
R.H. Menk1, M. Antonelli2, G. Biasoli3, F. Capotondi1, S. Caratto2, L. Sorba4,  
1Sincrotrone Trieste & INFN Trieste, Area Science Park, 34012 Trieste, Italy 

2DI3, University of Trieste, Via Valerio, 34100 Trieste, Italy 
3IOM - Laboratorio TASC, CNR, REA Science Park Basovizza 34149 Trieste, Italy 

4Nest-Nanoscience CNR, Pisa, Italy 

 

Quantum Well Structures for multi band 
photon detection	
  



FIRST COHERENT RADIATION FROM THE FERMI@ELETTRA FREE 
ELECTRON LASER 
ON BEHALF OF THE FERMI@ELETTRA PROJECT!

!"#$%&'(")*"#+&,-./#0"1#&

2#*()$.13&4$))&

,-5/3"6/#.$)&4$))&

,)/..3$&7.13$+/&8"#+&

9,!:;&<1=/3&.>/&05/%.3$)&3$#+/&?316&@;AA&#6&*1B#&.1&CA#6!"9,!:CD&E$0/*&1#&$&*1(E)/&%$0%$*/&1?&>"+>&+$"#&>$361#"%&+/#/3$."1#&%1=/30&.>/&
B$=/)/#+.>&3$#+/&?316&CA&#6&&.1&@F&#6G&

"#!

$%&'()!

*+#!

",! "-! ".!

*+,!

/0!

"'123!42'523!

;GC&H/I&J&

67890!"0:;+!

67"!,!

67"!#!

<=2>53?@2523!

/A'(2!@B33?31!

C°!

,DC°!

KLM,N&

70<!<EB5>FB(G!

H2A'I!"B(21!<EB5>FB(G!
J097$%"H9!

CK!

LDM 

Diproi 

9?(?>F3?@'5?3!

KLM,8&

L*!<I152@!

67"!=F?5?(!2(23GI!! ! M!-ND#O2P!
/F?5?(!2(23GI!QAR>5R'5B?(1!! S!#D#@2P!
T89<U!
67"!&'()EB)5F!! ! ! S!,,DC@2P!
T89<U! ! ! ! S!CDO2%.!
T89<U!
67"!&'()EB)5F!QAR>5R'5B?(1! S!-V!T89<U!

,=/#.($))O&(5&
.1&;GP&H/I&

<=2>53'A!2@B11B?(!

J3'(1W231'A!0(52(1B5I!

IOM CNR  TASC




	
  FERMI	
  1	
  &	
  2	
  	
  
FIRST COHERENT RADIATION FROM THE FERMI@ELETTRA FREE 
ELECTRON LASER 
ON BEHALF OF THE FERMI@ELETTRA PROJECT!

!"#$%&'(")*"#+&,-./#0"1#&

2#*()$.13&4$))&

,-5/3"6/#.$)&4$))&

,)/..3$&7.13$+/&8"#+&

9,!:;&<1=/3&.>/&05/%.3$)&3$#+/&?316&@;AA&#6&*1B#&.1&CA#6!"9,!:CD&E$0/*&1#&$&*1(E)/&%$0%$*/&1?&>"+>&+$"#&>$361#"%&+/#/3$."1#&%1=/30&.>/&
B$=/)/#+.>&3$#+/&?316&CA&#6&&.1&@F&#6G&

"#!

$%&'()!

*+#!

",! "-! ".!

*+,!

/0!

"'123!42'523!

;GC&H/I&J&

67890!"0:;+!

67"!,!

67"!#!

<=2>53?@2523!

/A'(2!@B33?31!

C°!

,DC°!

KLM,N&

70<!<EB5>FB(G!

H2A'I!"B(21!<EB5>FB(G!
J097$%"H9!

CK!

LDM 

Diproi 

9?(?>F3?@'5?3!

KLM,8&

L*!<I152@!

67"!=F?5?(!2(23GI!! ! M!-ND#O2P!
/F?5?(!2(23GI!QAR>5R'5B?(1!! S!#D#@2P!
T89<U!
67"!&'()EB)5F!! ! ! S!,,DC@2P!
T89<U! ! ! ! S!CDO2%.!
T89<U!
67"!&'()EB)5F!QAR>5R'5B?(1! S!-V!T89<U!

,=/#.($))O&(5&
.1&;GP&H/I&

<=2>53'A!2@B11B?(!

J3'(1W231'A!0(52(1B5I!



