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Previously it has been shown that the resistivity of Bi0.4Ca0.6MnO3 epitaxial thin films on oxide

substrates decreases significantly upon illumination with visible light. The resistivity decrease is

observed over a wide temperature range and is understood as arising due to the destruction of charge

ordering. The light responsivity makes Bi0.4Ca0.6MnO3 thin films attractive for photonic and

optoelectronic device applications. In this paper, we report the heteroepitaxy of Bi0.4Ca0.6MnO3 thin

films on (001) Si which is relevant for the potential integration of the optoelectronic/photonic

functionality of Bi0.4Ca0.6MnO3 with semiconductor electronics. As in the case of other perovskite

oxides, heteroepitaxy of Bi0.4Ca0.6MnO3 on Si requires the use of buffer layers to circumvent

the problems associated with the presence of an amorphous native silicon dioxide layer and the

reactivity of perovskite oxides with Si at high temperatures. We demonstrate that high quality

epitaxial thin films of Bi0.4Ca0.6MnO3 can be grown via pulse laser deposition on Si that has been

prebuffered with a SrTiO3 layer via a Motorola molecular beam epitaxy process. The magnitude and

dynamics of the photoresponse in these films is comparable to that of Bi0.4Ca0.6MnO3 films on

oxide substrates. VC 2011 American Institute of Physics. [doi:10.1063/1.3561371]

I. INTRODUCTION

Permanent photoinduced reflectivity changes were

observed in a charge ordered (CO) Bi0.3Ca0.7MnO3 single

crystal, and the potential of this phenomenon for creation of

various photonic materials was demonstrated.1 In bulk

Bi0.4Ca0.6MnO3, the CO transition occurs at 330 K and is

accompanied by a structural transition with a sharp increase in

the a and b (a¼ b) lattice parameters and a sharp decrease in

the c lattice parameter. Such changes provide the lattice dis-

tortions necessary for existence of the CO phase. Lattice pa-

rameters in the CO state just below 330 K are a¼ b¼ 3.81 Å,

c¼ 2� 3.79 Å and in the charge disordered state just above

330 K are a¼ b¼ 3.83 Å, c¼ 2� 3.77 Å.2 Since visible light

penetrates into the bulk of this material only to a depth of

about 3000 Å,1 it is conceivable that thin films of Bi1–x

CaxMnO3 with CO at room temperature may be suitable for

photonic applications. This was the motivation for subsequent

work performed on epitaxial Bi1–xCaxMnO3 on various oxide

substrates, mostly with the composition Bi0.4Ca0.6MnO3 due

to its �330 K CO transition temperature (slightly above room

temperature). Work on LaAlO3, SrTiO3, and NdCaAlO4 sub-

strates showed that, upon illumination with visible light, the

resistivity of Bi0.4Ca0.6MnO3 epitaxial thin films on oxide sub-

strates decreases significantly in a wide temperature range due

to the destruction of CO. It would be very useful to have such

thin films on Si substrates since Si is a material of choice for

modern optoelectronics. Epitaxial growth on Si also opens up

the possibility of fabricating a free-standing, strain-free

Bi0.4Ca0.6MnO3 membrane via standard Si micromachining

techniques3 with properties close to single crystals, where per-

manent photoinduced changes were observed.1

II. EXPERIMENT

Although Si(001) provides a good lattice match for man-

ganites (see Fig. 1), direct pulse laser deposition (PLD) epi-

taxial growth of manganites on silicon is not possible due to

reactivity. However, many groups have demonstrated high

quality epitaxial (001) oriented SrTiO3 grown by various

molecular beam epitaxy (MBE) processes.4 For our epitaxial

Bi0.4Ca0.6MnO3 growth, we used Si(001) that had a 100 Å

high quality epitaxial (001) oriented layer of SrTiO3 depos-

ited by MBE at Motorola.5 The Motorola MBE process

involves temperature and pressures ranging from �400 �C
and 1� 10�8 Torr O2 at the early stage to 550 �C and

2� 10�7 Torr O2 at the later stage of growth. First, the origi-

nal amorphous native SiO2 layer on the Si wafer is removed/

converted to a crystalline, silicate-like, pseudomorphic (and

possibly two-dimensional) Sr2SiO4 template layer by a flux

of Sr(g).6 Then, Sr(g) and Ti(g) fluxes are co-deposited, and

when O2(g) is added, the SrTiO3 film is grown. During the

growth of the SrTiO3 film, the template layer undergoes

changes and an amorphous interlayer (AIL) develops. Growth

of the AIL occurs via O2 diffusion (O2 pressure of 1� 10�8

to 2� 10�7 Torr) to the Si-SiO2 interface (to a diffusion lim-

ited thickness of �30 Å) and does not interfere with the epi-

taxy of the SrTiO3 layer. Figure 2 shows a TEM cross section

of a 55 Å high quality epitaxial (100) oriented layer of

SrTiO3 (thinner but made with the same Motorola MBE pro-

cess) in which it can be seen that the AIL has reached a thick-

ness of �25 Å and that the epitaxy of the 55 Å SrTiO3 is
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intact. The AIL is understood to be a mixture of Sr-silicates

