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La, /3511 ;3MnOs3 films are deposited on (001) silicon substrates, in which the silicon surfaces have artificially been
treated into the scallops-like, pyramid-like, and smooth polishing structure, by pulsed laser deposition. The magnetore-
sistances of the films on etched substrates under low applied field are very sensitive to the applied field, and much larger
(14.3% for acid-etched, and 42.9% for alkali-etched) than that on the polished Si at 5 K. Zero-field-cooled and field-cooled
magnetization behaviors are measured and analyzed. Remarkable upturn behaviors in temperature-dependent resistivity
for all samples are observed at low temperature, which follows the Efros—Shkloskii variable range hopping law and the
Arrhenius law. We believe that the rough surface may be useful in device design.
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1. Introduction

Transition metal oxides, strongly correlated electron sys-
tems, have a variety of interesting electronic and magnetic
properties because of the strong coupling between spin, charge
and orbital degree of freedom.[!? In particular, perovskite
manganite (Re;_,Ae,MnO3, Re= rare earth element, Ae=
alkaline earth element) as a functional oxide has attracted
a great deal of attention since the discovery of colossal
magnetoresistivity (CMR)*#! due to their potential appli-
cations in spintronics.®~’! In recent years, manganite-based

8-141 have received a great deal of attention

heterojunctions!
since fancy properties could be aroused by the interfacial ef-
fect. Among the variable manganites, the hole-doped (p-
type) Lay /351 /3MnO3 (LSMO) is considered as one of the
most promising candidates for applications because of its high
Curie temperature (7c ~ 360 K) and high spin polarization
(100%).1") SrTiO3, Nb-doped SrTiOs3, and silicon are the
most commonly used N-zone materials to form the manganite-
based heterojunctions. As a traditional semiconductor, silicon
has been the most fundamental technological material in the
electronics industry up to now. It is more economical and eas-
ier to manipulate than SrTiO3 and Nb-doped SrTiOs, so the
fabrication of manganite with silicon-based spintronic devices
is a great step to realize their commercial applications. In-
tegrating LSMO thin films and nanostructures on silicon or
on silicon with nanostructure is the major patterns. For ex-
ample, depositing LSMO thin film on Si nanotips is found to
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be an effective approach to enhancing the electron injection
effect.[1>1%] In the present work, silicon wafers with micron-
scale surface structures are obtained by the wet etching pro-
cess which is commonly used in solar cell manufacture to form
LSMO-silicon heterojunctions and explore the electronic and
magnetic properties of LSMO films on different silicon sub-
strates with micro-structures. Low field magnetoresistance is
greatly enhanced for films on the etched substrates.

2. Experiments

Elliptical scallops-like texture on (001) silicon single
crystal is etched by mixing acid (with volume ratio of 25:6:17
for nitric acid (70%), hydrofluoric acid (40%), and deionized
water, respectively) for 6 min at 8 °C[!'7] (called acid-etched
substrate). A pyramid-like texture on the same (001) Si wafer
is etched by dilute sodium (sodium hydroxide 2%, nonahy-
drate sodium silicate 1.3%, isopropanol 16%, deionized water
90.7%) for 15 min at 80 °C (named alkali-etched substrate).
For sodium etch, considering the volatility of isopropanol, it
is added into the reaction liquid right before the etching pro-
cess. Before film deposition, the oxide layer on silicon sub-
strate is etched by 10% HF solution for 10 's. Laj /3Sr; ;3MnO3
(LSMO) thin films are then deposited by pulsed laser deposi-
tion (PLD)!!8! on the polished silicon wafer (the film is de-
noted as sl), acid-etched silicon wafer (the film is denoted
as s2), and alkali-etched silicon wafer (the film is denoted as
s3) at a temperature of 850 °C under an oxygen pressure of
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10 mbar (10 bar=10° Pa) for 20 min each, in which case we
believe that the films are nearly the same in thickness. The
frequency of the laser pulse is 4 Hz. After the deposition, the
films are annealed at 800 °C for 2 h in oxygen gas atmosphere.
The structures of Si substrates and LSMO/Si at room temper-
ature are characterized by x-ray diffraction (XRD) which is
performed in a Rigaku Dmax/rb diffractometer using a Cu K
source (with an average wavelength of Axq = 1.5418 A). A
step scanning mode with the step size of 0.02° in delta (20)
and integration time of 1 s is used during the collection of
XRD data. The surface morphologies of silicon wafers and the
LSMO films are observed by atomic force microscope (AFM)
and scanning electron microscope (SEM). Transmission elec-
tron microscopy (TEM) is used to measure the thickness val-
ues and crystalline states of the films. Magnetizations of the
films are measured by using a superconducting quantum inter-
ference device (SQUID). The magnetic field and temperature
dependence of the resistivity are measured in a physical prop-
erty measurement system (PPMS) by the standard four-probe
technique at a temperature range from 1.9 K to 400 K.

