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1. MBE synthesis chamber 

At the core of this project is a unique multi-chamber Mo-
lecular Beam Epitaxy (MBE) system for atomic-layer syn-
thesis of complex oxides.1 It was originally designed and 
constructed by I. Bozovic with his team at Oxxel GmbH, 
Bremen, Germany, and it was subsequently acquired by 
Brookhaven National Laboratory. The MBE growth 
chamber (Fig. 1) consists of the following. 

 (i) Ultra-high vacuum chamber with 2 main (1,000 l/s) 
turbo-molecular pumps and 22 differential (70 l/s) pumps. 

(ii) Sample transfer mechanism to introduce substrates 
from air into the MBE chamber without venting the MBE; 
it includes an introduction chamber, a transfer chamber, 
vacuum controls, etc. 

(iii) Sample manipulator with 6 degrees of freedom (3 axes 
of translation, one rotation and two tilt adjustments), moto-
rized and computer-controlled; it carries a sample heater 
with 4 individually controlled quartz lamps capable of 
heating the substrate to Ts = 750°C. 

(iv) Sixteen evaporation sources with individual pumping 
stations, gate valves and fast-acting shutters. 

(v) Custom-made 16-channel atomic absorption spectros-
copy (AAS) system for monitoring the source rates in real 
time. 

(vi) A system for generation and delivery of pure ozone.  

(vii) A scanning quartz-crystal oscillator monitor (QCM), 
mounted on a manipulator with 3 translation degrees of 
freedom, motorized and computer controlled, so that it can 
be translated over the area where films are deposited.  

(viii) Reflection high-energy electron diffraction (RHEED) 
with sample scanning capability. 

(ix) Time-of-flight ion scattering and recoil spectroscopy 
(TOF-ISARS) system for real-time chemical analysis of 
the film surface. 

(x) Custom-made automatic operation control system that 
runs the vacuum valves, the roughening and turbo-
molecular pumps, all motorized motions, the pneumatic 
shutters, and the power supplies for thermal evaporation 
sources, substrate heater lamps, and the ozone source.  

2. Processing chamber 

The second major vacuum chamber (Fig. 2) is devoted to 
in-situ lithographic processing, including ion-beam etching 
and electron-beam deposition of metallization and insula-
tion layers. It is equipped with an Ion Tech 2-inch ion 
source, a 5-source Thermionics electron-beam evaporator, 
and an Oxford Applied Research atomic oxygen source.  

This chamber is installed in the clean room, so that sub-
strates can be prepared in a class-100 clean environment, 
and loaded into the system without surface contamination. 

 
Figure 1. The atomic-layer-by-layer molecular beam epi-
taxy (ALL-MBE) system at Brookhaven National Labora-
tory: the synthesis chamber.  

 
Figure 2. The ALL-MBE system at BNL: the 
processing chamber.  



The growth chamber and the processing chambers are 
connected via a transfer chamber, which has load-locks on 
both ends, supplied with quartz lamps for fast outgassing 
of substrates when they are first introduced into the va-
cuum system. Loading can be accomplished within mi-
nutes. The transport chamber is also equipped with ion 
pumps and Ti-sublimation pumps and has been tested to 
maintain vacuum down to 10-11 Torr scale (after bake-out, 
for which there is a panel box). It can be used for storage 
of 18 substrate holders, 3” each. 

3. Structural characterization  

Every film is characterized in situ and in real time by 
RHEED. A representative diffractogram obtained during 
growth of a La2CuO4 (LCO) film is shown in Fig. 3. There 
are no spots that one would expect from transmission 
through asperities and secondary-phase precipitates, and 
the specular reflection is very strong. Both of these find-
ings are indicative of a very smooth surface. Four weaker 
side-bands are visible between each pair of main diffrac-
tion streaks, indicating some surface reconstruction with 
five time larger lattice spacing. 

In Fig. 4 we show the time dependence of RHEED inten-
sity around the specular spot, and in Fig. 5 the intensity 
measured along the dashed horizontal line in Fig. 3. 

 

Both figures show the so-called RHEED oscillations, char-
acteristic of atomic-layer growth. The maximum of reflec-
tance occurs when a layer is completed, while the mini-
mum occurs when the surface roughness due to island 
formation is maximal, approximately at half-filling. One 
oscillation period corresponds to the 0.66 nm thick LCO 
layer, one-half the unit cell (UC) height. Counting the 
number of oscillations provides for digital control of the 
film thickness. 