	
  FERMI	
  1	
  &	
  2	
  	
  



	
  FERMI	
  1	
  

10 Hz rep rate

10 - 100 fs pulse width

100 – 20 nm  wavelength

10 – 1000 mJ average power

GJ peak power
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043711-5 Pedersoli et al. Rev. Sci. Instrum. 82, 043711 (2011)

TABLE I. Design parameters of the samples used to test the beam transversal coherence.

Horizontal coherence Vertical coherence

Pin hole separation Pin hole diameter Slit separation Slit width Slit height

0.5 µm 170 nm 0.5 µm 170 nm 700 nm
1.5 µm 170 nm 1.5 µm 170 nm 700 nm
3 µm 170 nm 3 µm 170 nm 700 nm
5 µm 180 nm 5 µm 170 nm 700 nm
7 µm 180 nm . . . . . . . . .
11 µm 210 nm 11 µm 200 nm 800 nm

A commonly accepted18 parameter to define the degree
of coherence of a monochromatic light source, with wave-
length λ and dimension radius R, is the visibility V = (Imax

– Imin)/(Imax + Imin), where Imax and Imin are the maximum
and minimum of the interference fringes of two pin holes with

separation ζ , placed at a distance L from the source. The the-
oretical prediction is given by V = |2J1(x)/x|2, where J1(x) is
the Bessel function of first kind and x = 2πRζ /λL.

The selected results of the coherence tests shown in Fig. 5
are obtained with 250 eV photon energy and a target to

FIG. 5. (Color online): Coherence test examples taken at a photon energy of 250 eV. (a) Double slits with 5 µm vertical separation. (b)–(d) Double pin holes
with horizontal separation 5, 3, and 0.5 µm, respectively. Top panels show the diffraction patterns (log scale), middle panels outline the interference fringes
(linear scale) and bottom panels show the intensity modulation profiles taken along the red lines in the images. (e) Fringes visibility data compared to the
theoretical predictions as a function of pin holes or slits separation, for different photon energies.

Downloaded 05 Oct 2011 to 140.105.5.88. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions
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30 Lattice-mismatched growth

Figure 2.1: Band gaps and lattice parameters of most binary semiconductors.
GaAs, AlAs, InAs and their ternary alloys are brightly colored (re-elaborated
from [16]).

of growth techniques) extremely high mobility 2DEGs in modulation doped
single heterointerfaces [12], high mobility 2-Dimensional Hole Gases [17],
2DEGs in almost arbitrarily shaped quantum wells, coupled 2DEGs in mul-
tiple quantum wells, very high quality superlattices, and so on.

As can be seen in Fig. 2.1, the situation for InAs (and thus InxGa1−xAs
alloys) is not as good: the lattice mismatch between InAs and the most
common III-V commercial substrate, GaAs, is huge (almost 7%), and with
InP (other commercially available substrate) it is more than 3%. The only
possible lattice-matched growth of an InxGa1−xAs alloy is with x = 0.53 on
InP. This was not a suitable choice in our case for two reasons: first, our
target was x � 0.75, so strain buildup would have been a problem anyhow;
second, phosphorus is a contaminant for high mobility 2DEGs in GaAs/
AlGaAs, so InP can not be used as substrate in our MBE chamber.

Thus the only choice has been using GaAs as a substrate, and find a way
to relax the strain to grow In0.75Ga0.25As layer with a low defect density in
the active region of the structure.

2.1.1 Heteroepitaxy

Whenever growing an epilayer with a different lattice parameter than the
substrate, strain will build up in the epilayer.

This strain can be either compressive, when the epilayer has a larger
lattice parameter than the substrate (as is he case for InxGa1−xAs grown on
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Figure 1.13: In0.75Ga0.25As/In0.75Al0.25As quantum well. The top cartoon is
a sketch of the layer sequence starting from the surface (left) down toward the
substrate(right). The bottom graph is the profile of the calculated conduction
band minimum along the growth direction (black curve), and the carrier density
profile (red line); the horizontal red line is the Fermi level.

distort the shape of the well as can be seen in figure 1.13; in this figure a self-
consistent Poisson-Schrödinger calculation of the conduction band profile
and the carrier density for one of the In0.75Ga0.25As samples characterized
in this thesis are shown.

1.5 Device fabrication

1.5.1 Optical lithography

This section describes the procedure employed for the fabrication of semi-
conductor heterostructure devices containing a 2DEG. These devices allow
to perform transport measurements on the 2DEG itself.

