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Abstract 

Homoepitaxial SrTiO3 thin films grown by molecular beam epitaxy are analyzed using 

high-resolution x-ray diffraction and transmission electron microscopy.  Measured 00L x-ray 

scans from stoichiometric and nonstoichiometric films are compared with calculations that 

account for the effects of film thickness, lattice parameter, fractional site occupancy, and an 

offset between film and substrate at the interface.  It is found that thickness fringes, commonly 

observed around Bragg reflections even in stoichiometric homoepitaxial SrTiO3 films, arise from 

a film/substrate interface offset.  Transmission electron microscopy studies confirm the presence 

of strain at those homoepitaxial interfaces that show an offset in x-ray diffraction.  The 

consequences for stoichiometry optimization of homoepitaxial films using high-resolution x-ray 

diffraction and the quality of regrown oxide interfaces are discussed. 
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High-resolution x-ray diffraction (XRD) is routinely employed to determine the 

composition of semiconductor epitaxial layers [1] and, more recently, that of oxide thin films. 

When substrates are available, studies of homoepitaxial oxide thin films offer a straightforward 

approach to identify the growth parameters that yield stoichiometric films.  Specifically, this is 

achieved by targeting perfect overlap of film and substrate Bragg reflections [2-7].  For example, 

the lattice parameter of SrTiO3 films is a sensitive measure of cation stoichiometry: non-

stoichiometric SrTiO3 films have a lattice parameter that is larger than that of stoichiometric 

SrTiO3 (0.3905 nm at room temperature), independent of whether films are Sr or Ti rich [3,4,6].   

Ideally, stoichiometric, homoepitaxial films should not exhibit thickness (Kiessig or 

interference) fringes surrounding x-ray Bragg reflections, because the film should be 

indistinguishable from the substrate.  Nevertheless, fringes are frequently observed in out-of-

plane scans from homoepitaxial oxide films, such as SrTiO3 [3,6,8] or ZnO [7,9].  For example, 

Fig. 1 shows radial scans through the 002 symmetric reflection of homoepitaxial SrTiO3 films 

grown by molecular beam epitaxy (MBE) [3] under different growth conditions.  Pronounced 

thickness fringes are observed for several films, despite overlap of the film and substrate peaks.  

For SrTiO3 films, it has been speculated that these fringes may indicate some residual 

nonstoichiometry [8].  Understanding the origin of the thickness fringes in homoepitaxial films is 

thus critically important in establishing confidence in stoichiometry optimization using high-

resolution XRD.  In this Letter, we determine the origins of these fringes and explore the 

consequences for stoichiometry and interface analysis of complex oxide thin films. 

Epitaxial SrTiO3 films were grown on (001) SrTiO3, using an oxide MBE system (GEN 

930, Veeco Instruments).  Substrates were prepared and films were grown as described in refs. 

[3] and [5], using a hybrid MBE method in which Ti was supplied via a chemical precursor of 



4 

titanium tetra isopropoxide (TTIP), strontium from a low temperature effusion cell and oxygen 

from a RF plasma source.  All substrate temperatures stated here were measured using a 

pyrometer (Ircon Modline 3).  Growth rates were determined from oscillations in reflection high-

energy electron diffraction during growth [3] and calibrated using cross-section transmission 

electron microscopy (TEM).  All films showed nearly ideal surfaces with steps of unit cell height 

[3,5].  For TEM, samples were thinned to electron transparency by wedge-polishing and Ar-ion 

milling for observation along the [100] zone axis.  A field emission electron microscope (FEI 

Titan 80-300) with a super-twin lens (Cs ~ 1.2 mm) operated at 300 kV was used for both high-

resolution transmission electron microscopy (HRTEM) and scanning transmission electron 

microscopy (STEM).  High-resolution XRD scans in the out-of-plane (radial) direction through 

the 002 peak as well as x-ray reflectivity measurements were recorded with a Philips X’PERT 

Panalytical MRD Pro Thin Film diffractometer equipped with a duMond-Hart-Partels Ge (440) 

monochromator using Cu Kα radiation.   