In Fig. 6a we show a typical Scanning Electron Microsco-
py (SEM) image of an LCO film. It shows a very smooth 
film surface; there are no defects such as secondary phase 
precipitates which are ubiquitous in cuprate films grown 
by other methods. Fig. 6b shows a typical cross-section 
Transmission Electron Microscopy (TEM) image.  

The crystallographic structure of films is determined by 
high-resolution X-ray diffraction (XRD), using a PANalyt-
ical XpertPro 4-circle goniometer. It allows study of in-
plane and out-of-plane lattice constants, pole figures, rock-
ing curves, grazing-angle reflectance, etc. In Fig. 6c we 
show finite-thickness oscillations near the (004) Bragg 
reflection and in Fig. 6d small-angle X-ray reflectance os-
cillations. Both observations point to an atomically smooth 
film. The angular distance between these fringes is consis-
tent with the nominal thicknesses of the deposited film. 
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gure 4. The time-dependence of the intensity of specular RHEED 
reflection (integrated over the area indicated by the white square 
in Fig. 3), during growth of a La2CuO4 film.  

 
 

Figure 3. RHEED pattern during growth of La2CuO4 layer. The 
intensity is color-coded for better visibility. The electron beam is 
nearly parallel to the (100) direction. The spacing between major 
streaks corresponds to the in-plane lattice spacing a0 = 3.8 Å.  
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Figure 5. The time-dependence of RHEED intensity as a 
function of position along the dashed white line shown in 
Fig. 3 and color-coded in the same way, during growth of a 
La2CuO4 film. The time-flow arrow is downwards. 



 

The typical rocking curves (see Fig. 7) are very sharp, with 
FWHM of 0.03-0.060, indicative of very little mosaicity in 
the films.  
 

 
 

In Fig. 8 we show a typical AFM image of the surface of 
an LSCO-LCO film, showing rms surface roughness of no 
more than few Ångstroms.  

5. Nano-structured films: multilayers and superlattices 

By virtue of our digital atomic-layer-by-layer synthesis 
technique, we can deposit a broad range of heterostruc-
tures, multilayers, and superlattices. At BNL, we have ex-
perimented with La2-xSrxCuO4 with x=0 to x=0.5, Sr2CuOx, 
Bi2Sr2CuO6, Bi2Sr2CaCu2O8, Bi2Sr2Ca2Cu3O8, BaBiO3, 

LaAlO3, LaSrAlO4, LaNiO3+d, La2-xSrxNiO4 with x = 0 to x 
= 1.5, and several other complex oxides.  
 

 

In particular, we have deposited superlattices with ultrathin 
layers, down to one unit cell (UC) thick. We have verified 
by measurements of electrical transport perpendicular to 
the layers that there were no pinholes in the insulating lay-
ers that are just 1 UC thick. In most cases, such hetero-
structures have atomically smooth interfaces, as shown in 
the cross-section TEM image in Fig. 9.  

6. Nano-patterning 

In the clean room that hosts the processing chamber of 
MBE system, we have a compact but complete lithography 
laboratory. It includes a Karl Suss MA6 mask aligner 
equipped for nano-imprint lithography. We have already 
demonstrated the capability to fabricate nanowires down to 
20 nm wide. Some patterned films are shown in Fig. 10. 

7. Basic physics experiments and insights 

The ability to synthesize atomically perfect films and hete-
rostructures with cuprates has enabled us to perform a 
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Figure 7. The w-rocking curve taken near the (0,0,2) Bragg ref-
lection of an LSCO film. The full width at the half maximum 
(FWHM) is very small, less than 0.060, comparable to that of 
the LSAO substrate itself and indicating that there is very little 
mosaicity in the film. 
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Figure 6 (a) Scanning Electron Microscopy image of a typical 
La2CuO4 film. (b) A typical cross-section Scanning Electron 
Microscopy image of a similar film. (c) Finite-thickness oscilla-
tions near (004) Bragg peak. (d) Small-angle X-ray reflectance 
oscillations. Both (c) and (d) indicate atomically smooth surface. 

 
Figure 8. Atomic Force Microscopy image of an LSCO-
LCO bilayer film on LSAO substrate, showing rms surface 
roughness of 0.4 nm over a large area of 100 mm2.  