In the first fabrication step, properly designed structures are patterned
on the sample. The geometry of the devices used in this thesis, commonly
called Hall bar geometry, is shown in Fig. 1.14. This geometry is particu-
larly indicated to study the mobility and carrier density of 2DEGs taking
advantage of the classical Hall effect. Hall bars are typically defined through
common optical lithography and a wet chemical etching process. Fig. 1.15
shows the fundamental steps of device fabrication using optical lithography.
First, the sample to be processed (a) is covered with a positive resist3 layer

3By positive resist we mean a polymer that after illumination with UV radiation be-
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desired quality in terms of crystal quality, material purity, composition, thickness, doping 

uniformity, and interface control. 

2.1.1 MBE Apparatus. 

 

A layout of a research-scale MBE system is presented in Fig. 2.2. 

 

• The vacuum system consists in a stainless-steel growth chamber, UHV-connected to a 

preparation chamber, where substrates are degassed prior to growth, and a load-lock module for 

transfer to and from air. 

  

• The pumping system must be able to efficiently reduce residual impurities to a minimum. 

Typical MBE growth rates for III-V type semiconductors are of the order of 1 µm/h (! 

1ML/sec), obtained for group III partial pressures of ~10-6 - 10-7  Torr. With atomic densities in 

the crystal of about 1022 cm-3, this means that to reduce the impurity concentrations below 1015 

cm-3, the impurity partial pressures must be reduced below ~10-13 Torr, assuming a unity 

sticking coefficient1. In practice, the base pressure is reduced to the 10-11-10-12 Torr range, with 

the residual gas being essentially H2. The pumping system in the growth chamber of the high 

mobility MBE system installed at TASC–INFM Laboratory consist of two 3000 l/s cryopumps, 

providing a cleaner and higher capacity pumping system than standard ion pumps.  
 

 

Fig. 2.2 Layout of an MBE system. 

 

• Liquid N2 cryopanels surround internally both the main chamber walls and the source flange. 

Since MBE is a cold wall technique, cryopanels prevent re-evaporation from parts other than 
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Figure 2.9: Concentration profile versus thickness for the buffer and the active
layer. The average misfit gradient is calculated from the concentration for the first
part of the buffer (red) and for the second one (blue).

exceeded without the nucleation of new misfit dislocations, and K = (3.7±
0.7)× 10−3 nm is a phenomenological constant determined for InxGa1−xAs
layers grown on GaAs in the concentration range 0.035 to 0.15 by Drigo et
al. [36].

2.2.3 XRD measurements

To quantify the residual strain on the active layer we have performed High
Resolution XRD measurements in a series of samples with different buffer
designs. The four samples measured have the same structure, except for the
final indium concentration xf at which the InxAl1−xAs buffer is stopped.
The samples (see table 2.1) have nominal xf of 0.75 (sample A), 0.80 (sample
B), 0.85 (sample C), and 0.90 (sample D).

The first sample has thus the same structure of previous BLs (like those
of Gozu and coworkers [31]), while in the others an overshoot is present. This
is intended, as previously mentioned, to increase the stress in the buffer so
to induce the formation of additional MDs to increase the in-plane lattice
parameter at the top of the buffer. The key point is to induce the MD
formation deep in the buffer, as far away as possible from the active layer
itself. At the end of growth of this overshooting buffer, the top part of the BL
is still strained, but has the same in-plane lattice parameter of the x = 0.75
active layer. In this way one has at his disposal a virtual substrate that
is lattice-matched with In0.75Ga0.25As, and thus the possibility of growing
an active layer of arbitrary thickness, without any constraints due to strain
buildup. The four samples were intended to accurately tune this overshoot
and compare the results with the quantitative model described in Sec. 2.2.2.
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a) 

 
b) 

Fig. 1.10 TEM cross-section of a metamorphic step graded layer of InAlAs grown on GaAs 
without using a GaAs/AlAs superlattice a) and with a GaAs/AlAs superlattice b)21. 
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Figure 1.5: Schematic view of a four-axes diffractometer. The sample is colored
in gray and all four controllable rotation angles are indicated.

seen that the Bragg condition (Eq. (1.4)) can be rewritten as

kf − ki = qhkl (1.5)

where ki and kf are the wavevectors of the incident and diffracted beams
(|k| = 2π/λ) and qhkl is a reciprocal lattice vector (see Fig. 1.4 (b)). Thus,
the Bragg reflections are indicated as (hkl) that identify univocally the recip-
rocal space vector and the family of lattice planes by which the Bragg con-
dition is satisfied.

By measuring an appropriate set of Bragg reflections, and thus a set of
reciprocal lattice vectors, it is possible to completely reconstruct the struc-
ture of the observed crystal.

