thickness of semi-

conductors grown near (SAG region) and far (FIELD region) 

from the mask ( Figure  1  a).  

 One of the most promising applications of this technique 

are electroabsorption modulated lasers (EML) [  29–31  ]  obtained 

by monolithic integration of an electroabsorption modulator 

(EAM) with a distributed feedback laser (DFB). They are 

particularly interesting for long-distance (up to 100 km) com-

munications at high frequency (10 Gb s  − 1 ); in fact, a directly 

modulated DFB laser is limited by its positive chirp. [  32  ]  The 

use of external modulation takes advantage of the zero or 

even negatively chirped pulses generated by the EAM and, 

using a constantly injected DFB laser, exploits the limited 

fi ber attenuation of the third window at 1550 nm. A voltage 

modulation at 10 GHz, applied to the EAM, switches it 

between an opaque and a transparent state by means of the 

Stark effect [  33  ]  (Figure  1 b) and ensures the modulation of the 

DFB laser emission. 

 In this Full Paper, we studied a SAG EML based on an 

Al  xw  Ga  yw  In 1− xw − yw  As/Al  xb  Ga  yb  In 1− xb − yb  As (compressive-

strained well/tensile-strained barrier) MQW structure 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, 7, No. 7, 930–938
grown on InP by MOVPE. We chose a mask with 30- μ m-

wide SiO 2  stripes and 30- μ m opening widths between them. 

Using 800- μ m-long stripes and a 600- μ m-long FIELD zone 

(Figure  1 a), two devices per couple of stripes can potentially 

be obtained after cleavage and processing (about 20 000 per 

2 inches of InP substrate; 1 inch  =  2.54 cm). This quaternary 

alloy is less diffuse with respect to In  xw  Ga 1− xw  As  yw  P 1− yw  /

In  xb  Ga 1− xb  As  yb  P 1− yb   because of the problem of Al oxidation 

during the synthesis but has better temperature behavior and 

modulation speed. [  28  ,  34  ]  

 Until now, trial-and-error procedures were adopted for the 

choice of growth parameters since the micrometer-variation 

of composition and thickness inherent to the SAG tech-

nique requires high-brilliance X-ray microbeams [  35  ]  in order 

to perform a proper characterization. These features are not 

achievable with conventional laboratory X-ray sources, there-

fore we used the 5.3− μ m  ×  1.7− μ m X-ray beam available at 

the ID22 beamline [  36  ]  of the European Synchrotron Radia-

tion Facility (ESRF). 

 Although focused on a very specifi c class of materials 

(SAG-grown III–V heterostructures for optoelectronic 

devices [  37–42  ] ), the present contribution highlights the impor-

tant improvements achieved in both beam focusing and beam 

stability that could be successfully applied in several frontier 

topics, in materials science, geology, archaeometry, environ-

mental sciences, biology, neuroscience, and medicine. Without 

any presumption of exhaustivity, a small list of selected appli-

cations in different fi elds follows:

  •  Materials science: Determination of doping profi les and 

doping local environments in semiconductor fi lms; [  43–47  ]  
931H & Co. KGaA, Weinheim wileyonlinelibrary.com
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spatial determination of complex intermetallic phases in 

multicrystalline silicon doped with transition metals; [  48  ]  

study of composition and Cu oxidation-state gradient 

in Bi 2 Sr 2 CaCu 2 O 8 +   δ    (Bi-2212) superconducting whisk-

ers; [  49  ,  50  ]  spatial determination of residual strain gradients 

in composite materials [  51  ,  52  ]  or in externally bent semicon-

ductors; [  53  ]  investigation of the local strain tensor of differ-

ent heteroepitaxial layers with submicrometer resolution 

in oxide fi lms grown on metal substrates. [  54  ]    

•   Geology: Speciation of dilute contaminants in natural sedi-

ments [  55–60  ]  and in fl uid inclusions; [  61  ]  selective detection of 

Fe and Mn species at mineral surfaces in weathered gran-

ite. [  62  ]

•      Archaeometry: Single-grain investigation in ancient Egyp-

tian makeup. [  63  ]    

•  Environmental sciences: Characterization of PM2.5–PM10 

pollutant particles in the ambient air of Shanghai city by ana-

lyzing individual particles. [  64  ,  65  ]  PM  =  particulate matter; the 

notation PM10 is used to describe particles of 10  μ m or less and 

PM2.5 represents particles less than 2.5  μ m in aerodynamic 

diameter.   

