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The structure and electrical characteris-
tics of metal-ferroelectric-semiconductor FET
(MFSFET) for a single transistor memory are
presented. The MFSFET was comprised of
polysilicon islands as source/ drain electrodes
and BaMgF, film as a gate dielectric. The
polysilicon source and drain were built-up prior
to the formation of the ferroelectric film to
suppress a degradation of the film due to
high thermal cycles. From the MFS capac-
itor, the remnant polarization and coercive
field were measured to be about 0.6 ;,C/cm?
and 100 kV/cm, respectively. The fabricated
MFSFETs also showed good hysteretic I —V
curves, while the current levels disperse prob-
ably due to film cracking or bad adhesion be-

tween the film and the Al electrode.



Metal-Ferroelectric-Semiconductor
FETs (MFSFETs) have attracted much
attention since they can potentially be
used as memory and functional neuron
devices [1]-[3]. The MFSFET offers a
non-destructive read-out memory, while
the capacitor approach cannot. Since Moll
and Tarui have successfully demonstrated
the conductivity modulated transistor
using a semiconducting CdS film on a
TGS crystal [4], several resear- ches have
reported on the ferroelectric field-effect
transistors [5]-[8]. Some of ferroelectric
materials used in these applications are
Bi;Ti3Oq9, LiNbO3 and BaMgF,. However,
ferroelectric films may loose their original
characteristics after high temperature
thermal cycles. Such is the case for the
ferroelectric films mentioned above when
they are processed over 700 °C. As con-
ventional FETs need high thermal budgets
for diffusion junctions, the films may not
maintain their original characteristics. In
this regard, novel device structures and/or
fabrication processes are required for the

MFSFET.

In this paper, we present a novel MFS-
FET which conserves its original ferro-
electric characteristics, because the source
and drain are formed prior to the forma-
tion of the gate dielectric. In the experi-
ment, the polysilicon source and drain were
formed using chemical-mechanical polish-
ing (CMP) technology [9]. An LPCVD

Si0y/ LPCVD SigNy/thermal SiOy stack
prevented the channel from mechanical
damage during the CMP, and suppressed
out-diffusion of channel boron atoms dur-
ing thermal treatments. The gate dielectric
was formed by co-evaporating BaF; and
MgFs in a high vacuum and then rapid-
thermal-annealing (RTA) at 600 °C for 20
s. Residual process steps followed a conven-
tional MOS process. The characterization
of the fabricated MFSFETSs includes polar-
ization (P — F) curves of the ferroelectric
capacitor, drain current (Ip —Vp) and fer-
roelectric switching (Ip — Vi) curves of the
MFSFETs. Although the MFSFETSs have
some problems such as film cracking and
bad adhesion between the metal gate and
the film, hysteretic characteristic curves of
the MFSFETs showed an application fea-
sibility of the proposed device structure to
non-volatile memory devices.
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MFSFET with polysilicon source/drain is
shown in Fig. 1. The polysilicon source and
drain are formed prior to the deposition of
the gate dielectric and the channel is re-
cessed under the polysilicon source/drain.
This structure was devised to lower the ef-
fective junction depth and the source/drain
resistance, reducing the short channel effect

[10]-[11]. The fabrication steps are shown in

Fig. 2. Boron doped p-type silicon wafers
with resistivities of 2-5 Qcm and (100)-
orientation were used for this experiment.
Active regions were formed using a pla-
narized isolation technique [12]. After the
isolation process step, 120 A thermal SiO,,
120 A LPCVD SisN; and 2000 A LPCVD
Si0, were formed sequentially. After the

photomask process for the source/drain,
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the LPCVD SiOy/LPCVD SigN,/thermal
SiO9 stack in the source/drain areas were
dry-etched down to the silicon surface. A
3000 A-thick polysilicon was deposited by
LPCVD and then polished down to the
LPCVD SiO, surface by using CMP tech-
nology [9]. After the implantation of P ions
for n~ LDD and As ions for n* diffusion
junctions into the polysilicon islands and
the removal of the LPCVD SiO layer, a
600 A-thick oxide was thermally grown to
activate the dopants and to reduce the gate-
to-source/drain overlap capacitance. Chan-
nel areas were prevented from the oxida-
tion by the SizNy layer. Then the LPCVD
SigN4/thermal SiO, layer on the channel re-
gion was stripped off and a 1500 A-thick
BaMgF, ferroelectric film was deposited
in a UHV chamber [§].
temperature was 300 °C, and the post-
deposition RTA was done at 600 °C for 20
sec. Then Al was deposited on the gate di-

The deposition

electric. After the formation of the metal
gate, a 4500 A-thick oxide was deposited
by PECVD at 380 °C. After the photomask
process for contact holes, the PECVD oxide
was dry-etched and the residual BaMgF,
was wet-etched in HCI solution. Figures 3
and 4 show the cross-sectional SEM pho-
tograph and the TEM photograph of the
fabricated MFSFET, respectively.

