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A substrate orientation dependence of metal-ferroelectric BaMgF 4-silicon capacitors by a rapid thermal annealing
was investigated. The fluoride films were deposited on Si(100), (110) and (111) oriented wafers in an ultra-high
vacuum system at substrates temperature of 300 °C. A post-deposition annealing was conducted for 10 seconds at
600 °C. The results were found out to increase the resistivity of the ferroelectric BaMgF 4 film from a typical value of
1~2% 10" " Q-cm before the annealing to about 5% 1013 ©.cm at 1 MV/cm and reduce the interface state density of
the BaMgF4/Si interface to 5~8 X 10 0 jem2.eV. The typical remanent polarizations of the BaMgF, films on the
(100) and (111) oriented silicon wafers were 0.5~0.6 uC/cm2 and that of the films on the (110) wafer was 1.2 p

Clem?2.

1. Introduction

Metal-ferroelectric-semiconductor FETs(MFSFETSs)

are key devices for memory devices!) such as
ferroclectric memory FETS(FEMFETs) and for
functional ncuron  devices?). The materials

requircments for the ferroelectric film in such device
structurcs nccessitate deposition directly onto the
scmiconductors. In thesc cases, it is necessary that the
film maintains its ferroelectric properties on the
scmiconductor and the interface state density at the
ferroelectric  film/semiconductor interface must be
small for normal FET opcration, So far, most
ferroclectric materials widely studied are oxides such
as BigTi3 Oy, BaTiO3, PbTiO3, and PZT. Thin films
of these materials usually exhibit good ferroclectric
properties itsellf on a metal electrode such as the
platinum. It is difficult, however, to preserve
ferroelectricity on semiconductors due to reaction
between the oxides and semiconductor surface. So,
there are few reports of good MFS devices. Recently,
non-oxide ferroclectric fluoride BaMgF, films grown
by molecular beam epitaxy(MBE) on semiconductor
structures have been reported Such structures may
expected to exhibit good interface properties due to the
fabrication of the fluoride film in an ultra-high
vacuum{UHV) system. However, ferroelectric fluoride
films on Si are not so good electrically due to their low
resistivity, low dielectric breakdown field and time
dependent deterioration of several properties. More
recently, such problems have been partially
improved3 ) by post-deposition annealing.

This paper describes the properties of metal-
ferroelectric BaMgF4-silicon capacitors by post-
deposition rapid thermal annealing(RTA) and
investigates an effects of the substrate orientation

dependence.
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2. Experimental

BaMgF4 films were deposited in a ultra high
vacuum(UHV) system. Boron doped p-type silicon
(100), (110) and (111) oriented wafers with
resistivities of approximately 1~10 Q-cm were used.
BaMgF, films were dcposited by evaporating
BaF4(99.999% purc) and MgF;(99.999% pure) grains,
mixed in equimolccular portions in a carbon crucible.
Fluoride films ranging from 100 to 160 nm thick were
deposited at a temperature of 300 °C with a deposition
rate of 0.1~0.2 nm/s. Afler deposilion of the BaMgF
{ilm, the RTA was done for 10 seconds at 600 °C in a
vacuum of 0.1 Torr, using a home-made RTA
apparatus. The films werc analyzed structurally by X-
ray diffraction(XRD). The hysteresis measurements
were  performed using a  RT-66A(Radiant
Technologies, Albuquerque, NM) test system.
Current-Voltage(I-V) measurements were performed
using a HP model 4145B semiconduclor parameter
analyzer. The capacitance-voltage(C-V) curves were
measured with a 1 MHz C-V plotter using deposited
Al electrode dot patterns with 200 pm diameter on the
films.

3. Results and Discussion

Figure | shows I[-V characteristics denoted by
current density and electric ficld of MFS capacitors
biased at accumulation state(that is, negative bias
voltages). In the figure, the dashed curve was the
characteristic of the as-deposited sample and the solid
curve was for the rapidly thermal annealed sample.
The breakdown field of the BaMgF film was
increased from a typical value of 1~2 X107 V/cm
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before the RTA to more than 1 X 106 V/cm at a current
density of 1 ;,tA/cm2. The resistivity was increased
from a yalue of 1~2X10"" Q.cm before to more than
5X10° Q-cm at that breakdown field. The incrcascs
of the breakdown field and resistivily may be explained
by improvement of the crystalline quality or
densification of the film during anncaling. In fact, it
was observed that the refractive index of the film at a
wavelength of 632.8 nm was incrcased by the
anncaling, typically from 1.45 to 1.49 and thc film
thickness was reduced by about 4 %.
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Fig. 1. I-V characteristics denoted by current density
and square root of electric field of MFS capacitors
biased at accumulation state.
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Fig. 2. 1 MHz C-V characteristics of MFS capacitors
fabricated on Si(100), (110) and (111) oriented
substrates, respectively,

