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Abstract: Metal-ferroelectric-insulator-silicon (MFIS) capacitors with BizsNdygsTi30;, (BNT) ferroelectric thin film were
simulated using a commercial software Silvaco/Atlas, and the effects of applied voltage and insulator layer on capacitance—voltage
(C—V) hysteresis loops and memory windows were investigated. For the MFIS capacitors with CeO, insulator, with the increase of
applied voltage from 2 V to 15 V, the C—V loops become wider and memory windows increase from 0.15 V to 1.27 V. When the
thickness of CeO, layer increases from 1 nm to 5 nm at the applied voltage of 5 V, the C—V loops become narrower and the memory
windows decrease from 1.09 V to 0.36 V. For MFIS capacitors with different insulator layers (CeO,, HfO,, Y,0s, SizN, and Si0O,),
the high dielectric constants can make the C—V loops wider and improve the capacitor’s memory window. The simulation results
prove that Silvaco/Atlas is a powerful simulator for MFIS capacitor, and they are helpful to the fabrication of MFIS nonvolatile

memory devices.
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1 Introduction

Recently, ferroelectric memory field effect
transistors (FEMFETs) with a metal-ferroelectric-
insulator-silicon (MFIS) structure have emerged as
promising nonvolatile memory devices due to their
attractive properties such as nondestructive readout
operation, low power consumption and high switching
speed[1]. However, before they can be utilized, the
electric properties of MFIS capacitors such as
capacitance—voltage (C—V) characteristic and memory
window need to be better understood[2]. Experimentally,
there are many studies on the optimization of MFIS
capacitors with different ferroelectric and insulator layers,
and the electric properties are also investigated[3—4].
The 2-dimensional (2D) device simulator Silvaco/Atlas
can be successfully used to simulate the electric
properties of MFIS capacitors composed of n-type doped
polysilicon, PZT thin film, SiO, insulator layer, and

silicon substrate[5]. As far as we know, the electric
properties simulation of MFIS capacitor with lead-free
ferroelectric thin film with a bismuth-layered perovskite
structure is rarely reported, although the electric
properties such as the C—V characteristics and memory
window are very significant for ferroelectric memory
devices.

In this work, the simulation of electric properties of
MFIS capacitor with Bi; 15NdygsTi301, (BNT) thin film
was performed. The effects of applied voltage and
insulator layer thickness on C—V characteristics and
memory windows were investigated for the CeO,
insulator layer. The insulator layer material (CeO,, HfO,,
Y,0;3, SizN, and SiO;) dependence of electric properties
of MFIS capacitor was also investigated via the
variations of dielectric constants and applied voltages.

2 Methodology

2.1 Detail of MFIS capacitor structure
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Schematic illustration of a MFIS capacitor structure
is shown in Fig.1. The length and width are 2 pm and
1 um, respectively, and the thickness of BNT
ferroelectric layer is 200 nm. The thicknesses of metal
electrode and substrate are not considered for the n-type
doped polysilicon and the p-type doped silicon according
to the Silvaco/Atlas instruction. To investigate the
insulator layer thickness dependence of electric
properties for MFIS capacitor, the insulator thickness
increases from 1 nm to 5 nm. Relative parameters are
listed in Table 1[4, 6—9].
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Fig.1 Schematic illustration of MFIS capacitor structure

Table 1 Device parameters used in simulation

Parameter Definition Value

Remnant polarization of

BNT thin film 26

PJ(uC-cm?)

Spontaneous polarization

. -2
Py/(uC-cm™) of BNT thin film

32

EJ/(kV-em™) Coercive field of BNT thin film 60
Dielectric constant of

ér ferroelectric layer 350
&sio, Dielectric constant of SiO, 3.9
&sigN, Dielectric constant of Si3N, 7.9
€Hfo, Dielectric constant of HfO, 22
£ceo, Dielectric constant of CeO, 28
€y,0, Dielectric constant of Y,03 18
t/nm Thickness of ferroelectric film 200

Nyem™ Substrate doping 1016

concentration

2.2 Operation of Silvaco/Atlas software

Silvaco/Atlas consists of many models with
different functions. FERRO and S-Pisces models are
used. In order to consider the saturated and unsaturated
polarization behavior of ferroelectric material under
different conditions, the FERRO and UNSAT.FERRO
models are based on the ferroelectric permittivity
theoretical model proposed by Miller in Silvaco/Atlas([5,
10]. To obtain C—V hysteresis loops of MFIS capacitor
under high frequency (1 MHz), the FERRODAMP

parameter in FERRO model is used to illustrate the effect
of the polarization of dielectric permittivity, and it is
determined as 0 by analogy with the simulation[11].
Considering the work-functions of BNT thin film,
semiconductor substrate and metal electrode, the contacts
are set to be Schottky for the top electrode and Ohm for
the bottom electrode[12]. There is Brew’s charge sheet
model in S-Pisces. Combined with Brew’s charge sheet
model and Miller’s ferroelectric permittivity model,
Silvaco/Atlas can be used to predict the electric
properties of MFIS capacitor[11]. The model used in
Silvaco/Atlas is modified from Miller’s model, which
can fit well with experimental data while the ferroelectric
material is saturated[10]. However, if the ferroelectric
material is unsaturated, the ability of this model to
predict the ferroelectric behavior is poor, especially for
MFIS structure[13].