The diffracted x-ray intensity for an epitaxial film on a (001) substrate can be calculated 

as a function of out-of-plane wavevector qz as I ∝ |E|2, where qz = 4π sinθ λ  and the complex 

amplitude E is the sum of terms from the film and substrate [10]: 

E = Ff

1− exp −iqzc f N( )
1− exp −iqzc f( ) + Fs

exp −iqz c f N + δ( )[ ]
1− exp −iqzcs( ) .    (1) 

Here c f  and Ff  ( cs and Fs) are the (001) lattice parameter and the unit cell structure factor for 

the film (substrate), N is the film thickness (in number of unit cells), and δ is the offset between 

the film and substrate.  To account for nonstoichiometry, Ff  is modified by introducing 

fractional occupancy factors for each atomic site.  For simplicity, we neglect interfacial 
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roughness, absorption, and extinction [10].  Calculations (solid black lines) are compared with 

experimental data in Fig. 1 for a set of SrTiO3 films that showed good overlap between film and 

substrate peaks.  In all cases excellent agreement could be obtained using a model for a 

stoichiometric film with c f = cs and Ff = Fs by simply varying the film thickness N and interface 

offset δ.  The calculated fringe pattern did not match the experiments if the interface offset was 

set to zero for any physically reasonable values of film lattice parameter, thickness, and site 

occupancy.While fringes can be obtained for films with δ =0 and c f = cs by introducing non-

unity site occupations in Ff , a large change is required to produce even a small fringe contrast 

(e.g. 20% contrast for Ff Fs = 0.90.  Such a large nonstoichiometry would cause a significant 

change in lattice parameter [6].  On the other hand, an interface offset δ of only 3 pm (or 0.85% 

of a unit cell) produces fringes with 20% contrast at the 002 peak [Fig. 1(b)].  The interfacial 

offset also introduces an asymmetry in the region of the Bragg peak.  The sign of the offset 

(positive in these cases, corresponding to an expansion at the interface) can be obtained from the 

asymmetry.  

The good agreement with the calculation demonstrates that the lattice parameter of all 

films shown in Fig. 1 is the same as that of the substrate, despite the different TTIP/Sr flux ratios 

used during growth.  This is because the hybrid MBE growth method yields a “MBE growth 

window” in which the film stoichiometry is self-regulating [5].  The interface offsets obtained 

from the fits do not show a correlation with the TTIP/Sr ratio used during growth.  However, 

films grown at substrate temperatures higher than those shown in Fig. 1 (e.g. 870 °C) never 

exhibited thickness fringes, consistent with zero offset. 
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For samples grown using flux ratios outside of the growth window, the best fits of the 

diffraction patterns were obtained with film lattice parameters c f  larger than that of the 

substrate, indicating cation nonstoichiometry.  To obtain good fits to the fringe pattern, positive 

interface offsets were also required in these cases.  An example is shown in Fig. 2 for a slightly 

nonstoichiometric film ( c f  ~ 0.39097 nm).  As can be seen, a calculated curve with zero 

interface offset (dotted blue line) decays more rapidly away from the main peak than the 

experimental data.  Including even relatively large differences between Ff  and Fs without an 

interface offset does not match the data.  Calculations with an offset of 23 pm (6% of a unit cell) 

achieve good agreement, particularly in matching the observed fringe depth far from the Bragg 

peak.  The agreement between experiment and calculation for nonstoichiometric films is slightly 

less good than for stoichiometric films; this is likely due to defects in the films caused by 

nonstoichiometry that are not incorporated in Eq. (1), such as point or extended defects [11,12] 

and surface islands [13], all of which are known to occur in nonstoichiometric SrTiO3.  

None of the films in this study showed thickness fringes in low-angle x-ray reflectivity, 

as would be expected if the nonstoichiometry caused significant changes in the electron density 

[14].  For example, Fig. 3 shows x-ray reflectivity from a stoichiometric and a nonstoichiometric 

film, respectively, indicating that it is not sensitive to the range of nonstoichiometry explored 

here.  Thickness fringes have, however, been observed in x-ray reflectivity for extremely 

nonstoichiometric SrTiO3 films [15].   