(SrSiO3, Sr2SiO4, Sr3SiO5) and SiOx species (including SiO,

Si2O3, SiO2).6,7 Any subsequent heating in significant O2 par-

tial pressure (e.g., the PLD process) causes further thickening

of the AIL via the production of mostly SiO2.

Before our PLD deposition, the MBE SrTiO3 buffered

Si(001) substrate was cleaned for 5 min each in trichloroeth-

ylene, acetone, and methanol with ultrasonic agitation. The

substrate was mounted with a Ag paste (fixed with a 200 �C
anneal) to the PLD heater block after which the heating block

assembly with the substrate was placed into the PLD chamber

and the pressure was reduced to < 1.5� 10�5 Torr. A com-

mercial 248-nm KrF pulsed excimer laser (COMPEX 205)

with 25 ns pulse duration and a fluence of �2 J/cm2 was used

with target-to-substrate distance of 8.5 cm. We explored two

slightly different approaches for the heteroepitaxy of

Bi0.4Ca0.6MnO3 on Si, both of which employ a Motorola sili-

con substrate prebuffered with a 100 Å layer of SrTiO3 grown

by MBE.5 In the first approach, the Bi0.4Ca0.6MnO3 layer was

directly deposited on the prebuffered substrates. In the second

approach, additional SrTiO3 was deposited by PLD on the

MBE buffer layer, followed by the deposition of the

Bi0.4Ca0.6MnO3 layer. Commercial targets with nominal

composition Bi0.4Ca0.6MnOx (BCMO) and SrTiOx (STO)

were mounted on a rotating carousel in the PLD chamber

(Neocera Inc.). Before all depositions, the chamber was

pumped down to a base pressure < 1.5� 10�5 Torr before it

was backfilled with O2 gas to the O2 pressure required for the

first deposition layer (400 mTorr for BCMO and 1� 10�3

Torr for the STO). In the first preliminary type of samples,

the heater block with the mounted Motorola MBE substrate

was heated to various temperatures (790, 780, 770, 760, 750,

and 740 �C) so as to optimize the BCMO layer deposition

temperature. In the second type of samples, the heater block

was first heated to 600 �C for the STO deposition. 20,000

pulses of STO were deposited at 10 Hz, resulting in a final

total thickness of �8500 Å STO. Then, the O2 pressure was

increased to 400 mTorr and temperature was ramped up to

750 �C for the BCMO deposition. 6,000 pulses of BCMO

were deposited at 10 Hz, resulting in a final thickness of

�375 Å BCMO. In both types of samples, after the final

BCMO layer was deposited, the chamber was backfilled with

[mt]400 Torr O2, and the samples were cooled to room tem-

perature at 1 �C/min.

X-ray scans were performed using a high resolution

four-circle x-ray diffractometer in parallel beam geometry

with a Göbel mirror and Soller slit (Bruker AXS model Dis-

cover D8).

For photoresponse studies, direct current resistivity was

measured by a four-probe method using a four-in-line electri-

cal contact configuration (see Fig. 7 inset). The distance

between voltage contacts was approximately 0.3 mm. The

space between voltage contacts was illuminated with full

power (150 mW) multiwavelength (514, 488, 476, and 457

nm) argon laser light. Data were taken while the sample tem-

perature was ramped up at a rate of 2 K/min. The time depend-

ence of the photoinduced resistance changes was examined by

fixing the temperature and measuring the resistance as the illu-

mination was switched on and then off.

