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We proposed an YMnOs/Y,04/Si structure for Metal/Ferroelectric/Insulator/Semiconductor
(MFIS) type ferroelectric gate field effect transistor (FET), because YMnO; has suitable
properties for this application such as small spontaneous polarization and low permittivity. The
epitaxially grown Pt/YMnO;/Y,04/Si capacitors showed ferroelectric-type hysteresis on
capacitance-voltage characteristics. Although the memory retention time of the as-deposited
capacitors was 10° s, it was prolonged up to 10* s when the leakage current density was reduced
from 4x10® A/em’ to 2x10° A/cm’ by annealing under N, ambience. It was found that the
dominant leakage mechanisms at high and low electric field were Poole-Frenkel emission from
the Y,0Os layer and ohmic conduction, respectively. This result indicates that the leakage current
was limited by the Y,O; layer at high electric field and was mainly dominated by the number of
defects in the YMnO; layer at low electric field. From the pseudo isothermal capacitance transient
spectroscopy (ICTS), the trap density was determined as an order of 10" em™. Since the variation
of the leakage current by annealing was observed only in the low electric field region, it is
suggested that the retention characteristics of Pt/YMnO,/Y,0s/Si capacitors were influenced by
the number of defects in the YMnO; layer.
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1. INTRODUCTION

Ferroelectric gate field-effect transistors (FETs) were
investigated for applications to nonvolatile memory
devices due to the nondestructive read operation and the
advantages of decreasing memory cell size."? Because
of the difficulty to obtain an excellent
ferroelectric-semiconductor interface, ferroelectric gate
FETs with a metal-ferroelectric (-metal)-insulator-
semiconductor (MF(M)IS) structure have been widely
studied.”

Recently, long memory retention characteristics (>
10* s) have been reported.’ This progress reveals the
relationship between the retention characteristics and the
leakage current of the MFIS capacitor. It has been
reported that Schottky current has affected retention
characteristics.® Since retention characteristics depend
on the retained charge density in the ferroelectric layer,
it is possible that the leakage current influences retention
characteristics. When the space charge is rearranged
inside of the ferroelectric layer so that the polarization of
the ferroelectric layer is neutralized, the polarization
apparently disappears although it is stall retained.

Although the stability of the polarization of a
ferroelectric thin film on a semiconductor has not yet
been clearly understood, it is obvious that to reduce the
depolarization field, enlargement of the capacitance per
unit area of insulator layer, the coercive electric field of
the ferroelectric films, and thickness of the ferroelectric
films are required.”!! Given the device application, the
former two are important because an increase of the
thickness results in an increase of the switching voltage.
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We investigated YMnOs/Y,04/Si structure for
MFIS type ferroelectric gate FET. Since YMnOs; has
relatively small spontaneous polarization (5 uCl/cm?)
and low permittivity (g,=20), it can be expected that a
large depolarization field is not generated and that high
voltage is not required to polarize YMnO; fully.'>* We
succeeded in fabricating YMnOj; epitaxial films with a
remanent of 4.2 uC/em® on (111)Pt/sapphire substrates
and epitaxially grown (0001)YMnO,/(111)Y,0,/(111)Si
capacitors with ferroelectric type C-V hysteresis."*"* We
also have developed pulsed C-V measurement and low
frequency D-E measurement for MFIS capacitor to
investigate the effects of space charge and polarization
characteristics. The details of these developments are
described elsewhere. !¢

In this paper, the electrical properties of
Pt/YMnO;/Y,05/Si capacitors are characterized. By
analyzing leakage current and capacitance-time
characteristics, the influence of the leakage current on
the retention characteristic of the Pt/YMnO;/Y,0/Si
capacitors is discussed in detail.

