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LaVO3 thin films were grown on SrTiO3 (001) by hybrid molecular beam epitaxy. A volatile

metalorganic precursor, vanadium oxytriisopropoxide (VTIP), and elemental La were co-supplied

in the presence of a molecular oxygen flux. By keeping the La flux fixed and varying the VTIP

flux, stoichiometric LaVO3 films were obtained for a range of cation flux ratios, indicating the

presence of a self-regulated growth window. Films grown under stoichiometric conditions were

found to have the largest lattice parameter, which decreased monotonically with increasing

amounts of excess La or V. Energy dispersive X-ray spectroscopy and Rutherford backscattering

measurements were carried out to confirm film compositions. Stoichiometric growth of complex

vanadate thin films independent of cation flux ratios expands upon the previously reported

self-regulated growth of perovskite titanates using hybrid molecular beam epitaxy, thus demonstrating

the general applicability of this growth approach to other complex oxide materials, where a precise

control over film stoichiometry is demanded by the application. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4922213]

Materials exhibiting strong electron correlation have

stimulated much research interest due to their exotic proper-

ties and potential applications in novel electronic devices.

Two remarkable examples are the discoveries of high tem-

perature superconductivity1 and colossal magnetoresistance.2

Recently, the interfaces of correlated materials have drawn

much attention. New phenomena not observed in their bulk

counterparts have been discovered, attributed to the elec-

tronic reconstructions that occur at polar/nonpolar interfaces3

to compensate the charge discontinuity, such as in the case

of LaVO3/SrTiO3,4 valence state redistribution across polar

interfaces, such as LaVO3/LaAlO3,5 as well as charge-

stabilization of non-bulk-like phases formed at the interfaces

between LaVO3 and LaVO4.6

Detailed growth studies of complex perovskite oxide

thin films prepared by pulsed laser deposition (PLD),7–9 mo-

lecular beam epitaxy (MBE),10 sputtering,11 and supporting

first-principle calculations12 have shown that the cation stoi-

chiometry can dramatically impact the interface reconstruc-

tions. Therefore, the growth of correlated materials with

excellent stoichiometry control is of critical importance to

gain further insights into the intrinsic optoelectronic proper-

ties of these materials and ultimately their heterostructures.

In conventional MBE, one way to ensure excellent thin film

stoichiometry is by employing an adsorption controlled

growth, where the constituents forming the film are supplied

to the sample with the volatile component in excess. For a

proper choice of growth rate and temperature, excess

amounts of volatile species accumulating on the growing

surface can re-evaporate instead of getting incorporated into

the film. This approach has been successfully employed for

the growth of compound semiconductors13–15 and has been

applied to the growth of complex oxides BiFeO3,16

PbTiO3,17 and BiMnO3
18 as well. However, since the Mott

insulator LaVO3 does not contain any volatile constituent,

such as bismuth oxide or lead oxide, but only low vapour

pressure components, a self-regulated approach seems to be

not feasible.

As a complementary approach to conventional MBE,

hybrid MBE has been previously employed to grow

SrTiO3
19,20 and GdTiO3

21 in a self-regulated manner, provided

that growth temperatures were high enough. Furthermore, the

precise control over the stoichiometry of NdTiO3 thin films22

has been demonstrated as well. In contrast to conventional

MBE, where elements are supplied through thermal evapora-

tion from effusion cells and are oxidized at the sample surface

by exposure to either molecular oxygen, oxygen plasma, or

ozone, in hybrid MBE one of the cations—the transition metal

element titanium—is supplied using the metal-organic precur-

sor—titanium tetra-isopropoxide (TTIP). This approach to uti-

lize a volatile precursor, in which Ti is coordinated by 4

oxygen, not only allowed for growth rates much higher than

normally achieved from fluxes of elemental Ti23 generated by

high temperature effusion cells24,25 or sublimation sources26

but also enabled the growth in a self-regulated manner, which

was attributed to the volatility of the metalorganic precursor

TTIP.19 Moreover, high-quality SrTiO3 films were grown

directly on silicon using this technique.27

Here, we expand this growth approach towards other

transition metal elements by using vanadium-oxy-triisoprop-

oxide (VTIP) as a precursor to demonstrate the generalizabil-

ity of this approach in material systems other than the

titanates. We show that the self-regulated growth window of

the Mott insulator LaVO3 can be accessed by co-supplyinga)Electronic mail: rue2@psu.edu
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La metal from an effusion cell and the metal organic precur-

