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The article is devoted to the actual task of studying a dielectric, which is an alternative to silicon dioxide
in metal-insulator-semiconductor (MIS) structures. In metal-silicon dioxide-silicon structures, upon going
to nanosize, the thickness of the dielectric film decreases so much that it becomes tunnel-transparent and
its breakdown voltage decreases. These phenomena can be eliminated by replacing silicon dioxide with a
dielectric with a higher dielectric constant. These dielectrics primarily include oxides of transition and rare-
earth metals. The parameters and characteristics of the MIS structure are determined by various factors, but
the properties of the dielectric and the dielectric-semiconductor interface play a special role. In previous works
of the authors, it was theoretically proved that cerium dioxide from a number of candidate dielectrics should
have the best quality of the interface with silicon. This work is devoted to a study aimed at determining
the flat-band voltage and capacitance of MIS structures and at assessing the quality of the cerium dioxide-
silicon interface. The study is carried out by the method of capacitance-voltage characteristics. For this,
the high-frequency capacitance-voltage characteristics of the aluminum — cerium dioxide — silicon structures
were measured at different temperatures. The capacity of the space charge region (SCR) in the enrichment
and weak inversion modes of the near-surface layer of a semiconductoris considered. It is shown that the
dependence of this capacitance in the (-2) degree on the voltage at the metal electrode c;?(Vg) is linear.
The intersection of this line with the abscissa axis makes it possible to determine the flat-band voltage. The
slope tangent of this linear dependence makes it possible to determine the energy density of the charge at
the dielectric-semiconductor interface. It is shown that the charge density at the cerium dioxide — silicon
interface corresponds to the minimum values of the charge density at the silicon dioxide — silicon interface.
The absence of a shift in the capacitance-voltage characteristics of the structures under study with a change
in temperature indicates the stability of the charge at the cerium dioxide - silicon interface.
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Introduction

The basis of modern micro- and nanoelectronics is
metal-insulator-semiconductor (MIS) structures. The
parameters and characteristics of the MIS structure
are determined by various factors, but the properti-
es of the dielectric and the dielectric-semiconductor
interface play a special role [1-3]. Until recently, si-
licon dioxide (SiOs) films were used as a dielectric in
such structures, since its physical characteristics almost
completely satisfy technological and operational requi-
rements. Among inorganic solid materials, SiOy has
the largest band gap (about 9eV), is characterized by
the highest resistivity (about 10** Ohm-cm), and the
glassiness and amorphousness of the films obtained by
thermal oxidation in dry oxygen ensures their isotropy.
However, the transition to nanotransistor electronics is
faced with the problems of an ultra-thin dielectric [3],
which is associated with the low dielectric constant of

Si0y (3,8-3,9 a.u.). A decrease in the thickness of
the SiOs film leads to the appearance of a tunneling
current, decreases the breakdown voltage of the di-
electric, and increases the effect of high-temperature
technological modes on the properties of the dielectric-
semiconductor interface.

This problem can be solved by replacing SiO, with
a dielectric that has a higher dielectric constant and
would meet the following conditions:

1. The technology for producing dielectric films
must be compatible with the classical technology for
manufacturing silicon MIS devices.

2. The process temperature is lower than the oxi-
dation temperature of silicon in dry oxygen.

3. The quality of the dielectric-silicon interface is
not worse than the Si — SiO» interface.

Therefore, the search and study of a dielectric
alternative to silicon dioxide is an urgent task.
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1 Problem statement

The simplest approach to choosing a dielectric for
MIS structures is based on the relationship between
the dielectric constant of a dielectric and its band
gap, which determines the height of the potential barri-
er at the insulator-semiconductor interface [3]. Based
on this, a group of dielectrics with increased dielectric
constant (high-k), suitable for silicon MIS structures,
is distinguished. High-k dielectrics include transiti-
on metal oxides and rare-earth metal oxides. These
materials meet the technological requirements, and
their relative permittivity lies in the range e=8. .. 30.
In this regard, there is an intensive study of candidates
for replacing silicon dioxide, such as ZrOs [4,5], Al;O3
[1,6,7], Y203 [8], Gd203 [9,10], HfOQ [11], CeOQ [12]
and others.