III. RESULTS AND DISCUSSION

A. Optimizing film growth conditions

Initially, the deposition temperature of 790 �C was

selected as a reasonable growth temperature since good

BCMO films have previously been obtained at 800 �C on ox-

ide substrates8–10 and Nd0.67Sr0.33MnO3 films of good qual-

ity have previously been obtained at 780 �C on SrTiO3

buffered Si(001) (Ref. 11) and at 790 �C on Si(001) using

another buffer layer scheme.12 However, for samples grown

at 790 and 780 �C, x-ray 2h–x scans revealed that both the

BCMO(002)psuedocubic and the STO(002) peaks were absent,

while additional peaks indicative of reaction products were

present (Fig. 3). The positions of these additional peaks are

consistent with the presence of SrSiO3 and TiSi2 (Ref. 13),

which was observed in an earlier study on the thermal stabil-

ity of MBE SrTiO3 layers on Si(001) substrates.14 We also

found that the samples grown at higher temperatures had sig-

nificantly higher resistivity when compared to BCMO films

on oxide substrates. As shown in Fig. 3, upon reducing the

BCMO growth temperature from 790 to 750 �C, the BCMO

(002)psuedocubic and STO(002) peaks progressively emerge

and the extrinsic peaks corresponding to the reaction prod-

ucts progressively diminish. This is accompanied by a

decrease in sample resistivity with decreasing growth tem-

peratures. Interestingly, at 740 �C, the trend reverses with a

reaction product peak returning and with the resistivity at

740 �C being higher than that of the film deposited at 750 �C.

Also we see a pronounced shoulder on the low angle side of

the BCMO (002)psuedocubic peak. This low angle shoulder is

consistent with regions of oxygen deficient BCMO with
FIG. 2. TEM of as grown Motorola MBE epitaxial (001) oriented SrTiO3

on Si(001). The SrTiO3 layer of this sample is 55 Å and the AIL is �25 Å.

FIG. 1. (Color online) Schematic of the lattice match provided by the Si

unit cell for the manganite pseudocubic unit cell.
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expanded lattice constant15 which can be explained by

reduced oxygen diffusivity at the lower growth temperature.

In our study of the thermal stability of SrTiO3 on Si, we

found that oxygen transport across the interface is a mitigat-

ing factor restraining the degradation of the SrTiO3 layer at

high temperatures.14 Thus, it is conceivable that the oxygen

deficient BCMO layer in turn promotes increased reactivity

of the SrTiO3 layer with Si. The BCMO film deposited at

750 �C had the lowest resistivity of all the samples in Fig. 3.

Thus, we selected 750 �C as our optimum growth tempera-

ture for the BCMO layer on SrTiO3 buffered Si.

In our second growth scheme, we deposited a second

much thicker layer of STO on the MBE 100 Å STO layer

prior to the BCMO deposition. This was done as a precaution

against any degradation of the STO template layer and also

so as to ensure electrical isolation of the BCMO layer from

the semiconducting Si (p-doped) substrate. (STO is an insu-

lator when fully oxygenated.) As expected, x-ray 2h–x scan

of this sample with an extra second layer of PLD STO has

much stronger STO peaks when compared to that of the sam-

ples with only the MBE STO layer (compare Figs. 4 and 3).

The rocking curve analysis of the STO(002) peak in Fig. 4

shows a 0.22� FWHM, indicating good crystallinity, and the

STO(002) out of plane peak gives a lattice parameter of

3.914 Å, which is marginally larger than that of bulk STO

(3.905 Å). This is indicative of significant strain relaxation

in the STO layer. [For strained, unrelaxed STO, one would

expect a larger out of plane lattice parameter; as seen in

Fig. 1, the in-plane lattice constant provided by Si(001) for

epitaxial perovskite growth is only 3.84 Å.] As an indicator

of the accuracy of our measurements, the Si(004) out of

plane peak gives a lattice parameter of 5.422 Å, which is

marginally smaller than that of the expected value of 5.431

Å. The rocking curve analysis of the BCMO(002)psuedocubic

peak shows a 0.407� FWHM, indicating a good crystallinity.

The BCMO(002)pseudocubic out of plane peak gives a lattice

parameter of 3.736 Å, which is smaller than that of bulk

BCMO (V1/3 �3.81 Å) (Ref. 2), indicating that some tensile

strain is present. This is consistent with the bulk BCMO lat-

tice parameters a¼ b¼ 3.86 Å (Ref. 2) being smaller than

the in-plane lattice parameter of strain relaxed STO of

�3.905 Å. u scans were performed to confirm the in-plane

alignment between the different layers. Figure 5 shows the

schematics of the relative orientations expected for the dif-

ferent crystal planes selected for the u scans. It is expected

that the STO layer grows in the “diagonal-on-side” manner

onto the Si template whereas the epitaxial BCMO growth

occurs in a “cube-on-cube” manner on the STO. According

to this expected epitaxial alignments, the BCMO (101)psuedo-

cubic plane cuts across the surface perpendicular to the [001]

direction along the [110]Si direction, the STO(101) plane

cuts across the surface perpendicular to the [001] direction

along the [110]Si direction, and the Si(202) plane cuts across

the surface perpendicular to the [001] direction along the

[100]Si direction. The measured u scans are shown in Fig. 6.