sor VTIP in the presence of molecular oxygen.

Heteroepitaxial growth was carried out in a DCA M600

MBE reactor with a base pressure of 5� 10�10 Torr. Growth

of LaVO3 thin films was carried out on SrTiO3 (100) sub-

strates (MTI Corporation). Before growth, substrates were

cleaned in an ultrasonic bath of acetone and isopropanol,

loaded into the system, and baked for 3 h at 150 �C in the

load lock, followed by a anneal in a remote oxygen plasma

(RF plasma power 250 W) for 20 min at 800 �C in the growth

chamber. The metalorganic precursor VTIP (vacuum

distilled, trace metal impurity 4N, MULTIVALENT

Laboratory) was supplied via a heated gas inlet system con-

nected to a gas injector without using an additional carrier

gas. A variable leak valve in combination with a capacitance

manometer was used to precisely regulate and maintain a

constant gas inlet pressure (VTIP pressure) and thus VTIP

flux. Lanthanum (4N, Ames National Lab) was supplied by

thermal evaporation from a high temperature effusion cell. A

series of LaVO3 thin films were grown on SrTiO3 (100) for

varying VTIP gas inlet pressures ranging from 25 to 50

mTorr. The La flux was fixed at 2.0� 1013/cm2 s1 for all

samples grown, which was calibrated using a quartz crystal

microbalance. A nominal La flux stability of 0.3% was deter-

mined from film thickness variation and will be discussed

later. Film growth was performed at a sample temperature

of 800 �C (substrate heater thermocouple). La and VTIP

were co-supplied for 60 min in a background pressure of

1� 10�7 Torr of molecular oxygen supplied through an RF

plasma source (turned off during the growth) pointed at the

sample. The growth was characterized in-situ using reflec-

tion high energy electron diffraction (RHEED). High-

resolution X-ray diffraction (XRD) was carried out using a

Phillips X’Pert Panalytical MRD Pro thin film diffractometer

equipped with a duMond–Hart–Partels Ge (440) incident

beam monochromator and Cu Ka1 radiation. XRD results

were fitted and the error of lattice parameter was determined

to be 60.001 Å.28 A Bruker Dimension Icon atomic force

microscope (AFM) was operated in peak force tapping mode

to measure the film surface morphology. Film composition

was characterized by energy dispersive X-ray spectroscopy

(EDS) and Rutherford backscattering (RBS) measurements.

EDS was carried out in Nova NanoSEM 630 system with

incident electron energy of 5 keV. RBS was performed in

Lawrence Berkeley National Laboratory with incident ion

energy of 3040 keV, incident angle a¼ 22.5�, exit angle

b¼ 25.35�, and scattering angle h¼ 168�.
High resolution 2h-x XRD scans for films grown at dif-

ferent VTIP gas inlet pressures are shown in Fig. 1(a).