In the particular case of a cubic crystal1 with lattice constant a, the
spacing d for a family of planes with Miller indices hkl is given by

d =
a√

h2 + k2 + l2
. (1.6)

1.2.2 Diffractometer

To measure accurately the incident and diffracted angle of the monochro-
matic X-ray radiation, a High Resolution X-Ray Diffractometer (HRXRD)
is needed. Such an instrument is schematically depicted in figure 1.5 and is
composed of four main elements:

1GaAs, InAs, AlAs and their (unstrained) ternary alloys are all face centered cubic
crystals.
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Figure 1.7: A (004) rocking curve for a 1µm-thick relaxed InxGa1−xAs (x ∼ 0.10)
layer on GaAs. The overlayer peak is much less intense and broader than the
substrate peak due to its smaller thickness and crystal defects.

In a perfect cubic crystal a⊥ = a� = a. In principle it would be suffi-
cient to measure only the (004) rocking curves and deduce from them the
crystal structure of the grown material. However, when epitaxially grow-
ing an overlayer with a different lattice parameter than the substrate, the
overlayer is tetragonally distorted to match the in plane lattice parameter of
the substrate, compensating with an opposite distortion of the out of plane
dimension. Even when the overlayer is grown way beyond the critical thick-
ness, and even if care is taken to relax the strain due to lattice-mismatch and
have a cubic lattice for the overlayer, one cannot exclude a slight tetragonal
distortion. That is why both (004) and (224) rocking curves are needed to
find the overlayer primitive cell.

Since all samples have been grown on (001) oriented GaAs substrates, to
measure a⊥, the lattice parameter along the growth direction, we have taken
the rocking curves in the vicinity of the symmetric (004) Bragg reflection
of GaAs, while to evaluate a�, the lattice parameter in the �110� directions,
we have recorded the rocking curves in the vicinity of the asymmetric (224)
reflections of GaAs with both grazing incidence (224 ω+) and grazing exit
(224 ω−) angles.
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Combining the Eqs. (2.11) and (2.12) the 2DEG density and mobility are derived from the 

following relations: 
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(2.13) 

Classical Hall measurements are performed  at a base temperature of 1.4 K in a 4He pumped 

cryostat (see Fig. 2.10 b)). In such system the sample is cooled by thermal exchange with a 4He flux 

and a superconductive coil is used to create a magnetic field up to 7 Tesla. 

In a typical Hall effect measurement an 100 nA alternating current at a frequency of 20 Hz is driven 

inside the device and the voltage drops Vxx and Vxy are recorded by a lock-in amplifier. Vxy was 

recorded usually with an applied magnetic field of 0.3 Tesla. 

 

2.5.2 Quantum Hall Effect. 

 

At low temperature, both the oscillatory behavior of the longitudinal resistance Rxx (with the 

apparence of extended zeroes) and the presence of extended plateaus in the perpendicular resistance 

Rxy  by varing the external magnetic field applied confirm that the transport, in the grown structures, 

occurs in a 2-dimensional layer without any parallel conductive channel. An example of such 

measurements for a 30 nm-thick In0.75Al0.25As/In0.75Ga0.25As quantum well with a 2DEG density of 

2.8" 1011 cm-2 and mobility µ = 2.15"105 cm2/Vs is provided in Fig. 2.11 by varying the magnetic 

field up to 7 Tesla at a base temperature of 1.4 K. 

The Rxx  in Fig. 2.11 shows an oscillatory behavior as a function of external magnetic field for B 

greater than 0.5 Tesla with a nearly zero resistance at about 3 and 6 Tesla. Moreover in 

correspondence of the deeper oscillations in the Rxx minima, for magnetic field greater that 1.5 

Tesla, the Hall resistance Rxy shows plateaus at quantizated values: 

8 ..., 4, 3, 2,       
e

hR 2xy =
!

=  
 

(2.14) 

These features are a direct consequence of the modification of the two dimensional density of states 

(DOS) of conduction electrons due to the confining potential induced by an external magnetic field 

when #c!$ >>1. 
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Fig. 2.11  Longitudinal, Rxx, and transverse, Rxy, resistances of a 2DEG in an metamorphic 
In0.75Al0.25As/In0.75Ga0.25As QW measured at T = 1.4 K as a function of the perpendicular 
magnetic field B. 

 

In this section, the derivation of the electronic energetic spectrum and the DOS when a magnetic 

field is applied perpendicularly to the 2DEG is provided, as given in Ref. [14]. 

If we ignore the interaction between the electron spin and the magnetic field, due to the Zeeman 

effect, the single particle 2-dimentional Schrödinger equation for an electron in a magnetic field is 

given by: 
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where m* is the effective mass and y,0,0)B(A "#=
!

is the vector potential for a magnetic field 

oriented along the z direction.  