•  Biology: Biomineralization of Au nanoparticles in metal-

lophillic bacteria; [  66  ]  space-resolved analysis of the hierar-

chical structure of biological tissues; [  67  ]  investigation of the 

distribution of elements in snail shells. [  68  ]    

•  Neuroscience: Determination of Fe oxidation state in a sin-

gle neuron. [  69  ]    

•  Medicine: Distribution of trace elements and determina-

tion of Cu oxidation state in breast tumor tissue. [  70  ]       

 2. Results and Discussion  

 2.1. Laboratory Micrometer-resolved Photoluminescence 
Investigation 
      Figure  2 .     Left: maximum of the emission wavelength for each PL spectrum versus position 
along the Y-line. Right: complete PL spectra for two points located in the SAG and FIELD 
regions, which are highlighted in the optical micrograph.  
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 As grown wafer was fi rst examined 

by micrometer-space-resolved photo-

luminescence ( μ -PL) spectroscopy in 

order to verify if the grown material had 

the optimal energy gap for DFB and 

EAM operation and to obtain information 

about the growth quality. [  71  ,  72  ]  We adopted 

a sampling with a 15- μ m resolution along 

a line parallel to the SiO 2  stripes and equi-

distant to them (the so-called “Y-line”).   

Figure  2   highlights that the DFB laser 

(SAG region) emits at the desired wave-

length for third-window communications 

and that the EAM (FIELD region) has 

an higher energy gap and so is transparent 

to the radiation emitted by the laser, as 

shown in Figure  1 b, but the application 

of a negative potential (usually –2 V) 

switches it to opaque.  

 Comparing the PL spectra along the 

Y-line, a progressive relative degradation 

of the crystalline quality of the MQW 
© 2011 Wiley-VCH Vwileyonlinelibrary.com
is appreciable by moving from FIELD to SAG, where the 

PL intensity is lower and the full width at half maximum 

(FWHM) is larger (see Figure  2 ). The phenomenon is related 

to a lack of strain compensation, to a higher growth rate, 

and to the interference of precursors fl uxes in the SAG 

region and has recently been highlighted on similar SAG 

heterostructures grown adopting a narrower SiO 2  stripes 

(20  μ m). [  41  ]    

 2.2. Synchrotron Radiation  μ  -X-Ray Fluorescence 
Investigation 

 Normally, the characterization of these kind of structures 

is performed by combining PL with high-resolution X-ray dif-

fraction (XRD) [  38  ,  72–78  ]  but, in the present work, we adopted 

a different exhaustive approach. We carried out an X-ray fl u-

orescence (XRF) study to investigate the spatial variation of 

the growth thickness and of the chemical composition, which 

are the key parameters for optimizing the growth process 

and therefore the device performance. From  Figure  3  , it is 

possible to see that the Ga K  α  - and As K  β  -related counts are 

higher in the SAG region owing to the material enrichment 

caused by the SiO 2  stripes. The In L  α  ,  β   map is dominated by 

the emission coming from the InP substrate: in fact, the signal 

is higher where the SiO 2  stripes are present, since they are less 

effective than the MQW structures in reabsorbing the emis-

sion coming from the substrate. Unfortunately, the absorp-

tion from air and from the detector Be window prevented us 

from collecting the Al K  α  ,  β   fl uorescence at 1.5 keV: this could 

be overcome in the future by using a He atmosphere. The 

knowledge of the Al counts could have allowed us to per-

form a complete quantitative analysis, as recently proved for 

ternary InGaAs/InP grown with the SAG technique. [  42  ]   