Except for the film grown at 25 mTorr VTIP, pronounced

Kiessig fringes were observed throughout the film series,

indicating abrupt interfaces and smooth surfaces. The film

peak was independent of VTIP gas inlet pressure in the range

between 31 and 33.5 mTorr and was further found to shift to

larger 2h values with increasing difference of VTIP gas inlet

pressures from these values, indicating a reduction of the

film lattice parameter. Figure 1(b) shows the out-of-plane

film lattice parameter a? as a function of VTIP gas inlet pres-

sure, together with V to La ratios extracted from EDS and

RBS measurements. The lattice parameter of stoichiometric

LaVO3 has been previously determined from the bulk

(Pbnm).29 Using a¼ 5.555 Å, b¼ 5.553 Å, and c¼ 7.848 Å,

a pseudo-cubic lattice parameter of ap¼ 3.926 Å was deter-

mined for unstrained films. The expansion of the LaVO3 out-

of-plane lattice parameter a?¼ 3.956 Å shown in Fig. 1(b)

was attributed to the biaxial compressive strain (�0.56%)

imposed by SrTiO3. It is remarkable that unlike in the well-

studied case of SrTiO3,30–32 and also in the case of SrVO3,33

where the lattice parameter monotonically expands with

increasing amounts of cation non-stoichiometry, the opposite

trend was found for LaVO3 films, in agreement with earlier

reports on bulk LaVO3.29,34

From Fig. 1(b), it is found that for VTIP fluxes smaller

than 31 mTorr and larger than 33.5 mTorr, the out of plane

lattice parameter was reduced, indicating a non-stoichiometric

film. For VTIP pressures ranging between 31 and 33.5 mTorr,

the film lattice parameter was found to be independent of the

cation flux ratio, demonstrating the existence of a self-

regulated growth window for LaVO3. V to La ratios measured

in EDS and RBS further confirmed the existence of self-

regulated growth window, where the V:La ratios remained

close to 1 in this region. The thickness of films grown inside

the window was obtained by fitting the periodicity of Kiessig

fringes observed in XRD.28 For LaVO3 grown at 31, 32, and

33.5 mTorr VTIP, all thicknesses were in the range of

FIG. 1. (a) 2h-x X-ray diffraction scans around the SrTiO3 002 substrate

peak. LaVO3 film peaks are indicated by an arrow. (b) Out-of-plane film lat-

tice parameter a? for LaVO3 films grown at various La to VTIP flux ratios,

extracted from the XRD scans shown in (a). V:La ratios extracted from EDS

and RBS measurements along this series were also plotted. The La flux was

fixed at 2.0� 1013 cm�2s�1, while the VTIP flux was varied. Stoichiometric

growth conditions were found for VTIP gas inlet pressures between 31 and

33.5 mTorr.
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(37.5 6 0.1) nm. Assuming that the self-regulated growth is

enabled by the volatility of VTIP, a nominal La flux stability

of 0.3% can be determined from this film thickness variation,

demonstrating an excellent growth-to-growth reproducibility.

Films grown at too small VTIP pressures were La-rich,

whereas films grown at too high VTIP pressures were V-rich.

No secondary phases were found from wide-range XRD scans

for films grown at 25 mTorr VTIP (most La-rich growth con-

dition) and 50 mTorr VTIP (most V rich growth condition),

see Fig. 2(a). Figure 2(b) shows the reciprocal space map

around the �103 reflections of SrTiO3 substrate and a LaVO3

film grown at 32 mTorr VTIP. The stoichiometric LaVO3

films were coherently strained. Since the film lattice parame-

ter decreased with the increasing level of cation non-

stoichiometry, the imposed strain was reduced as well, which

further reduced the out-of-plane lattice parameter for non-

stoichiometric films.

RHEED was used to monitor the growth in-situ and to

relate changes in the diffraction pattern to differences in the

growth condition,20,21,35–37 attempting to reliably predict if

the grown film was stoichiometric, and if not, whether La or

V was supplied in excess. As shown in Fig. 3, films grown

under La-rich conditions showed a spotty RHEED pattern

along both the [100] and [110], indicating a crystalline film,

but a rough surface, in agreement with the disappearance of

the Kiessig fringes in the XRD scans shown in Fig. 1(a). For

films grown inside the growth window, streaky RHEED and

various weak reflections in addition to the main diffractions

spots were found, which was attributed to a smooth surface

and the superposition of different surface reconstructions. In

particular, a 2� 2 and a 3� 3 reconstruction pattern was

identified along both the [100]p and [110]p azimuth. The addi-

tional 2� 2 reflections could arise either from surface recon-

struction or from the lower symmetry of LaVO3 compared to

SrTiO3. The orthorhombic distortion and the octahedral tilt

present in LaVO3
38 result in a doubling of the unit cell com-

pared to SrTiO3 and additional RHEED reflections between

the main diffraction streaks are expected. The superimposed,

weak 3� 3 pattern was attributed to a reconstructed surface.