3 Results and discussion

3.1 Effect of applied voltage on electric properties

The C-V characteristics and memory windows of
MFIS capacitor with CeO, insulator layer at various
applied voltage are shown in Fig.2. The thickness of
CeO, layer is 1 nm. The inset shows the corresponding
memory window as a function of applied voltage. In
Fig.2, there are a flat band voltage shift and clockwise
hysteresis loops, which is induced by the ferroelectric
polarization[14]. The C—V loops become wider with the
increase of applied voltage. The memory window is
defined as the difference of the flat band voltage shift
during the voltage sweeping[15]. From the inset of Fig.2,
the memory window increases with the increase of
applied voltage and reaches the saturated value of 1.27 V
at the applied voltage of 8 V.
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Fig.2 C-V characteristics of MFIS capacitor with CeO,
insulator and BNT ferroelectric layers at various applied
voltage(Inset shows corresponding memory window as
function of applied voltage)
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3.2 Effect of insulator layer thickness on electric

properties

Fig.3 indicates the C—V characteristics and memory
windows of MFIS capacitors with the different
thicknesses of CeO, insulator at the applied voltage of 5
V. When the insulator thickness increases from 1 nm to 5
nm, the C—V loops become narrower and the memory
windows decrease from 0.92 V to 0.31 V. They are
consistent with the conventional effect of insulator
thickness on electric characteristic of the MFIS
capacitor[16]. The results can be understood from the
relationship between the effective electric field in the
ferroelectric layer and the insulator thickness. The
effective electric filed in the ferroelectric layer can be
expressed as[17]

((:.
E.=| ———— 1 1
f [sfdi +8idfj G M

where V7 is the applied voltage; dr and d; represent film
thicknesses of the ferroelectric and insulator layers, and
e and ¢ are the dielectric constants. Obviously, E;
decreases with the increase of insulator layer thickness,
and this will result in the decrease of memory window[6].
Therefore the memory window decreases with the
increase of insulator thickness (see the inset of Fig.3).
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Fig.3 C—V characteristics of MFIS capacitors with different
thicknesses of CeO, insulator layer(Inset shows corresponding
memory window as function of insulator thickness)

3.3 Effect of insulator layer materials on C-V

characteristics

Fig4 shows the C—-V characteristics of MFIS
capacitors with different insulator layers CeO,, HfO,,
Y,0;, SizN4 and SiO,, and the inset is the corresponding
memory window. The insulator layer thicknesses of them
are all 1 nm, and the applied voltage is 5 V. According to
Fig.4 and Table 1, the C—V loops of the MFIS capacitor
become wider with the increase of dielectric constant.
The memory window of MFIS capacitor with CeO,

insulator layer is 1.09 V, but the memory window is only
0.36 V for SiO, insulator layer. In Eqn.(1), the insulator
layer with high dielectric constant ¢ will cause a higher
E:r. When E; increases, the memory window of MFIS
capacitor increases[6]. Therefore the memory window
increases with the increase of dielectric constant (see the
inset of Fig.4).
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Fig.4 C—V characteristics of MFIS capacitors with different
insulator layers(Inset shows corresponding memory window as

function of relative dielectric constant of insulator layer)

3.4 Effect of insulator layer materials on memory

windows

Fig.5 shows the memory window of MFIS
capacitors with CeO,, HfO,, Y,0;, SizN; and SiO,
insulator layers as the function of applied voltage. The
memory windows of MFIS capacitors with CeO, and
HfO, insulator layers are saturated at applied voltage of 7
V, whereas for MFIS capacitors with SisN, and SiO,
insulator layers, the memory windows are still
unsaturated even at applied voltage of 15 V. This means
that at the same insulator thickness, the insulator layer
with high dielectric constant can make the memory
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Fig.5 Memory windows of MFIS capacitors with different
insulator layer as function of applied voltage
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window of MFIS capacitor saturate at a lower applied
voltage. This will reduce the operation voltage of the
MFIS capacitor and make the device more compatible
with the modern integrated circuit techniques[18].

4 Conclusions

1) The electric properties of MFIS capacitor with
BNT ferroelectric thin film and various insulator layers
are simulated using the 2D device simulator
Silvaco/Atlas.