 The effectiveness of SAG technique in modulating the 

chemical composition of the quaternary alloy is proven by 

the map reporting the Ga/As count ratio (Figure  3 ), in which 
erlag GmbH & Co. KGaA, Weinheim small 2011, 7, No. 7, 930–938
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      Figure  3 .     Spatial maps of the fl uorescence counts of the principal element’s lines (beam 
energy: 17 keV). The optical micrograph on the right shows the area that has been sampled. 
The use of As-K  β   emission in place of the As-K  α   was due to the fact that the As-K  α   has a partial 
superimposition with Ga-K  β  .  
a gradient in the average well/barrier chemical composition 

is clearly visible. Since the Ga/As ratio is lower in the SAG 

region than in the FIELD, we can assert that the average Ga 

content of the MQW structure progressively increases along 

the Y-line by moving from SAG to FIELD. This is due to the 

SAG effect that exploits the shorter diffusion length of In 

( D / k , where  D  is the diffusion coeffi cient and  k  is the rate 

of adsorption on the surface) with respect to that of Ga and 

Al. [  24  ,  28  ,  41  ,  79  ]    

 2.3. Synchrotron Radiation  μ -X-Ray Absorption Fine Structure 
Investigation 

 X-ray absorption fi ne structure (XAFS) has been often 

applied to semiconductor heterostructures and nanostructures 

in order to understand the relationship between local atomic 

structure and physical properties. [  74  ,  80–94  ]  In our case, meas-

urements at both Ga and As K-edges were performed in 

the SAG, interface, and FIELD regions: the higher inten-

sity of the non-normalized XAFS spectrum in the SAG 

region ( Figure  4  ) refl ects the increased quantity of material 
© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheimsmall 2011, 7, No. 7, 930–938

      Figure  4 .     Comparison between the non-normalized absorption 
coeffi cients collected in the three points marked by colored dots in the 
optical micrograph.  
deposited between the SiO 2  stripes, as 

already discussed in the XRF analysis.  

 The change from micrometer-resolved 

XRD or XRF to micrometer-resolved 

XAFS basically requires the modifi cation 

of the positions of the monochromator and 

undulator simultaneously from fi xed to var-

iable values. [  95  ]  The spectroscopy implies 

an energy scan over the 1000 eV range by 

driving the theta motor of the monochro-

mator. It is consequently extremely diffi -

cult to keep an X-ray  μ -beam in the same 

point within a sub-micrometer precision 

in order to irradiate the same portion of 

the sample during the entire energy range 

of an XAFS spectrum. [  96  ]  The longer the 

energy scan, the greater are the technical 

diffi culties to avoid any drift of the focal 

spot based on Kirkpartrick–Baez (KB) 

mirrors [  97  ]  working at grazing incidence 
( ≈ 3.5 mrad). Nevertheless, the achromaticity of the KB mir-

rors guarantees a much higher beam stability along an energy 

scan than that obtained with chromatic optics, like zone plates 

or Fresnel lenses. 

 These arguments explain why in the literature one can 

fi nd several micrometer-resolved X-ray absorption near-

edge structure ( μ -XANES) results, [  44  ,  49  ,  50  ,  63  ,  66  ,  69  ,  70  ,  98  ]  where 

only a few tens of electron-volts are scanned across the edge, 

whereas papers reporting micrometer-resolved extended 

XAFS ( μ -EXAFS) data, requiring an energy scan of several 

hundreds of eV, are much more rare. [  45  ,  46  ,  48  ,  55–60  ,  96  ,  99  ,  100  ]  In the 

cited studies, an XRF micrometer-resolved map evidenced 

the presence of domains in the samples, characterized by dif-

ferent chemical or phase natures, with a size in the 10–100  μ m 

range. Inside each domain, the sample was homogeneous, so 

that small fl uctuations of the  μ -beam inside a single domain 

would not heavily affect the spectroscopic result. 