The increased dielectric constant of the dielectric
makes it possible to increase the thickness of the
dielectric film, which automatically excludes tunnel-
ing currents through it and increases the breakdown
voltage. However, in addition to the dielectric constant,
the parameters and characteristics of MIS devices are
also influenced by other dielectric parameters: the
degree of ionicity, the crystal lattice parameter, the
effective charge in the dielectric and charge at the
dielectric-semiconductor interface, work function and
band gap [3].

Engstrom et al. [13] proposed a choosing criteri-
on for a dielectric based on numerical simulation of
the carrier tunneling process through a dielectric. This
criterion only allows to reduce the range of suitable
materials; numerical calculations are complex and their
result is unique for each specific case of the dielectric
thickness. Thus, after changing initial conditions, the
simulation result may also change, therefore, a material
change will be necessary in the technological process.

In works [3,14], choosing criteria, that are focused
on the choice of a certain dielectric, was proposed. In
accordance with these criteria, the most suitable is a
dielectric with a largest value of a figure of merit, which
depends on the set of dielectric parameters. Although
this criterion assumes the choice of a certain dielectric,
the choice result does not guarantee reliability, due
to the optimal (reference) values are parameters of a
hypothetical dielectric.

In addition, the considered criteria do not take
into account the quality of the dielectric-semiconductor
interface and are designed exclusively for a silicon
substrate. However, the properties of the dielectric-
semiconductor interface have an exceptional impact
on the parameters and characteristics of MIS devi-
ces. In this regard, the problem arises of developing
such a criterion for choosing a dielectric that would
take into account the state of this interface for any
semiconductor substrate.

In [2] general choosing criterion for a dielectric
for any semiconductor substrate of an MIS structure

theoretically obtained. This criterion is based on mini-
mizing the value of the effective charge density at the
dielectric-semiconductor interface. According to this
criterion, the most satisfying the formulated requi-
rements is cerium dioxide (CeOsz). Although this di-
electric has already found practical application in MIS
structures for various purposes, the properties of the
CeO5 — Si interface have not been sufficiently studied.
The purpose of this paper is experimentally confi-
rm the choice of a dielectric based on this criterion.
For this, it is necessary to determine the flat-band
voltage and flat-band capacitance of MIS structures
and quality assessment of the CeOs — Si interface.
The study was carried out by the capacitance-
voltage (C-V) characteristics method. For the study,
MIS structures were fabricated by oxidation of a metal
mirror (substrate temperature was 160°C, chamber
pressure was 107°Pa), on a silicon n-type substrate
with volume resistivity 10 Ohm-cm. The thickness of
the dielectric films was ~ 300 nm, the gate area Ag

(the area of the metal electrode) was 1 mm?.

2 Gate dielectric capacity

To determine the flat-band voltage and the charge
density at the dielectric-semiconductor interface, it is
necessary to know the gate dielectric capacitance of
the MIS structure C [15]. This capacitance is part of
the total structure capacitance Csrg, which includes
the capacitance C; connected in series with parallel
connection of the capacitance of the near-surface layer
of the semiconductor C,. and the charge capacity at
the dielectric-semiconductor interface Cy; (Fig. 1) [3].
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Fig. 1. Capacitive equivalent circuit of the MIS

structure. C7 — dielectric capacitance, Cs. — capaci-

tance of the near-surface layer of the semiconductor,

C;+ — charge capacity at the dielectric-semiconductor
interface

In the case of a dielectric with a low dielectric
constant, the gate capacitance is directly determined
from the C-V characteristics of the MIS structure. It
is equal to the capacitance in the saturation section of
the C-V characteristic in the mode of enrichment of the
near-surface layer of a semiconductor substrate with
charge carriers. In this section of the C-V characteristic
Cy is much larger than C; and it can be assumed that
the total capacity of the structure is determined only
by the gate capacitance and does not depend on the
gate voltage V.
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A specific feature of the C-V characteristics of the
Al-CeO4 - Si structures (Fig. 2), in contrast to the C-
V characteristics of the Al—SiO, —Si structure, it does
not have a saturation region. This is due to the fact
that the dielectric constant of CeOs is much higher
comparing to SiOs, and the capacitance Cj is quite
large. In the enrichment mode, C; is commensurate
with the capacity Cs. and therefore the gate capacity
cannot be separated from the total capacity of the
structure Cysrs.-

It should also be noted that, with a change in
temperature, such MIS structures do not have a shift
of the C-V characteristics along the stress axis (Fig. 2),
which indicates the stability of the charge at the CeO»-
Si interface.