I1l. RESULTS

The remanent polarization P, and co-

ercive force F. of the MFS apacitor with
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Fig. 3. SEM photograph of the 1 pm channel MFS-
FET.
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Fig. 4. TEM photograph of the 1 ym channel MFS-
FET.

a film thickness of about 150 nm were
about 0.5 C/cm? and 100 kV /cm, respec-
tively. The dielectric constant of the film
and the interface trap density were 10-13
and 8 —10 x 10'° /eVem?, respectively. The
leakage current at a field of 1 MV /cm was
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less than 5x 1077 A/cm?  The Ip — Vg
curves of the MFSFET with W/L =5 pum/1
pm, which followed a PECVD process at
380 °C for the insulating oxide prior to the
contact, exhibited a hysteresis due to ferro-
electric switching, as shown in Fig. 5. On
the other hand, the Iy — Vg characteristics
of the MFSFET with W/L =5 pm/1 pm,
which followed an LPCVD process at 750
°C for the oxide, exhibited a narrower hys-
teretic window and lower drain current level
as compared with the former device. This
result is due to the loss of the original ferro-
electric characteristics by the high temper-
ature process [13]. The programming char-
acteristics of the MFSFET was tested by a
soft bias stress. The amplitude and dura-
tion of the stress pulse were £5 V and 1
us, respectively. The current level did not
change under the stress up to 107 cycles.
After 10° cycles of the stress, the current
level decayed by 20%. This degradation was
somewhat larger than that of the ferroelec-
tric capacitor, which may come from a non-
uniform dielectric thickness on the channel
edge of the MFSFET [13]. The change in
Ip of the MFSFET with W/L =25 pum/2
pm under a hard stress was also monitored,
as shown in Fig. 6. The amplitude and du-
ration of the stress pulse were =7 V and 10
ms, respectively. There was nearly no Ip
degradation below 10 cycles, however, the
drain current increased by about 50 % at
10% cycles. The increase may be due to the
leakage current from the threshold voltage

lowering. Beyond 10? cycles of the stress,
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the current level decayed slowly due to the

degradation of the ferroelectric characteris-

tics.
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Fig. 5. Hysteretic Ip — Vi characteristics of the MF'S-
FET.
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Fig. 6. Drain current shift of the MFSFET by the

hard stress condition.

Although the MFSFETSs showed good
programming characteristics, there remains
some problems to be solved. Cracking of

the films were observed, as shown in Figs. 8
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Source

Fig. 7. Top view of the cracking.

and 9. The cracks might be formed by
the loss of stoichiometry of the film or the
temperature gradient during the RTA pro-
cess. Chemical solutions may penetrate
into the channel through the cracks, result-
ing in a low device performance or reliabil-
ity problems. The bad adhesion between
the film and the Al gate may cause ex-
tremely necking or peeling phenomena as
shown in Fig. 9. The bad adhesion may
also degrade the device performance and
reliability, showing poor hysteretic Ip — Vg
curves as shown in Fig. 10. For that case,
the effective gate voltage biased on the film
may be reduced, lowering the drain cur-
rent drivability and raising the program-
ming voltage. Therefore, further material
studies and experimental analyses are re-
quired.

The current level of the MFSFET is
somewhat low as compared with a usual
MOSFET, due to the relatively lower po-
larization as compared with a high polar-
ization material such as PZT. For the appli-
cation of the proposed MFSFET to scaled
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Fig. 8. Cross-sectional view of the cracking.

«— Neckor Open

Fig. 9. Necking or opening phenomena of the narrow
Al gate due to the bad adhesion between the Al
gate and BaMgF, film.

memory or neuron devices, further studies
on higher polarization material with low di-

electric constant are also required.
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Fig. 10. Poor hysteretic Ip-V characteristics of the
MFSFET due to the film cracking or bad adhe-

sion.

IV. CONCLUSION

We developed a novel MFSFET with
polysilicon islands as source/drain elec-
trodes and BaMgF, film as a gate dielectric.
The polysilicon source/drain islands were
formed by CMP technique, and BaMgF,
gate dielectric was deposited in a UHV
chamber and treated with the RTA. The
fabricated MFSFET showed a good I —V
hysteretic curve, confirming the usefulness
of the proposed MFSFET for ferroelectric
memory transistors. Further studies on the
formation of stable films and the preser-
vation of remanent polarization during the
thermal cycles are required to use BaMgF,
film in memory applications or other de-

vices.
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