2. EXPERIMENT
N-type Si(111) single crystal wafers with 1 Q-cm

- resistivity were used as substrates. The substrates were

chemically cleaned by RCA treatment and 1% HF acid.
After the cleaning, Y,0; epitaxial films with a thickness
of 20 nm and YMnO, films with a thickness of 400 nm
were deposited on the Si substrates by a pulsed laser
deposition (PLD) method (ULVAC, ULP-1000) with an
eximer laser (Lambda Physic) operated at the
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wavelength of 248 nm. Details of the deposition of the
YMnO,/Y,04/Si capacitors are described elsewhere.!”
Top Pt electrodes were deposited by an rf magnetron
sputtering deposition system through a shadow mask.
The capacitance was measured using an LCR meter (HP
4284A). The leakage current was measured using a
pico-ampere meter (HP 4140B). The retention
characteristics of the MFIS capacitors were obtained by
the change: in the capacitance at the middle of the
memory window. The retention time was defined when
the difference of the capacitance after being charged by
the positive and negative electric field became 50%.

3. RESULTS AND DISCUSSION

Figure 1 shows a C-V characteristic of an
epitaxially grown YMnO;/Y,05/Si capacitor. The C-V
characteristic shows ferroelectric type hysteresis with
the memory window saturated at £13 V. Figure 2(a)
shows an [-V characteristic of the capacitor. The leakage
current density of the as-deposited capacitor below 3 V
was located below 107 A/em?. The leakage current of
YMnO; films originated from excess oxygen as reported
in Ref. [15]. Therefore, annealing in N, for 10 min was
attempted. As shown in Fig. 2(b), the leakage current
density in the low electric field region could be
decreased to 2x10°° A/em® by N, annealing. In addition,
the leakage current density of the capacitor annealed in
nitrogen increased after annealing in the oxygen ambient
(Figs. 2(c) and 2(d)). This result corresponds well to the
fact that the leakage current of YMnO; films is
attributed tg excess oxygen.

Figure 3 shows the memory retention characteristics
of the YMnO;/Y,05/Si capacitors with various leakage
current changed by annealing. Although the leakage
current changed, the saturation of a memory window
was observed in the C-V characteristics. The retention
time of as-deposited capacitor is about 10° s (Fig. 3(a)).
The capacitor with lower leakage current shows longer
retention time. By annealing in nitrogen ambient, the
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Fig. 1. C-V characteristics of the epitaxial
YMnO;/Y,05/Si capacitor.

retention time is prolonged up to over 10* s (Fig. 3(b)).
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Fig. 2. I-V characteristics of the epitaxial
Pt/YMnOs/Y,05/Si capacitor. (a)

as-deposited capacitor, (b) N, annealed, (c)
O, annealed (3 min), and (d) O, annealed (6
min).
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Fig. 3. Memory retention characteristics of the
epitaxial Pt/YMnO;/Y,05/Si capacitor. (a)
as-deposited capacitor, (b) N, annealed, (c) O,
annealed (3 min) and (d) O, annealed (6 min).
Voltage and time for memorizing the status are
15 V and 100 ms, respectively.

As shown in Fig. 2, the change in the leakage current
density is obvious in the low-voltage region. In contrast,
it does not appear in the high-voltage region. In order to
investigate the relationship between the retention
characteristics and the leakage current in detail, the I-V
characteristics were analyzed using several leakage
current mechanisms.'® Since YMnO; and Y,O; layers
have different dielectric properties, the electric field
applied to the each layer must be different. To estimate
each electric field, dielectric constants of the YMnO;
and Y,0; layers were assumed as 75 and 10,
respectively, based on the capacitance measurement.
The dielectric constant of YMnO; was calculated using
not the capacitance measured by the LCR meter but a
polarization hysteresis loop, because the actual induced
charge at the ferroelectric films surface cannot be
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calculated by the liner component of dielectric constant.
Using the thicknesses of the YMnO; and Y,0; layers
(400 and 20 nm, respectively), the ratio of the electric
field applied to the each layer was calculated as 73:27.