 In the present case, as evidenced by the  μ -XRF investiga-

tion (see Figure  3 ), we are dealing with a continuous change 

in the chemical composition of the sample. This sample char-

acteristic, combined with the diffi culty in keeping the X-ray 

beam in the same position with sub-micrometer resolution 

along the energy scan, justifi es the relatively short  k -range in 

the EXAFS spectra, as reported in Figure  4 , that is exploit-

able for the data analysis. However, this experiment repre-

sents the state of the art in micrometer EXAFS on samples 

showing inhomogeneities in the micrmeter range. The differ-

ences in the EXAFS spectra collected in the three regions 

are very small, so we decided to analyze only the two data 

sets corresponding to the extreme conditions (i.e., collected 

in the SAG and FIELD regions). 

 The short  k  range available for the analysis and the high 

number of parameters to be optimized (the As is surrounded 

by three different cations in its fi rst coordination shell) led us 

to try to maximize as much as possible the available data set 

while reducing the number of optimized parameters. 

 The former goal is achieved by doing a combined fi t of 

Ga and As K-edge spectra ( Table  1  ;  Figure  5   and  Figure  6  ). In 

fact, a double-edge EXAFS data analysis (see  Table 2 ) allows 
933wileyonlinelibrary.com
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   Table  1.     Summary of the parameters optimized in the fi tting of the 
EXAFS data (Figure  5  and Figure  6 ) on the SAG and FIELD regions of 
the quaternary heterostructure. A co-refi nement approach on As and 
Ga K-edges was adopted. The fi ts were performed over k 3 -weighted FTs 
of the   χ  ( k ) functions using the following intervals in  k  and  R  spaces: 
3.0 − 9.0 Å  − 1  and 1.0 − 3.2 Å for As K-edges, 3.0 − 10.8 Å  − 1  and 1.0 − 4.3 Å 
for Ga K-edges. 

Parameter SAG FIELD

 R  As-Ga  [Å]   2.469  ±  0.007   2.463  ±  0.005

 Δ  R  As-Ga  [Å]   0.021  ±  0.007   0.015  ±  0.005

 R  As-In  [Å]   2.60  ±  0.02   2.60  ±  0.02

 Δ  R  As-In  [Å] –0.02  ±  0.02 –0.02  ±  0.02

 R  As-Al  [Å]    2.49  ±  0.11    2.48  ±  0.11

  σ   2  As-Ga  [Å 2 ]    0.006  ±  0.002    0.005  ±  0.002

  σ   2  As-In  [Å 2 ]    0.008  ±  0.003    0.007  ±  0.003

  σ   2  As-Al  [Å 2 ]    0.010  ±  0.004    0.008  ±  0.004

  Figure  6 .     k 3 -weighted, phase-uncorrected, Fourier-transform modulus 
and imaginary part of Ga and As K-edges, performed in the FIELD region. 
For the fi t a co-refi nement approach was adopted using the following 
intervals in  k  and  R  spaces: 3.0 − 9.0 Å  − 1  and 1.0 − 3.2 Å for As K-edges, 
3.0 − 10.8 Å  − 1  and 1.0 − 4.3 Å for Ga K-edges.  
the signifi cance of the results to be increased relative to the 

analysis obtained with a standard single-edge analysis because 

the parameters of the same structural model are refi ned on 

two independent sets of experimental data. In particular, the 

co-refi ned parameters were the As–Ga bond length ( R  As-Ga ) 

and the related Debye–Waller factor (  σ   2  As-Ga )    