Figure 2 show 1 MHz C-V characteristics of MFS
capacitors fabricated on Si(100), (110) and (111)
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oriented substrates, respectively, under incandescent
lamp illumination. The reason for illumination during
testing is to obtain certain C-V curves varics from
accumulation to inversion states. All of the C-V curves
show that the capacitancc valucs varics from the
accumulation to inversion slates and also hyslerescs
and the direction of hystereses are consistent with
ferroelectric polarization switching, rather than charge
injection. Notice ihe hysieresis window of each curve
due to ferroclectric hysteresis is different according to
the substratc orientation. The memory window of the
film on the (110) waler was largest. In Fig. 2, our
typical samples showed that the C-V curves were
shiffted in a negative direction(that is, negative
threshold voltage). This might be duc to charges
existing in the BaMgFy film and at BaMgF,/5i
interface. The diclectric constant calculated from
accumulation region shown in Fig. 2 was about 13,
which was close to the reported value?) for the b
axis(14.75 at 10 MHz) of BaMgF4 This agreement
might be related to the crystallinity of our annecaled
film which will be showing a polycrystalline nature
with preferred b-axis orientation. The minimum
interface statc density around the midgap derived from
the C-V curve of Fig. 2 was ranged from 5to 8 X 10
fcm2.eV.
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Fig. 3. Polarization hystercsis loop of MFS capacitors
fabricated on Si(100), (110) and (111) oriented
substrates.

Figurc 3 show Sawyer-Tower rcsults of MFS
capacitors fabricated on Si(100), (110) and (111)
oricnted substratcs under incandescent lamp
illumination measured using a3 RT-66A test system.
The typical remanent polarizations(P;) of the BaMgF4
films on the (100) and (111) oricnted silicon wafers
were 0.5~0.6 pC/cm2 and that of the films on the



(110) wafer was 1.2 nCl/em2. The typical coercive
fields(E ) for each sample ranged from 60 kV/cm to
100 kV/em. This difference might be related to the
orientation states of the BaMgF, films on each silicon
wafer.
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Fig. 4. XRD patterns of the BaMgF4 films on (a)
Si(110), (b) Si(l11l) and (c) Si(100) oriented
substrates.

Figure 4(a). 4(b) and 4(c) show XRD patterns of the
BaMgF, films on Si(110), (111) and (100) oriented
substrates, respectively. In addition to the all XRD
patterns showed polycrystalline natures with preferred
b-axis orientation, some different weak peaks appeared
in the BaMgFy film on Si(110) oriented substrate,
including three representing the (100), (110) and (231)
orientation. It is considered that these peaks might be
related to the enlargement of the hysteresis memory
window and the remanent polarization of the BaMgFy
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film, because that peaks included polycrystailine
natures with a-axis orientation.

4., Conclusion

Properties of metal-ferroclectric BaMgF4-silicon
capacitors depend on substrate orientation by a rapid
thermal annealing was investigated. The breakdown
ficld of the BaMgF, film was increased from a typical
valuc of 1~2 X 10° V/em before thc RTA to morc than
1x10® Viem at a current density of 1 p.NcmZ. The
resistivity of the RTA treated ferroclectric BaMgFy
film was about 5% 1013 Q.cm at 1 MV/icm. The
interface state density of interface of the BaMgF, on
cach orientation of Si was 5~8% 1010 /ecm2.eV. The
typical remanent polarizations of the BaMgFy films on
the (100) and (111) oriented silicon wafers were
0.5~0.6 pC/cm? and that of the films on the (110)
wafer was 1.2 p.C/(:mZ. The enlargement of the
hysteresis memory window and the remanent
polarization of the BaMgF, film on Si(110) might be
related to peaks included polycrystalline natures with
a-axis orientation.
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