3. Results and discussion

LSMO is of pseudocubic structure with lattice parame-
ter apsmo = 3.873 A.119211 [t could also be considered as
a tetragonal structure whose in-plane basis vectors are ro-
tated 45° with respect to that of the pseudocubic structure.
Hence the in-plane lattice parameter of tetragonal structure is
) spo = V2aLsmo = 5.477 A, which is quite close to the lat-
tice parameter of single crystal silicon (as; = 5.431 A). Then
the lattice mismatch between substrate and the film is 6 =
(asi — aj spmo)/asi = —0.86%, which is rather small. Hence
we hope that the LSMO thin films on polished silicon (s1) are
highly oriented epitaxial films. But as shown in Fig. 1, the
XRD pattern of LSMO thin film of s1 demonstrates a poly-
crystalline film with LSMO rhombohedral phase, not the epi-
taxial film as expected. The XRD patterns of s2 and s3 show
only weak diffraction peaks at (110)/(104), (024), and (018)
of LSMO poly-crystal. In addition, amorphous-like bumps of
LSMO near (110)/(104) and obvious SiO, diffraction peaks
also arise. Therefore, we believe that poly-crystal combined
with amorphous LSMO films are formed on etched substrates
(s2 and s3).

The AFM image of the surface on s1 is shown in Fig. 2(a),
which indicates that s1 has a relatively smooth surface, and its
roughness is 1.1 nm. We also perform a cross section TEM
measurement for sl as presented in Fig. 2(b). Although the
de-oxidation is carried out for Si wafer before being placed
into the vacuum chamber, an oxidization layer on the silicon
with a thickness of 13.8 nm is observed, which may result
from the oxygen atmosphere and form the interlayer between
LSMO and Si. The oxidization may prevent the LSMO film

from epitaxially growing on silicon, hence the polycrystalline
develops. So epitaxially growing functional oxide on silicon
is quite tough since one must make sure the sample chamber
is in a high vacuum when the substrate is heated and then in
oxygen during the deposition. Zhou et al. have obtained epi-
taxial SrTiOs3 thin film on silicon with the help of a interlayer
of Sr by laser molecular beam epitaxy (MBE).??] But a di-
rect deposition of functional oxide on silicon by PLD has not
been reported. Figures 2(c) and 2(d) show the SEM images
of the acid-etched and alkali-etched substrates, which have the
textures of micronscale elliptical scallops and pyramids with
the sizes of about 4 um—10 um and 2 um-10 pm, respec-
tively. The formation of the pyramid-like texture is due to the
anisotropy of the etching caused by sodium hydroxide, which
corrodes a series of crystal planes and keeps (111) planes that

[23-23] The erosion created by

have the largest atomic density.
hydrofluoric acid is almost isotropic, hence the surface after
erosion does not have a definite crystal orientation. The sil-
icon after wet etching is usually more active, which may be
the reason why more obvious SiO, diffraction peaks emerge in
Figs. 1(b) and 1(c). As the thickness of film is quite small com-
pared with the scale of scallops-like and pyramid-like texture,
the morphologies of s2 and s3 are almost the same as those of
their substrates. Although alkali-etched substrate has obtained
(111) planes, the etched surface is not smooth on each crystal
plane which may have a large number of defects (see the in-
set of Fig. 2(d)), neither is the surface of acid-etched substrate
as presented in the inset of Fig. 2(c). During a film deposi-
tion, the adatoms diffuse between adsorption sites of different
depths on the surface. With different atomic structures and
chemistries, the surface shows different potential energy land-
scapes in the eyes of the adatoms. The diffusion coefficient or
diffusivity is expressed as

D=Dge Fa/keT (1)

where Eq4 represents the diffusion barrier, [26] kg is the Boltz-
mann constant, and Dy is a parameter in relation to the distance
between the absorption sites and attempt frequency. Appar-
ently, larger diffusion barrier E4 possessed by etched silicon
will result in a smaller diffusion rate. Hence lots of adatoms
are localized at the defects as they are difficult to diffuse on the
surface. Then the probability of collision nucleation caused
by adatom diffusion is reduced, thereby the crystal nucleus is
hard to grow up. On the other hand, a large number of adatoms
accumulate at defects rapidly without fully crystalizing. Thus
the amorphous-additional poly-crystal films with smaller grain
sizes are formed on etched silicon substrates.