 The latter goal was achieved by imposing a high number 

of constraints on the EXAFS parameters of the different 

shells. In particular, the relative fraction of the three cations 

in the fi rst shell of As and in the second shell of Ga was 

fi xed according to XRD data [  101  ]  (Al 0.135 Ga 0.310 In 0.555 As for 

SAG and Al 0.148 Ga 0.322 In 0.531 As for FIELD); the edge ener-

gies and  S  0  
2  parameters were set to the values obtained from 

the analysis of the binary reference samples (see Table 2 and 

 Figure  7  ) and the second-shell distances were left unchanged 
© 2011 Wiley-VCH Vwileyonlinelibrary.com

      Figure  5 .     k 3 -weighted, phase-uncorrected, Fourier-transform (FT) 
modulus and imaginary part of Ga and As K-edges, performed in the 
SAG region. For the fi t a co-refi nement approach was adopted using the 
following intervals in  k  and  R  spaces: 3.0 − 9.0 Å  − 1  and 1.0 − 3.2 Å for As 
K-edges, 3.0 − 10.8 Å  − 1  and 1.0 − 4.3 Å for Ga K-edges. It is worth noticing 
that in the As K-edge FT, the joint As–Al, As–Ga, and As–In fi rst-shell 
contribution (1.5 − 3.0 Å) exhibits a double-peak-featured shape. This 
“strange” feature depends on the  k  interval used to calculate the FT 
and is typical of fi rst-shell scattering atoms with high  Z  numbers (In, 
in our case), of which the scattering amplitudes are modulated in  k  
range. [  84  ,  104  ]   
with respect to the virtual-crystal approximation (VCA) 

values. [  90  ,  102  ]    

 The quality of the data allowed us to perform a fi t up 

to the second coordination shell for the Ga K-edge spectra, 

while only the fi rst shell could be optimized from the As 

K-edge data. In conclusion, we performed a six-parameter fi t 

(see Table 1), where phases and amplitudes have been cal-

culated using the FEFF8.4 code using as the input a cluster 

obtained on the basis of the VCA approximation. [  90  ]  

 This procedure allowed us to estimate the variation 

of the fi rst-shell distances in the quaternary alloy with 

respect to the bulk binary compounds, which appears to 

be comparable to what has been observed in In  x  Ga 1− x  As 

ternary alloys. [  90  ,  103  ]  The optimized Debye–Waller fac-

tors (Table  1 ) exhibit signifi cantly higher values with 

respect to those obtained in the binary-model compounds 

(Table  2 ), refl ecting the higher static disorder of the 

quaternary heterostructure. 

 From the summary of the results reported in Table  1 , 

the following considerations can be drawn: i) We observed 

a stretching of the As–Ga fi rst-shell bond distances and a 

contraction of the As–In fi rst-shell distances with respect to 
erlag GmbH & Co. KGaA, Weinheim small 2011, 7, No. 7, 930–938

   Table  2.     Summary of the parameters optimized in the fi tting of the 
EXAFS data (Figure  7 ) on the binary reference samples. The fi ts were 
performed over k 3 -weighted FTs of the   χ  ( k ) functions performed in the 
2.0 − 18.0 Å  − 1  interval. In  R -space, we employed the 1.0 − 3.0 Å range for 
both As K-edges and the 1.0 − 4.3 Å range for the Ga K-edge. 

Parameter InAs (As K-edge) GaAs (As K-edge) GaAs (Ga K-edge)

 Δ  E  0  [eV] 3.9  ±  0.9 3.2  ±  0.6 2.1  ±  0.8

 S  0  2 0.94  ±  0.08 1.03  ±  0.04 0.92  ±  0.05

 R  As-Ga  [Å] — 2.445  ±  0.002 2.443  ±  0.003

 R  As-In  [Å] 2.622  ±  0.003 — —

  σ   2  As-Ga  [Å 2 ] — 0.0042  ±  0.0002 0.0039  ±  0.0002

  σ   2  As-In  [Å 2 ] 0.0045  ±  0.0003 — —

 R  Ga-Ga2  [Å] — — 4.000  ±  0.009

  σ   2  Ga-Ga2  [Å 2 ] — — 0.0124  ±  0.0009
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      Figure  7 .     k 3 -weighted, phase-uncorrected, Fourier-transform modulus 
and imaginary part of Ga and As K-edges, for the GaAs and InAs reference 
binary samples: experimental curves in black, fi ts in orange.  
the binary compounds InAs and GaAs (see Table  2 ). These 