To determine the gate capacitance of the
Al-CeO3 - Si structures, the method described in [16]
was used. The essence of this method is to plot the
dependence |dCM]S/dVG|1/2 = f(Cnrs) using experi-
mental C-V characteristics. In these coordinates, in the
enrichment section of the C-V characteristic, it is a
straight line. The point of intersection of this line with
the abscissa gives the value of the gate capacitance.

Based on the real C-V characteristics data of the
Al-CeQO5—Si structure, a plot of the dependence is
plotted |dChrrs/dVe|"? = f(Curs) (Fig. 3). From
which it follows that the capacitance of the structure
of a particular sample is 435 pF.
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Fig. 2. High-frequency C-V characteristics of Al—CeQO5 —Si structures for different temperatures
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Fig. 3. Dependence |dCrs/dVa|"? = f(Chirs) for determining the gate capacitance C;
of the Al—CeO4 —Si structure

3 The voltage and capacity of flat
bands

The gate capacitance C; does not depend on the
voltage, so in determining the flat band voltage we will
consider only a specific semiconductor and interface

capacities:
1 1 ) -t
Curs/Ac  Cr/Ac '

Specific capacitance of the space charge region cg,
a depletion mode and weak inversion has the following

Cs=CgsctCit= ( (1)
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dependence of the surface potential v;:

c = ssgoqNsub
Sc ws _ SDT Y

and surface potential s is linearly related to gate
voltage Vg

(2)

— Cijt — C

C *
Vo=Vip + = s,

o 3)
where Ng,, is impurity concentration in a semi-
conductor substrate; ¢ is elementary electric charge;
€p is vacuum permittivity; eg is relative dielectric
constant of a semiconductor; ¢ is temperature
potential; Vpp is flat-band voltage; ¢y is gate specific
capacity; c%. is specific capacity of the SCR, provided
that s = o; ¢;1 is surface charge specific capacity. For
simplicity, let us denote the constant factor in front of
15 by the coefficient n:

*
e cI—cit—csc.
Cr

(4)

Substituting the surface potential ¢, from (3) to
(2) we obtain the dependence of the SCR capacity on
the gate voltage:

ESEOQNS’LLZ?
Coe = — .
(Va—VrB)n='—or

In the coordinates c;,?(Vg) this dependence is li-
near, and the point of its intersection with the voltage
axis makes it possible to determine the flat-band
voltage Vip:

()

(6)

By the tangent of the slope of this line k. coefficient
n can be determined:

VFB ~ VG|C;2—>O —n-pr.

Based on the experimental data of the C-V
characteristics of the structure (Fig. 2) the dependence
c;2(Vg) for determining the flat-band voltage was
plotted (Fig. 4). The plotted linear section of the
dependence c;?(Vs), (which corresponds to the area
of enrichment and weak inversion) by the method of
least squares gives the value of the tangent ks, =
6-101°F~2.cm*.V~1L

The concentration of the acceptor impurity N, =
N4 in the semiconductor substrate, determined from
the Irwin curves [17], is 1,35-10%cm =3,

Substituting value of ks, and N4 in (7) we find that
the coeflicient n is 0,74.

Thus, according to the graph (Fig. 4) flat-band
voltage of the test sample is ~0,7V, and the capaci-
tance corresponding to this voltage is 330 pF. Similar
results were obtained for all structures of the batch in
the amount of 10 samples (Table 1).

4 Charge density at the interface
CeO, — Si

Surface charge density D;; and specific capacity c;;
related by the ratio ¢;; =¢- Dj;. Then from (4) we find:

D, = cr (1—n)—c§c.