2) The increase of applied voltage, the decrease of
insulator thickness and the enhancement of dielectric
constant of insulator layer will improve the memory
window of MFIS capacitor.

3) A balance should be chosen among the applied
voltage, the thickness of the insulator layer and the
dielectric constant of the insulator. The results will be
helpful to the fabrication of MFIS nonvolatile memory
devices.

References

[1]  SCOTTJF, ARAUJO C A. Ferroelectric memories[J]. Science, 1989,
246(4936): 1400—1405.

[2] CHANG C Y, TREVOR P J, JOSEPH Y L. Fabrication and
characterization of metal-ferroelectric (PbZr s3Tig4703)-insulator
(Dy,0;)-semiconductor ~ capacitors ~ for nonvolatile
applications[J]. Appl Phys Lett, 2006, 88: 072917—1-3.

[31 CHOIT, KIM Y S, YANG C W, LEE J. Electrical properties of
Bijz 55Lag75Ti30); thin films on Si for a metal-ferroelectric-insulator-
semiconductor structure[J]. Appl Phys Lett, 2001, 79(10):
1516-1518.

[4] ZHANG S T, ZHANG X J, CHENG H W, CHEN Y F, LIU Z G,
MING N B. Enhanced electrical properties of c-axis epitaxial
Nd-substituted BisTi3O;, thin films[J]. Appl Phys Lett, 2003, 83(21):
4378-7380.

[5] SILVACO International. Simulation standard[EB/OL]. http://www.
silvaco.com, 1996.

[6] KIM Y T, SHIN D S. Memory window of Pt/SrBi,Ta,Oo/
Ce0,/Si0,/Si  structure  for metal ferroelectric  insulator

memory

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

s755

semiconductor field effect transistor[J]. Appl Phys Lett, 1997, 71(24):
3507-3509.
RAGESH P, MONICA S, JANE P C Electrical characteristics of
postdeposition annealed HfO, on silicon[J]. Appl Phys Lett, 2005, 86:
202902-1-3.
TEOWEE G, MCCARTHY K C, MCCARTHY F S, BUKOWSKI T
J. Preparation and characterization of sol-gel derived Y,Os thin
films[J]. Journal of Sol-Gel Science and Technology, 1998, 13(1/3):
895—898.
YOON D S, ROH J S, LEE S M, BAIK H K. Alteration for a
diffusion barrier design concept in future high-density dynamic and
ferroelectric random access memory devices[J]. Progress in Materials
Science, 2003, 48: 275-371.
MILLER S L, MCWHORTER P J. Physics of the ferroelectric
nonvolatile memory field effect transistor[J]. J Appl Phys, 1992,
72(12): 5999-6010.
SILVACO International. Atlas user’s manual[EB/OL]. http://www.
silvaco.com, 2004.
SU Y D, SU W C, LEE J Y. The characterization of retention
properties of metal-ferroelectric (PbZr s3Tip4703)-insulator (Dy,0s,
Y,03)-semiconductor devices[J]. Microelectronics Reliability, 2007,
47(4/5): 619-622.
LUE H T, WU C J, TSENG T Y, Device modeling of ferroelectric
memory field-effect transistor (FeMFET)[J]. IEEE Transactions on
Electron Devices, 2002, 49(10): 1790—1798.
KUMARI N, PARUI J, VARMA K B R, KRUPANIDHI S B. C-V
studies on metal-ferroelectric bismuth vanadate (Bi,VOss)-
semiconductor structure[J]. Solid State Communications, 2006,
137(10): 566—569.
CHEN H Y, WU J M. Characteristics of (Pb,Sr)TiOs/ZrO, structures
on Si and SiON/Si substrates[J]. Appl Phys Lett, 2007, 90:
112907-1-3.
HUANG C H, TSENG T Y, CHIEN C H, YANG M J, LEU C C,
CHANG T C, LIU P T, HUANG T Y. Electrical properties of
metal-ferroelectric—insulator-semiconductor using sol-gel derived
SrBi;Ta,0y film and ultra-thin Si;N, buffer layer[J]. Thin Solid Films,
2002, 420-421: 377-381.
LEE S K, KIM Y T, KIM S I. Effects of coercive voltage and charge
injection on memory windows of metal-ferroelectric-semiconductor
and metal-ferroelectric-insulator-semiconductor gate structures[J]. J
Appl Phys, 2002, 91(11): 9303-9307.
CHAU R, BRASK J, DATTA S, DEWEY G, DOCZY M, DOYLE B,
KAVALIEROS J, JIN B, METZ M, MAJUMDAR A. Application of
high-« gate dielectrics and metal gate electrodes to enable silicon and
non-silicon logic nanotechnology[J]. Microelectronic Engineering,
2005, 80: 1-6.

(Edited by CHEN Can-hua)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