distances are in agreement with experimental [  86  ]  and theoret-

ical [  105  ]  data on strained In 0.60 Ga 0.40 As alloys on InP. ii) The 

relatively low concentration of Al, combined with its smaller 

(compared to that of Ga and In) scattering power, results in 

an unreliable determination of the As–Al distance, accompa-

nied with an error as high as 0.1 Å. iii) The observed trends 

are those expected as the  Δ  R  As-Ga  is higher in the SAG than 

in the FIELD region and a higher structural disorder 

(monitored by the   σ   2  values) is observed in the SAG region, 

confi rming the PL evidence (see Figure  2 ); however, the 

quality of the data results in error bars that are too high to 

allow us to discriminate safely between the SAG and FIELD 

regions.    

 3. Conclusion and Perspectives 

 We have presented a micrometer-resolved PL, XRF, 

and EXAFS study on an Al  x  Ga  y  In 1− x − y  As heterostructure 

grown on an InP(001) substrate by the SAG technique, 

which represents the core of EAM laser devices employed in 

high-frequency optical-fi ber communications. 

 The following results have been achieved: i)  μ -PL high-

lighted that the DFB laser (SAG region) emits at the desired 

wavelength for third-window communications and that the 

EAM (FIELD region) has an higher energy gap and so is 

transparent to the radiation emitted by the laser, switching 

to opaque by the Stark effect with the application of a nega-

tive potential. ii)  μ -XRF directly proved the effectiveness 

of the SAG technique in modulating the chemical composi-

tion of the quaternary alloy. The XRF map reporting the 

ratio between Ga and As clearly evidenced the composition 

gradient between the SAG and FIELD regions, due to the 

shorter diffusion length ( D / k ) of In with respect to that of 

Ga and Al. iii)  μ -EXAFS results (namely the  R  InAs  and  R  GaAs  

parameters) are in agreement with the presence of a strained 

alloy at about 60% In content, presenting a qualitative agree-

ment with XRD and  μ -PL data. Technical improvements are 

still needed in order to improve the accuracy of  μ -EXAFS so 

as to permit a distinction between the different zones of the 

device. 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, 7, No. 7, 930–938
 It is relevant to note that the study was not performed 

on an academic prototype but directly on a MQW growth 

obtained with the SAG technique from which up to 20 000 

EMLs operating at 10 Gbit s  − 1  in the third fi ber-optic window 

(1550 nm) can be obtained after processing. Until now, such 

lasers, available on the market in the last few years, were 

achieved by epitaxial techniques where the growth para-

meters were optimized by empirical approaches only because 

a direct structural characterization of the MQW is not pos-

sible with laboratory X-ray sources, owing to the micrometer 

variation of composition and thickness inherent to the SAG 

technique. 

 Based on the experience acquired in the present study, we 

suggest that future works on similar SAG heterostructures 

should be accompanied by a similar investigation of model 

samples, in which only the barrier (or only the well) quater-

nary layer is grown on the same SAG mask. In such a way, 

the chemical modulation of the heterostructure along the 

growth axis, InP[001], is absent and only the in-plane, SAG-

induced, chemical modulation will be investigated. Therefore, 

the space-resolved chemical composition of the barrier (well) 

layers will be quantitatively determined by  μ -XRD and  μ -PL 

and independently cross-checked by  μ -XRF. [  42  ]  To fully 

apply this approach to Al-containing III–V heterostructures, 

the adopted experimental set-up should be improved by a 

vacuum chamber allowing the collection of Al fl uorescence 

at 1.5 keV. 