Assuming that the solution of Eq. (2.15) is of the form: 

)y(xkie
L
1)y,x(
x

$! """"=  
 

(2.16) 

the Eq. (2.15) can be transformed into the familiar Schrödinger equation of a harmonic oscillator. 
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Where 
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These features are a direct consequence of the modification of the two dimensional density of states 

(DOS) of conduction electrons due to the confining potential induced by an external magnetic field 
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Fig. 5.1 a) Circles: low-temperature electron mobility measured in an In0.75Ga0.25As/In0.75Al0.25As 

QW 2DEG, as a function of the carrier concentration. Solid line: fit of the experimental 
data taking into account scattering with background ionized impurities (long-dashed line) 
and alloy disorder (short-dashed line). 

 

Comparing the experimental data with theoretical prediction we infer that when the carrier density 

is lower than 2.0" 1011 cm-2, the mobility is essentially limited by the scattering with background 

ionized impurities, at higher density the effect of alloy scattering is no more negligible and an 

influence of about 25% on the measured electron mobility at a density of about 3.2" 1011cm-2 is 

estimated. For carrier densities greater than 3.2" 1011cm-2, the dependence is no more monotonic 

and a mobility minimum is observed for n # 3.8" 1011 cm-2. We attribute this behavior to the onset 

of inter-subband scattering between the first and the second quantum well energy levels. The 

population of the second subband for carrier density greater than 3.2" 1011cm-2 is confirmed by the  

analysis of the Shubnikov-de Haas oscillations. In fact for n # 3.1" 1011 cm-2 a single frequency is 

observed in the Fourier analysis of the magnetoresistence as a function of the inverse of the 

magnetic field (see inset in Fig. 5.1 b)). On the contrary, when n is tuned to a value of 4.6" 1011cm-2 

same beatings are visible on the Shubnikov-de Haas oscillations for magnetic field lower then 3 

Tesla and two frequencies are observed in the Fourier analysis (see Fig. 5.2 c)). These peaks in the 

inset of Fig. 5.1 c) correspond respectively to the total density in the quantum well and to the 
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Fig. 1.4 The mobility in modulation doped heterostructures as a function of temperature and year 

of fabrication13.  
 

1.2 Two dimensional electron gases confined in In-based heterostructures. 
 
This thesis is focused on the realization of high electron mobility 2DEGs confined in  

In0.75Ga0.25As/In0.75Al0.25As quantum wells.   

The most important problem in the realization of InGaAs-based structures is the lack of a substrate 

with the same lattice parameter of the InGaAs layer. In fact, depending on the In concentration, the 

lattice parameter of the material can be tuned from the GaAs value (aGaAs ~5.65 Å) to the InAs one 

(aInAs ~6.06 Å). The only commercial substrate, suitable for a lattice-matched  epitaxial growth, is 

InP which has the same lattice constant of In0.53Ga0.47As.    

For the case of InxGa1-xAs layers with x > 0.53 grown on InP substrates, and for all concentrations 

of In for InxGa1-xAs layers grown on GaAs, the lattice parameter of InGaAs layer is larger than that 

of the substrate. In such case the physical processes related to the mismatch between layer and 

substrate must be taken in account. 

A schematic picture of  such processes during the growth of a semiconductor with different lattice 

parameter with respect to the substrate is shown in Fig. 1.5. When an epitaxial layer with a lattice 
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Electronics	
  

Detectors and electronics can be purchased through 
http://ilo.elettra.trieste.it/ or CAENELS,   
  
 

4 # Analog integrators (unipolar) + 20 bit ADCs  
 
•  sampling frequency 1 kHz  time (max)  
•  resolution 50 fA for 50 nA FSR (min) 
•  TCPIP, USB, RS 232 
•  Triggerable 

4 # transimpendance (bipolar)  + 24 bit ADCs  
 
•  sampling frequency 6.4 kHz  (max for 4 # & 24 bit)  
•  resolution 300 aA for 5 pA FSR (min) 
•  TCPIP, USB, RS 232 
•  Triggerable 
•  bias voltage supply(1000V)  

RF pulse amplifiers 
 
•  BW 8GHz or 2 GHz 
•  gain 20 – 40 dB 
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Conclusion	
  &	
  outlook	
  
	
  

•  QW are promising devices for photon detection 
•  Intrinsically fast detectors 
•  Charge amplification capability 
•  Sensitive from IR to hard x-rays 
•  Position encoding possible 

•  Cooling concepts 
•  First tests of BPM capabilities  at FERMI in July or November 2012 
•  Different readout schemes will be tested 

•  Strips 
•  Pixels  
•  Interpolation  
•  Three phase CCD clocking schemes. 
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