. (8)

To determine the density of the surface charge,
it is necessary to know ci,, the value of which
is found from (2) under the condition that ¢ =
wo = @1 - In(Nsup/ns). So, po = 0,296 V, and cf,
= 2,89-1078F/cm. Substituting the data in (8) we
obtain that the energy density of the charge at the
CeO,—Si interface is on average 2,5-10'' eV—!cm™2.
This value corresponds to the charge density at the
SiO2—Si interface (~10eV~lem=2) of traditional
MIS structures with SiO,, films fabricated by thermal

n= (k:scssaoqNsub)*l. (7) oxidation in dry oxygen.
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Fig. 4. Plot for determining the flat-band voltage Vrp and capacitance Cpp Al—CeQO5—Si structures.
A = ¢;2(Vg); O - experimental C-V characteristic Cirr5(Vg); ——— — flat-band voltage and capacitance
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Tab6a. 1 Parameters of studied structures

Flat-band voltage Flat-band capacitance Egergy o.lensity. of the cha?ge at the

Sample Ne Vg, V Crp. pF dlelectrlc—semlcogcllucti)g interface
’ ’ Dj;,eV~"'cm
1 0,7 330 2,5 - 10!
2 0,5 332 2,5 - 10!
3 0,3 325 3,2 - 10!
4 0,7 320 1,4 - 101
5 0,8 334 2,7 - 10!
6 0,7 326 2,4 - 101!
7 0,9 333 2,5 - 10!
8 0,9 335 2,6 - 101!
9 0,7 315 2,5 - 10t
10 0,7 345 2,3 - 10!

Conclusions [5] Liu, J. et al. (2019). Structure and Dielectric Property

1. The flat-band voltage and capacitance and the
charge density of the CeOy — Si interface have been
experimentally determined.

2. It is shown that the charge density at the CeOq —
Si interface corresponds to the minimum values of the
charge density at the SiOy — Si interface.

3. As the temperature changes, there is no shi-
ft in the C-V characteristic of the Al — CeOy — Si
structures. This indicates the stability of the charge
at the CeO»-Si interface.

4. Significantly lower temperatures for obtaini-
ng CeO; films (160°C) in comparison with thermal
oxidation of silicon in dry oxygen (> 1000°C),
excludes the effect of high-temperature operations on
their properties.

5. The obtained results indicate that CeQO5 films can
be an alternative to SiOs films.Their use in MIS devi-
ces will eliminate the influence of tunneling currents,
while maintaining the high quality of the dielectric-
semiconductor interface.
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ExcnepumeHTaibHEe OOCTII>KEHHHA MeXKi
po3ainy aiokcuna nepiro — kpemHiit M/IH
CTPYKTYP

Kopoaesuy JI. M., Bopucos O. B., Bopouvko A. O.