Figure 3 shows the plots of field-cooled (FC) and zero-
field-cooled (ZFC) magnetization versus temperature in a
range from 5 K to 400 K with an applied field of H = 500 Oe
(1 0e=79.5775 A-m™ ) parallel to the film surface. The val-
ues of Curie temperature 7¢ for sl, s2, and s3 are 322 K,
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295 K, and 335 K, respectively. FC and ZFC bifurcation are
observed at low temperature for all samples, indicating a spin-
glass-like behavior with freezing temperature 7t values of 59 K
(s1), 105 K (s2), and 120 K (s3),[?7] respectively. The inset in
Fig. 3 shows the magnetic hysteresis loops at 5 K. The mag-
netization curves and hysteresis loops both indicate that each
of the films on etched substrates has a weaker magnetism than
that on the polished one. The hysteresis loops demonstrate
that magnetic easy axes of s2 and s3 rotate to the out-plane
direction compared with s1 which has an in-plane easy axis.
Actually, the films of s2 and s3 can be divided into lots of tiny
film planes which also have their own in-plane easy axes, so
the whole magnetization of film would be a vector sum of tiny
film planes. As the magnetic moments of tiny film planes of
s2 and s3, each has an out-of-plane component, the weaker
magnetization and rotation of easy axis would be inevitable.

(a) —= — — —
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Fig. 1. (color online) X-ray diffraction patterns at room temperature
with a wavelength of 1.5418 A. Peaks marked with * and # belong to
SiO; layers formed between LSMO and Si. The bumps near (110)/(104)
of LSMO may indicate the amorphous structures grown in s2 and s3.

electrode layer (Au)

LSMO, 64.3 nm
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Fig. 2. (color online) (a) AFM image of the surface of s1; (b) the cross section TEM image of s1; SEM images of (c) s2, and (d) s3

substrate.

The temperature-dependent resistivities in a temperature
range between 1.9 K and 400 K are shown in Fig. 4(a). The
resistivity has a very broad metal-insulator transition and a
steep upturn under low temperature.'?®2°! In general, there are
three kinds of usual mechanisms for the resistivity upturn at
low temperature. The Kondo effect caused by the scattering
of electrons due to magnetic impurities is eliminated immedi-
ately as there is no linearity between the measured resistiv-
ity and InT in the upturn range (shown in Fig. 4(b)).[?%2%]
Another explanation for resistivity upturn or minimum is to

introduce the concept of quantum correction to conductiv-
ity (QCC).3Y While the QCC theory fits the bulk mate-
rial, and it should be used carefully for polycrystalline sam-
ples, for it might be masked by grain boundary effects. Ac-
cording to the following analysis, grain boundary effects are
the exact cause of resistivity upturn in the low temperature
range. The temperature dependence of resistivity may be fit-
ted based on Efros—Shklovskii variable range hopping (ES-
VRH) (p = poexp(Ty/ T)l/ 2)3136 for sample s1, and Arrhe-
nius law (p=ppexp(Tp/T)) for samples s2 and s3, where pa-
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rameter Tp is a characteristic temperature signifying the impu-
rity disorder in the system, and pg is the residual resistivity.
The variable range hopping (VRH) is generally described as
p = poexp(Ty/T)”, where p =1/(d +1). Parameter d repre-
sents the dimension of the system, so p = 1/2, 1/3, and 1/4
correspond to 1 dimension, 2 dimensions, and 3 dimensions,
respectively.
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Fig. 3. (color online) Plots of field-cooled (FC) and zero-field-cooled
(ZFC) magnetization versus temperature in a range from 5 K to 400 K,
with the applied field being 500 Oe parallel to the film surface. The
inset shows the hysteresis loops at 5 K.

The Arrhenius law is a hopping model with constant hop-
ping length. According to the above analysis, it seems that
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sl is a one-dimensional (1D) system. However, as polycrys-
talline, s1 is definitely a three-dimensional (3D) system whose
resistivity should obey the Mott VRH with p = 1/4. The rea-
son why sl’s resistivity obeys Efos—Shklovskii-VRH rather
than Mott-VRH is the existence of the Coulomb gap in poly-

crystalline s1.131-32]
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Fig. 4. (color online) (a) The temperature-dependent resistivity from
1.9 K to 400 K, (b) resistivity verses In7 curves for the three samples.
If the resistivity obeys the Kondo effect law, the curves would be straight
lines.
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Fig. 5. (color online) Plots of linear fittings InR-T~'/2 for s1; InR ~ T~! for s2 and s3 of three samples at low temperatures. (b)
Variations of fitted residual resistance py and characteristic temperature 7y with magnetic field.