 
Figure 9. A cross-section transmission electron microscopy 
(TEM) image of a Bi2Sr2CuO6 : Bi2Sr2CaCu2O8 superlat-
tice, showing atomically smooth interfaces. [From Ref. 2] 



range of  novel experiments that probe the basic physics of 
high-temperature superconductivity (HTS).3-12 

Uniform films. One important issue concerning cuprate 
superconductors is whether the distribution of carriers in 
the CuO2 plane is uniform or inhomogeneous. Such mod-
ulations are difficult to detect directly because the mobile 
charge carriers comprise a very small fraction - of the or-
der of 1/1000 - of the total electron density. We utilized 
resonant soft X-ray scattering (RSXRS) at the oxygen K 
edge in La2CuO4+d to enhance diffraction from the doped 
holes by several orders of magnitude. We found that the 
structure factor for off-specular scattering was less than 
3*10-7 electrons, suggesting an absence of any in-plane 
hole ordering in this material.4 

We have performed magneto-transmission measurements 
on a series of La2�x SrxCuO4 thin films with doping levels x 
= 0, 0.01, 0.03, 0.045, 0.06, 0.08, 0.10 and 0.16, in mag-
netic fields up to 33 T, both below and above the super-
conducting critical temperature. We could not detect any 
field-induced changes of transmission in any of the studied 
samples, implying that the mid-infared excitations in cu-
prates are not of magnetic origin.5  

Using ultrafast electron crystallography, we directly de-
termined the structural dynamics of non-equilibrium phase 
transitions in La2CuO4+d. The most important observation 
is that intense light pulses cause ‘colossal’ (larger than 
thermal) expansion.6 The coupling of charge excitations to 
lateral ionic motion must be very strong; lattice expansion 
can only come from longitudinal acoustic phonons.7  

Nano-engineered tunnel junctions. We fabricated trilayer 
(sandwich) junctions with HTS electrodes and 1 UC thick 
insulating LCO barrier layers, and found that the characte-
ristic decay length of superconducting order parameter is 
just 1Å. This indicates that HTS and the antiferromagnetic 
phase do not mix.8 We also found that isolated 1 UC thick 
layers of La1.85Sr0.15CuO4 remain superconducting; this 
implies that, upon doping, new electronic states are created 
near the middle of the bandgap.  

In contrast, we found that supercurrent runs through very 
thick barriers made of underdoped cuprate, in the so-called 
pseudogap phase. This ‘‘giant proximity effect’’ (GPE) is 
intrinsic and unconventional.9 

More recently, we have measured quasiparticle tunneling 
across a junction perpendicular to the superconducting 
CuO2 planes. The tunneling spectra show peaks in the den-
sity of states and 11 minima in the d2I/dV2 characteristic 
which match precisely with the phonon frequencies, indi-
cating that phonons are relevant for HTS in LSCO.10   

Interface superconductivity 

We have observed superconductivity in bilayers consisting 
of an insulator (La2CuO4) and a metal (La1.55Sr0.45CuO4), 
neither of which is superconducting in isolation. In these 
bilayers, Tc is either 15 K or 30 K, depending on the layer-
ing sequence.11 This phenomenon is very robust and it is 
essentially confined to a single CuO2 layer. If such a bilay-
er is exposed to ozone, Tc exceeds 50 K, and this enhanced 
superconductivity is also shown to originate from an inter-
face layer no more than 1–2 UC thick.  

We have explored the structural aspects of these fascinat-
ing phenomena via high-resolution X-ray diffraction,12 
RSXRS13 as well as by Coherent Bragg Rod Analysis 
(COBRA) phase-retrieval technique using synchrotron X-
ray radiation.14 The study revealed a new effect, “Made-
lung Strain”, which can be used to modify interface prop-
erties and generate new local structure and properties.13 
The apical oxygen can be displaced near the surface by 
almost 0.5 Å, and it affects the superconducting proper-
ties.14 Both findings reiterate our earlier conclusions about 
the importance of long-range Coulomb interactions in 
these largely ionic materials. 

8. Outlook 

In the near future, our focus will shift to creating new, ar-
tificial superconductors by atomic-layer engineering. We 
will try to stack various combinations and sequences of 
stable complex-oxide layers, trying to induce metallic con-
ductivity and superconductivity by charge depletion / ac-
cumulation across the interfaces (internal field doping) as 
well as by (‘extrinsic’) chemical doping in selected layers.  
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Figure 10. (a) Fragment of 64-point contact structure for the Hall 
effect and R(T) measurements. (b) The same, magnified to high-
light one pixel. (c) Structures for time-domain capacitance spec-
troscopy. (d) HTS nanorings. (e) Structure for broadband noise 
measurements. (f) Array of parallel nanowires, 100 nm wide and 
1 cm long. (g) The same magnified to highlight a couple of na-
nowires. (h) 20 nm wide nanowire in 4-point contact device 
geometry.  