Figures 4(i) and 4(ii) show Poole-Frenkel (P-F) plots
of the I-V characteristics using the electric field applied
to the YMnO; and Y,0; layers, respectively. In both
plots, although the slope of the plots. at low electric field
are negative, linear relations with positive slope were
obtained in the high electric field region. From the
equation of P-F emission, Jpg,

1n(Jpﬁ./E);_1_ni+fq___W"/f, Eq. (1)
kT kT
where ¢ is the dielectric constant and W, is barrier height,
in the high electric field region, the dielectric constants
calculated using the electric field of YMnO; and Y,0;
are 1.2 and 9.1, respectively. The latter is a reasonable
value for a dielectric constant of Y,0;. Although similar
investigation was carried out using the Schottky
emission model, the calculated dielectric constants were
not reasonable. Therefore, this indicates that the

dominant leakage current mechanism of the
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Fig. 4. Schottky plots of the I-V properties

using the electric field of (i) YMnOs; and (ii)
Y,0; layers. (a) as-deposited YMnO;/Y,0;
films, (b) N, annealed, (¢c) O, annealed (3
min) and (d) O, annealed (6 min).

Pt/YMnO;/Y,05/Si capacitor in the high electric field
region is P-F emission from the Y,0Oj; layer. It should be
noted that the effect of annealing on the leakage current
is small in the high electric field region. It is suggested
that annealing affects the electrical properties of
YMnO:;.

Since small voltage (~1V) is applied to the
ferroelectric layer due to the depolarization field, it is
important to investigate the leakage current to
understand memory retention characteristics. Figure 5
shows logJ vs logV plots of the I-V characteristics. Since
the slope of the plot in the low electric field region is
nearly 1, the leakage current in low electric field can be
explained by ohmic conduction.’® The effect of
annealing on the leakage current is clearly observed in
the low electric field region. From the result of the
retention characteristics shown in Fig, 2, it is suggested
that the ohmic conductance at low voltage is highly
related to the retention characteristics and that
decreasing the ohmic conductance at low voltage should
be effective in prolonging the memory retention time.

Since it is known that the ohmic conductance at low
voltage is caused by the charge trapping to the defect in
the film, we attempted to evaluate the defect density,
which affects the memory retention characteristics. In
this study, the pseudo isothermal capacitance transient
spectroscopy (ICTS) spectrum was replotted from the
retention characteristics. In the case a of normal ICTS
spectrum, the instantaneous change of capacitance is
measured under the inversion condition of the MIS
capacitor to detect the emission from the trap -existed in
a semiconductor. In contrast, pseudo ICTS spectrum,
which is obtained from the retention characteristics of
MFIS capacitor, is the change of capacitance for a long
period of time (>>1s) without applied bias voltage. In
addition, the inversion condition of the MFIS capacitor
is maintained not by bias voltage but by the remanent
polarization of the ferroelectric layer. Therefore, the
pseudo ICTS spectrum should reflect the status of the
trap “in the ferroelectric layer, because there is a
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Fig. 5. The logJ vs logl plots for the
Pt/YMnO;/Y,0,/Si capacitor. (a) as-depo. (b)
N, annealed (¢) O, annealed (3 min) (d) O,
annealed (6 min).
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Fig. 6. "~ The pseudo ICTS spectra of (a)

as-deposited, (b) N, annealed, (¢) O, annealed
(3 min), (d) O, annealed (6 min) samples.

relationship between the remanent polarization and the
trap. The ICTS signal was derived using the following
formula,

S(t)=¢-dC?/dt

=lge,e, Ny 120, —V)e]t-exp(- /7)), Eq. (2)
where S(f) is the ICTS signal. The Ny and t are trap
density and the time constant of the carrier emission,
respectively.

Figure 6 shows the pseudo ICTS spectra of the
PY/YMnO;/Y,05/Si  capacitors. A single peak is
observed in each spectrum except N, annealed sample. It
seems that the trap density of the N, annealed capacitor
is too low to detect a signal in this measurement time.
The trap density, Ny, was calculated from the intensity
and 1 of the peak of the pseudo ICTS spectra. The trap
densities of (a) as-deposited, (¢) O, annealed (3 min) and
{(d) O, annealed (6 min) were in an order of 10'° cm™.
The trap density of the Pt/YMnOs/Y,04/Si capacitor
decreases when decreasing the leakage current in low
electric field.