Pobora mpucBguyena axTyasapHIN 3a7adl IOCTiIKEH-
Hf [ieJIEKTPUKA AJIbTEPHATHBHOIO JIOKCHIY KPEMHIIO B
CTPYKTypax MeTaJI-faieekTpuk-aamisnposimamk (M/IH). Y
CTPYKTypPaxX MeTaJ-TIOKCHUI KPEeMHIIO-KPeMHi, pu mepe-
X0/l JI0 HAHOPO3MIpiB, TOBUIMHA I€JIEKTPUYHOI ILIIBKU
3MEHIIYETHCS HACTIIBKY, M0 CTA€ TYHEJIBHO-IIPO30POIO i
3HMAKYEThCA 11 Hampyra mpoboro. Bukmountu i ssBuma
MOKHA 3aMIHOIO JiOKCHIY KPEMHIIO Jie/IEKTPUKOM 3 Olibi
BHUCOKOIO [ieJIEKTPUYIHOIO HNPOHUKHICTIO. Jlo Takmx miese-
KTPHUKIB B TEPITy Y€Pry BiHOCATHCS OKCHUM TEePEeXiTHIX
1 piakosemesibHux MerajiB. [lapamerpu 1 xapakrepucru-
kr M/IH cTpyKTypu BH3HAYAIOTHCS Pi3HMUME (haKTOpaMu,
ajie 0coOMBY POJIb BIIrPAIOTh BJIACTHBOCTI Ji€TEKTPHUKA
1 MexXi [ieJIeKTPUK-HAMIBIPOBIAHUK. Y TOMepemHix pobo-
TaX ABTOPIB TEOPETUIHO MOBEIEHO, IO JIOKCH[ Iepiio 3
Psy OieeKTPUKiB-IIPETEeH/IEHTIB IOBUHEH MATH HAHKPAIILY
SKICTh MeXi po3miiay 3 Kpemuiem. /lana pobora mpucsside-
HA JIOCJI/KEHHIO CIPSIMOBAHOMY HA BU3HAUEHHS HAIPYLH
i emroCTi wiockux 30 M/IH cTpykTyp Ta Ha OIIHKY KO-
CTi MeXi PO3AiTy JIOKCUI Iepifo — KpeMHiit. JlocimKeHmHs
MIPOBOJUTHCS METOIOM BOJIBT-(apagHIX XapAKTEPUCTHK.
st boro Oysin BUMipsiHI BHCOKOYACTOTHI BOJIBT-(hapaaHi
XapaKTEePUCTUKN CTPYKTYD AJIOMIHIN — JIOKCHI IIEpiio —
KpeMHi# 3a pi3Hux Temneparyp. PosrasamyTo emuicTs 06712~
cti mpocroposoro 3apany (OII3) B pexwmmvi 36aradenns i
cJ1abKOT iHBepCil IPUIIOBEPXHEBOTO MIapy HATIBIIPOBLIHIKA.
Ilokazano, 3ajexHicTb miel emuocti B (—2) crymeHs Bif
HAIIPYTH Ha MeTajeBoMy enexrpori c; 2(Vg) Mae mimidimmit
xapakTep. IlepeTwn i€l JIHIT 3 BiCCIO abCINC A€ MOYKJIV-
BiCTh BU3HAYNTH HAIPYTy IUIOCKUX 30H, & TAHTEeHC KyTa 11
HAXUJIy — €HePreTUYHy MNIJIbHICTD 3apAay HA MeXKi Mmomi-
JIy JieJIeKTpuK-HamiBIpoBiauuK. [loka3amo, mo mijabHICTH
3apdaay HAa MeXK1 JIOKCHI 1epilo — KpeMHil BiAmoBigae Mi-
HIMAJIbHUM 3HAYEHHAM IIIJIHHOCTI 3apsA/Ly Ha MeXKi JIOKCHT,
KpeMHiI0 — KpemHiil. BincyTHicTh 3cyBy BOJBT-bapaaHux
XapaKTEePHUCTUK AOCILIXKYBAaHUX CTPYKTYD IPH 3MiHI TeM-
epaTypu CBIAYUTH MPO CTAOLIBHICTD 3apAay HA KOPIOHI
JIOKCHJT TIE€PII0 — KPeMHIiH.

Karouosi caosa: MJIH crpykrypa; miokcum mepiio;
BosbT-(bapaana xapakrtepuctuka (B®X); mampyra mio-
CKHX 30H; HIiJTBHICTH 3apdny Ha MeXKi MOMiIy IleJeKTPHUK-
HAIBIIPOBIIHUK

DKcIepuMeHTaJIbHOE HCCJIeJOBaHUe I'pa-
HUIBI pa3jejia OUOKCHUJ Hepusl — KpeM-
"Huit M/III cTpykTyp

Kopoaesuw JI. H., Bopucos A. B., Boponvxo A. A.