Preliminary understanding of the origin of the offset giving rise to interference fringes in 

stoichiometric, homoepitaxial SrTiO3 films can be gained from HRTEM and STEM imaging of 

the interface, shown in Fig. 4.  Both low-angle annular dark-field (LAADF) STEM and HRTEM 

images of the interface between a homoepitaxial SrTiO3 film and substrate [Figs. 4(a-b)] clearly 
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show contrast associated with the interface when thickness fringes were observed.  In particular, 

LAADF images are sensitive to interface strain [16], which causes an increase in image intensity.  

Atomic-number sensitive, but strain-insensitive, high-angle annular dark field (HAADF) STEM 

images do not exhibit contrast at the interface.  Films grown at higher temperatures did not show 

contrast at the interface in LAADF [Fig. 4(c)], consistent with the absence of an offset and no 

thickness fringes for these films.  While further investigations are needed to determine the origin 

of the interface strain, chemisorbed hydroxide or carbon layers on the substrate surface are likely 

candidates.  SrTiO3 surfaces are known to react with the CO2 in air at room temperature [17].  

This would also explain why higher growth temperatures yield samples with no XRD thickness 

fringes, consistent with no interface offset, when substrate surface contamination is desorbed.  

Thus the occurrence of these fringes is also a measure of the quality of the homoepitaxial 

interface.  Further work is needed to provide a complete understanding of the precise physical 

origin of the interface offset and the chemistry of the interface. 

In summary, the observation of interference fringes in high-resolution XRD of 

homoepitaxial, stoichiometric SrTiO3 films is shown to be due to small (few pm) offsets at the 

film/substrate interface.  The presence of an interface offset is confirmed by strain-sensitive 

imaging in HRTEM and STEM.  The results show that an interface offset must be included in 

quantitative analysis of high-resolution XRD from oxide thin films.  Furthermore, great care 

should be taken in using regrown interfaces within device structures as the interfacial strain 

and/or contamination that gives rise to the thickness fringes will also likely affect their 

properties. 

The authors thank Jim Speck for many helpful discussions and ideas.  The research at 

UCSB was supported by the Department of Energy (DE-FG02-06ER45994).  J.M.L. also thanks 
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P200A07044).  G. B. S. is supported by U.S. Department of Energy, Office of Basic Energy 

Sciences under Contract DE-AC02-06CH11357.  The work made use of the UCSB MRL Central 

facilities supported by the MRSEC Program of the National Science Foundation under award 
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Figure Captions 

 

Figure 1:  

Experimental (red symbols) and calculated (black lines) x-ray diffraction intensities as a function 

of qz = 4π sinθ λ  for radial scans through the 002 reflections of homoepitaxial SrTiO3 films and 

substrates.  All calculations are for stoichiometric films (c f = cs) and include offsets of different 

magnitude (see labels).  The SrTiO3 film growth conditions are also given in the figure (substrate 

temperature, ratios of cation beam equivalent pressures and oxygen beam equivalent pressure). 

For clarity only every third of the experimental data points are shown. 

 

Figure 2:  

Experimental (red symbols) and calculated x-ray diffraction intensities vs. qz for radial scans 

through the 002 reflection for a slightly nonstoichiometric homoepitaxial SrTiO3 film.  The 

calculations are with (solid black line) and without (dotted blue line) an offset at the interface.  

For clarity only every third of the experimental data points are shown. 

 

Figure 3:  

X-ray reflectivity measurements from the samples shown in Figs. 1(d) (stoichiometric) and 

Fig. 2 (nonstoichiometric), respectively.   

 

Figure 4:  
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(a) Strain-sensitive LAADF STEM image of the interface between a stoichiometric 

homoepitaxial film grown at 800 °C and the substrate.  Note the bright layer at the interface.  (b) 

HRTEM image of the same interface.  (c) Strain-sensitive LAADF STEM image of the interface 

between a stoichiomertic film grown at 870 °C and the substrate.  Note that the interface is 

invisible.  The black lines mark the approximate location of the interface in each case. 
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