From these results, the vanishing mechanism of
stored charge in the Pt/YMnO,/Y,05/Si capacitor can be
concluded as follows. The trap existing in the YMnO,
layer underlies the vanishing mechanism and it is also
responsible for the relaxation current, which is observed
as the leakage current in low electric field. During
memory retention, the remanent polarization of the
YMnO; is neutralized by charge trapping introduced by
the leakage current. Therefore, the retention time is
prolonged by decreasing the leakage current originating
from decteasing the trap density of the YMnO, layer.

CONCLUSION

The relationship between the leakage current and
memory retention characteristics of Pt/YMnOs/Y,05/Si
capacitors was investigated. It was found that the
leakage current of Pt/YMnO,/Y,0,/Si capacitors could

be decreased by annealing in nitrogen. The retention
time was prolonged from 10° to 10* s by the annealing in
nitrogen. From the analysis of the leakage current, it was
revealed that in high electric field, Poole-Frenkel
emission from Y,O; layer was the dominant leakage
mechanism. On the other hand, the dominant leakage
current in low electric field, which has a strong
relationship with retention time, was ohmic conduction.
Since the ohmic conductivity was related to the number
of defects obtained from the pseudo ICTS spectra, it is
suggested that the reduction of defects is important to
improve the retention characteristics.

ACKNOWLEDGMENTS

This work was supported by a Grant-in-Aid for
Scientific Research (B), No. 08555078, from the
Ministry of Education, Culture, Sports, Science and
Technology of Japan, a Grant-in-Aid for Scientific
Research (S), No. 14102021, from the Japan Society for
the Promotion of Science, and the Murata Science
Toundation.

REFERENCES

[11 J.L. Moll and Y. Tarui, IEEE trans. Elect. Dev.,
ED-10, 338 (1963).

[2]1 H. Ishiwara, Jpn. J. Appl. Phys., 32, 442 (1993).

[31 I Sakai, E. Tokumitu, and H. Ishiwara, Jpn. J.
Appl. Phys., 35, 4987 (1996).

[4] Y. Oishi, Y. Matsumuro, and M Okuyama, Jpn. J.
Appl. Phys., 36, 5896 (1997).

[5] Y. Fuyjisaki, T. Kijima, and H. Ishiwara, Appl.
Phys. Lett., 78, 1285 (2001).

[6] M. Takahashi, H. Sugiyama, T. Nakaiso, K.

’ Kodama, M. Noda, and M. Okuyama, Jpn. J. Appl.
Phys., 40, 2923 (2001).

[71 K. Ashikaga and T. Ito, J. Appl. Phys., 85, 7471
(1999).

[8] I P. Batra, P. Wurfel, and B. D. Silverman, Phys.
Rev. B, 8, 3257 (1973). '

[9]1 P. Wurfel and L P. Batra, Phys. Rev. B, 8, 5126
(1973).

[10] Y. Watanabe, J. Appl. Phys., 83, 2179 (1998).

[11] Y. Watanabe, Jpn. J. Appl. Phys., 40, 5610 (2001).

[12] N. Fujimura, T. Ishida, T. Yoshimura, and T. Ito,
Appl. Phys. Lett., 69, 1011 (1996).

[13] T. Yoshimura, N. Fujimura, D. Ito, and T. Ito, J.
Appl. Phys., 87, 3444 (2000).

[14] N. Shigemitsu, H Sakata, D. Ito, T. Yoshimura, A,
Ashida, and N. Fujimura, Jpn. J. Appl. Phys., 43,
6613 (2004).

[15] D. Ito, N. Fujimura, T. Yoshimura, and T. Ito, J.
Appl. Phys., 94, 4036 (2003).

[16] T. Yoshimura and N. Fujimura, Jpn. J. Appl. Phys.,
42, 6011 (2003).

[17] D. Ito, N. Fujimura, T. Yoshimura, and T. Ito, J.
Appl. Phys., 93, 5563 (2003).

[18] D. R. Lamb, Electrical conduction mechanisms in
thin insulating films, (Methuen and co Itd, London,
1967).

(Received January 11, 2005; Accepted February 2, 2005)