Pabora mocBsieHa axTyasIbHON 3a1atde HCCIIeI0Ba-
HUS JUJIEKTPUKA AJIBTEPHATUBHOTO JIUOKCUY KDPEMHUS
B CTPYKTyPax MeTaJsl-aud/ieKTpuk-nosynposoauuk (MIIT).
B cTpykTypax Merasi-IuOKCHI KPEMHUS-KPEMHUI, TP Tie-
pexo/ie K HaHOpa3MepaM, TOJIIUHA JUIJIEKTPUIECKON ILI1eH-
KU YMEHbINAETCHd HACTOJIbKO, 9TO CTAHOBHUTCH TyHHEJIbHO-
TIPO3PATHOI 1 CHUYKAETCS ee HaIpsiKeHue mpobost. Vckiro-
YUTh ITH ABJIEHUSA MOXKHO 3aMEHON [HMOKCUIA KPEMHUS
JIU3JIEKTPUKOM C 00J1ee BBICOKOH JIMJIEKTPUIECKON IIPOHU-
maemocTbio. K TakuM OmdeKTpHUKaM B IIEPBYIO OvepeIb
OTHOCATCH OKHUCJIBbl TEPEXOMHBIX U PEIKO3EMEIbHBIX Me-
taswtoB. Ilapamerpsr u xapakrepuctuku MII crpykry-
PBl OTIPeNessioTCs Pa3/IMdHbIMU (PAKTOPAMU, HO OCOOYIO
POJIb WIPAlOT CBOWCTBA JAUAJIEKTPUKA W TPAHUILI Pa3jie-
J1a, IU3JIEK TPUK-IIO/IyIPOBOAHUK. B npeapiaynux paborax
aBTOPOB TEOPETHYECKN JOKA3AHO, YTO JUOKCHUJ IepUsl U3
pPAfa AMAIEKTPUKOB-TIPETEHAEHTOB J0JKEH UMETh HAWJIY-
diee Ka4eCTBO IPAHULIBL Pa3/iesia ¢ KpeMHueM. Drta pabora
TIOCBSIIIEHA HCCJIEJOBAHUIO HANPABIEHHOMY HA OIpezee-
HHUE HAIpsKeHus u eMKocTn wiockumx 30H MII cTpyk-
TYP ¥ Ha OLEHKY KadeCTBa IPAHMIbL Da3/eJa JIUOKCHU]L
nepusi — KpemHuil. llcciemoBaHme NTpPOBOIUTCS METOIOM
BosbT-dapaanbrx xapakrepuctuk (BOX). g sroro 6pumm
U3MepEeHbl BLICOKOYACTOTHBIE BOJIbT-(hapa/Hble XapaKTepu-
CTUKHU CTPYKTYP QJIOMUHUN — JUOKCHJ IEPUs — KPEMHUMN
IpHU Pa3HBIX TeMIepaTypax. PaccMoTpeHo eMKOCTh 06/1acT
npocrpancreenaoro 3apana (OI13) B pexkume oboramienus
¥ c1ab0il MHBEPCUM IIPUIOBEPXHOCTHOIO CJIOS TIOJIYIIPOBO-
nunka. [loka3ano, 9T0 3aBHCHMMOCTH TOH emKoCcTH B (—2)
CTEMEeHN OT HATPSIKEHWST HA METAJINIECKOM 3JIEKTPOIE
c;2(Ve) mmeer numeiimerii xapakrep. Ilepeceduerme 3Toi
JIMHUKA C OChI0 abCIMCC JaeT BO3MOXKHOCTH OIPEIE/IUTh
HaMpsKEHNMe TJIOCKWX 30H, & TAHTEHC YIJIa €e HAKJIOHA
— DHEPreTUIeCKyIO IJIOTHOCTH 3apsafa Ha IDAHUIE Da3ie-
J1a, I3JIEK TPUK-TIOIY IPOBOAHUK. [l0Ka3aHO, 9TO IJIOTHOCTH
3apsiga HAa TPAHUIE JUOKCHUI IepUsi — KPEMHUI COOTBET-
CTBYeT MUHUMAJIbHBIM 3HAUEHHUSM ILIOTHOCTH 3apsiga Ha
rpaHwuIle JUOKCu KpeMmuus — kpemuuii. OrcyrcrBue casura
B®X mccmemyeMBIx CTPYKTYD IpU U3MEHEHUN TEMIEPATY-
PBI CBHETEIHCTBYET O CTAOMIBHOCTH 3apsfa HA IDAHUIE
IUOKCHIT IEpUdA — KPEMHUI.

Karouesvie caosa: M cTpykTypa; AHOKCUI Iepus;
BosbT-(bapaanas xapaktepuctuka (BOX); mampsxenme
IUIOCKUX 30H; IUIOTHOCTH 3apsia Ha TPAHUIE Dpa3/esa
JIUJIEK TPUK-TIOJLY IIPOBO/THHUK
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