FIG. 4. (Color online) X-ray 2h–x scan of sample with extra SrTiO3 depos-

ited via PLD (total STO thickness �8500 Å) showing c-axis aligned peaks

(with very strong SrTiO3 x-ray peaks). The asterisk (*) denotes a spurious

peak from the anodized Al sample chuck. Inset shows the sequence of layers.

FIG. 3. (Color online) X-ray 2h–x scans of BCMO film growth at different

deposition temperatures on Si(001) substrate prebuffered by MBE with

100 Å SrTiO3. Inset shows the sequence of layers.

FIG. 5. (Color online) Schematic orientation of c-axis aligned, epitaxial

layers of BCMO and STO on c-axis oriented Si (labeled with bulk values of

lattice constants).

063913-3 Yong et al. J. Appl. Phys. 109, 063913 (2011)

Downloaded 18 Apr 2011 to 129.2.19.99. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



Each of the u scans shows only four peaks from the

BCMO{101}psuedocubic, STO{101}, and Si{202} family of

planes, respectively, as expected. The alignment between the

STO{101} and BCMO{101} family of planes is also

expected. The 45� off-set between the Si{202} family of

planes and the others is consistent with the 45� difference

between the h100iSi and the h110iSi directions. Thus, the u
scans shown in Fig. 5 confirm the expected crystalline epi-

taxial orientations represented in Fig. 5.

B. Photoinduced effects

Temperature dependence of resistivity of BCMO thin

film grown on silicon with a total of �8500 Å STO buffer

layer is shown in Fig. 7. Typically, the temperature depend-

ence of the resistivity of CO materials has a kink (change in

derivative) at the CO temperature.16 However, this feature is

less pronounced or almost indistinguishable in thin films,9,17

and the temperature of transition to a CO state is difficult to

determine from resistivity measurement alone. Substrate

induced strain is a probable reason for less distinct CO tran-

sitions.18 The resistivity temperature dependence of thin film

BCMO on STO buffered silicon similar to BCMO on STO

does not show this feature below room temperature (Figs. 7

and 8). The charge ordering temperature of BCMO on STO

is above room temperature.9

When the film was illuminated with laser light at 120 K,

resistivity decreased almost 1 order of magnitude and

remained lower than the value of resistivity without illumi-

nation for warming up to 275 K (Fig. 7). This behavior is

very similar to that of BCMO on SrTiO3 (Fig. 8). Photoin-

duced changes in this material are associated with melting of

charge ordering by light.9,19

As light partially destroys the CO resistivity of the mate-

rial decreases, and when the illumination is switched off, re-

sistivity recovers its original value. Figure 9(a) shows the

time dependence of resistivity at 160 K after the illumination

was switched on and off. Similar behavior is observed at

temperatures below the CO temperature (�275 K). These

time dependencies can be fitted to the exponential law:

DR! exp(� t/s). Figure 9(b) shows the temperature depend-

ence of the time constants s1 and s2 of exponential decrease/

increase after the illumination was switched on or off. Time

constants are of the order of 1 min. Time constants associ-

ated with transition to more conductive state are shorter than

time constants associated with transition from light induced

conductive state to original state. This light induced resistiv-

ity changes and its dynamics are similar to that observed in

BCMO films grown on oxide substrates.8,9

IV. CONCLUSIONS

We have achieved epitaxial growth of BCMO thin films

on STO buffered silicon. We found that the optimal tempera-

ture for growing epitaxial BCMO films on STO buffered sili-

con is 750 �C. Thin film of BCMO on STO buffered silicon

FIG. 6. (Color online) X-ray u scans of the BCMO(101), STO(101) and

Si(202) in the sample with �8500 Å STO confirm the epitaxial arrangement

of the c-axis aligned layers of BCMO and STO (see also Fig. 4).

FIG. 8. Temperature dependence of the resistivity of BCMO grown on STO

without (black curve) and with (gray curve) laser illumination. Cooling and

warming are shown with arrows.

FIG. 7. (Color online) Temperature dependence of the resistivity of BCMO

grown on Si with �8500 Å layer of STO without (black curve) and with

(gray curve) laser illumination. Cooling and warming are shown with

arrows. These measurements were performed with 10�8 A current. The inset

shows the arrangement of the four-in-line electrical contacts with the laser

spot covering the area in between the two voltage leads.
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exhibit significant photoinduced resistivity changes (up to 1

order of magnitude at 120 K). The lifetime of photoinduced

conductive state is on the order of 1 min. This photoresponse

and its dynamics are similar to that of BCMO films on oxide

substrates.8,9
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