In the VRH model, there is a fundamental assumption:
the hopping length r* should be greater than the single grain
size a. The characteristic length r*(T) is given by

fe2éa
Vorg?

r(T) 2)

where & is the dimensionless localization length which de-
creases with increasing temperature, and X is the effective di-

(371 When the hopping

electric constant of a granular sample.
length is on the order of grain size r* (T’) ~ a at temperature

T’, the VRH picture will no longer be suitable because the
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hopping exists only between adjacent grains. So at this point,
a crossover from Efros—Shklovskii VRH to Arrhenius law usu-
ally happens.[*¥! As shown in Fig. 6, this phenomenon exists
in s1, where the crossover happens at about 15 K. According
to this phenomenon, we speculate that the sizes of grains in s2
and s3 are smaller than in s1, which are similar to the weak
diffraction peaks in Figs. 1(b) and 1(c).
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Fig. 6. (color online) Crossover from E-S VRH to Arrhenius law in s1,
with the inset showing the linear fitting of InR versus T2,

The same fittings are also implemented with applied mag-
netic fields of 1 T, 5 T, and 9 T. The fitted residual resistance pg
and characteristic temperature 7y each as a function of applied
field are shown in Fig. 5(b). All the three p values gradually
decrease with increasing magnetic field, indicating the nega-
tive magnetoresistance (MR). In Efros—Shklovskii VRH law,
the relation between the characteristic temperature and the lo-
calization length is Ty ~ e%/ak&. So the localization length
& has the opposite trend to Ty, which decreases with increas-
ing applied field, meaning that the magnetic field aggravates
the localization of electrons to a certain degree in s1. That is
to say the magnetic field has two opposite effects on the con-
ductivity of s1: on the one hand it increases the conductivity
by reducing the residual resistance pg, on the other hand it
also reduces the conductivity by aggravating the localization
of electrons. While for the Arrhenius behaviors in s2 and s3,
the activation energy is given by

U = kgTh, 3)

where kg is the Boltzmann constant and 7y is the characteristic
temperature.3’! T decreases with increasing magnetic field,
so does the activation energy, which means that the activations
of electrons become easier with the increase of applied field.
We also measure the MR—H hysteresis loops between
—5000 Oe and 5000 Oe at 5 K. Here, the MR ratio is defined
as
R (H) — R(5000 Oe)

MR =
R(5000 Oe)

x 100%. )

The MR-H loops at 5 K are shown in Fig. 7, in which peaks
obviously turn up for all samples at about 550 Oe and s3 has

the sharpest peaks. The peak values of 28%, 32%, and 40% are
obtained for s1, s2, and s3, respectively. In other words, films
on etched silicon wafers have a more sensitive response to an
applied magnetic field, which may be valuable for their appli-
cations in memory devices or sensitive devices. As these two
films are amorphous-additional polycrystals, there are more
disordered spin orientation distributions, which is in consis-
tent with our previous analysis in low temperature-dependent
resistivity. Hence the effects of applied magnetic field in s2
and s3 are more remarkable than in s1.
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Fig. 7. (color online) Plots of magnetoresistance (MR)-H loops at 5 K.
The peak values of 28%, 32%, and 40% are obtained for s1, s2, and s3,
respectively.

4. Conclusions

Lay/3Sr; ;3MnO3 films are deposited on (001) single crys-
tal silicon wafers with different morphologies, which are pol-
ished plane, with elliptical scallops-like texture and pyramid-
like texture, respectively. The structures, morphologies, mag-
netisms and electromagnetic transportation properties are de-
tected. The textures on etched silicon wafers make the films
deposited on them amorphous-additional polycrystal rather
than pure polycrystalline as deposited on the unetched wafer.
The magnetism is weakened, so is the electrical conductiv-
ity. Efros—Shklovskii variable range hopping (s1) and Arrhe-
nius law (s2 and s3) show the behaviors of resistivity at low
temperature. Sharp peaks are detected in MR—H hysteresis
loops with peak values of 28%, 32%, and 40%, respectively.
It means that the texture causes a more sensitive response to
the applied magnetic field in film, which may be valuable for
its applications in memory devices or sensitive devices.
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