In contrast, for films grown under V-rich conditions

(pVTIP¼ 50 mTorr), the relatively weak surface reconstruc-

tion peaks disappeared and intensity of the diffraction pattern

was reduced as well, while the RHEED background intensity

increased, which might indicate the presence of a thin, amor-

phous overlayer. Direct measurements of the film surface

morphology by atomic force microscopy confirmed the trend.

Figure 4 shows 2� 2 lm2 wide scans for films grown under

La-rich, stoichiometric, and V-rich conditions. The surface of

La-rich film was dominated by small islands of varying

heights ranging between 3 and 12 nm. It is speculated that

this porous, granular structure might be due to the accumula-

tion of excess La on the surface, which could build up despite

the pronounced incorporation of excess La into the film. The

root means square (rms) roughness values of these surfaces

were quite large (1.52 nm). Films grown in the growth win-

dow showed very smooth surfaces with an rms surface rough-

ness of 0.31 nm. An atomic terrace morphology with laterally

extended terraces separated by a unit cell step height was not

found, which is in contrast to a terrace-like structure reported

for LaVO3 grown by PLD on TiO2 terminated SrTiO3 at

600 �C.39 To directly prove that the film surface morphology

FIG. 2. (a) Wide-range 2h-x XRD

scans for LaVO3 films grown at the

most V rich (50 mTorr) and most La

rich (25 mTorr) condition. SrTiO3 sub-

strate peaks are denoted with asterisks.

(b) Reciprocal space mapping around

the �103 peak of SrTiO3 (substrate) and

LaVO3 grown inside the growth win-

dow (pVTIP¼ 32 mTorr). The red dot-

ted lines are a guide to the eye.

FIG. 3. RHEED pattern of LaVO3 films grown under La rich (top), stoichio-

metric (middle), and V rich growth conditions. Diffraction images were cap-

tured with the electron beam along the [110] and [100] azimuth after film

growth and subsequent cool down to Tsub¼ 250 �C. The red arrows indicate

reflections arising from either a 2� 2 surface reconstruction or the ortho-

rhombic distortion of LaVO3, while the blue arrows indicate reflections

attributed to a 3� 3 reconstruction.
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is determined by the substrate surface preparation and their

careful termination, LaVO3 was grown under stoichiometric

condition on TiO2-terminated SrTiO3. Atomic terrace mor-

phology was observed in this case with an rms roughness of

0.21 nm, see Fig. 4(c). For films grown under V-rich condi-

tions, the film surface remained rather flat as well with an

rms values of 0.24 nm, see Fig. 4(d).

In summary we have shown that a self-regulated growth

window exists for the growth of LaVO3 by hybrid MBE.

These experimental results indicate the general applicability

of this growth approach to enable the synthesis of complex

oxide thin films with excellent stoichiometric control. The

results exemplify that favourable growth kinetics can be

enabled by introducing a volatile metal-organic precursor

into the growth process. The existence of self-regulated

growth in vanadate and titanate thin films using the hybrid

MBE approach allows one to easily maintain stoichiometric

conditions throughout oxide heterostructure growth with dif-

ferent transition metals, providing a pathway to separate the

intrinsic phenomena emerging at interfaces between conven-

tional band insulator and correlated materials4 from extrinsic

effects that might be unintentionally introduced during film

growth due to limitation in stoichiometry control in other

thin film growth techniques.
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