 The high cost of synchrotron radiation, together with the 

time needed to collect micrometer-resolved spectra and dif-

fractograms and to process so huge an amount of data implies 

that this approach can not be used as routine process for 

quality control of SAG devices. Conversely, when the growth 

parameters of a new monolithic device (III–V fl uxes, growth 

temperature, stripe composition and geometry, etc.) have to 

be optimized, the characterization procedure reported in the 

present study and in two previous reports [  41  ,  42  ]  will provide 

fundamental information on how to converge faster to the 

ideal growth parameters for the desired device. This work 

represents a clear example of how academic and industrial 

research efforts can merge constructively. [  106  ]    

 4. Experimental Section 

 The samples were produced in the laboratories of Avago Tech-
nologies Italy (Turin Technology Centre), with a commercial 
6-inch  ×  2-inch Thomas Swan MOVPE reactor starting from Al(CH 3 ) 3 , 
Ga(CH 3 ) 3 , and In(CH 3 ) 3  as group-III sources, AsH 3  and PH 3  as group-
V sources, and H 2  as carrier gas. The SAG growth was obtained 
using a SiO 2  mask with 30- μ m-wide stripes and 30- μ m opening 
widths between them (see Figure  1 a). The MQW was obtained with 
a repetition of 9 times of the Al  xw  Ga  yw  In 1− xw − yw As /Al  xb  Ga  yb  In 1− xb − yb  As 
(compressive-strained well/tensile-strained barrier) heterostruc-
ture grown on InP. PL experiments were performed with a disper-
sive Scantek instrument equipped with a He–Ne excitation source 
(resulting in a 2- μ m-diameter spot size) with a diffractive grating 
monochromator and an InGaAs photodetector. 

 The ID22 beamline exploits the radiation produced by two dif-
ferent undulators: a standard linear undulator (U42), covering the 
935H & Co. KGaA, Weinheim wileyonlinelibrary.com
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energy range from 6 to 50 keV, and a second one (U23), which is 
a so-called in-vacuum linear undulator, inducing a much higher 
brilliance. Harmonic rejection is done by a single fl at horizontally 
refl ecting mirror and a Kohzu fi xed-exit double-crystal mono-
chromator is used with two different pairs of crystals: Si(111) for 
the low-energy range (4–37 keV, as employed in this work) and 
Si(311) for higher energies (7–72 keV). 

 The microprobe setup is based on based on the KB mirrors [  97  ]  
that allowed us to reach a spatial resolution of 1.7  μ m (vertical)  ×  
5.3  μ m (horizontal). The KB mirrors have an effi ciency of  ≈ 70% 
and, using both undulators together, when the current on the ESRF 
ring is  ≈ 200 mA, the photon fl ux measured in the focal spot is 
 ≈ 10 12  photon s  − 1  at 13 keV. Different detectors, such as a mini-
ionization chamber and a Silicon drift detector, are used to moni-
tor the intensity of the incoming beam and XRF signals. A video 
microscope allows for the easy alignment of the sample and the 
microprobe setup. 

 Owing to the great number of parameters to be fi tted in the 
EXAFS analysis of the quaternary heterostructures, we decided to 
put constraints exploiting data extracted by fi tting XAFS spectra of 
reference binary GaAs and InAs samples (see Figure  7  and Table  2 ). 
The measurements of these references at the Ga and As K-edges 
were performed at room temperature, in transmission mode, at the 
GILDA beamline at the ESRF. [  107  ]  The monochromator was operated 
in low-fl ux mode with Si(311) fl at crystals; the energy resolution 
and fl ux were approximately 1.2 eV and 5  ×  10 9  photons s  − 1  on 
the sample, respectively, and harmonic rejection was achieved by 
using a pair of Pd-coated mirrors with a cutoff energy of 21 keV. 

 For the two reference spectra collected at the As K-edge, we 
performed a fi rst-shell fi t with four parameters: energy shift ( Δ  E  0 ), 
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