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ENERGY OF THE SCREENED COULOMB INTERACTION
IN MOS STRUCTURE WITH THE DIELECTRIC ENVIRONMENT OF
FINITE THICKNESS

In the inversion channel of the MOS device structure the properties of the screened
Coulomb interaction potential considering the finite thickness of the dielectric layer and the
dielectric inhomogeneity of the environment are comprehensively discussed. The explicit
dependences of the screened Coulomb potential on the dielectric constants of the
semiconductor and oxide layer, as well as the oxide layer thickness are obtained. The
analytical features of the received interaction potential are provided.

Keywords: inversion channel, screening, screened interaction potential.

Nowadays, silicon-based electronics has reached possible physical limits and
the continued optimization trend has insisted on the decisive importance of the
semiconductor quasi-two-dimensional (Q2D) channels with the highly mobile
electron gas (Q2D EG) on the dielectric gate layers with sub-nanometer equivalent
thickness in metal-oxide semiconductor (MOS) devices. Various materials such as
III-V group semiconductors, few-layer graphene and metal dichalcogenides are
promising candidates for low- power consumption and high switching speed of
MOS device requirements whereas dielectric gate layers with a high (relative to
Si0;) dielectric constant value (high — x dielectric) are of key interest [1]. In turn,
the downscale technology goes also in an alternative way, and the gate dielectric
layers with a low dielectric constant value relative to SiO, (low — x dielectric) of
the same thickness are demanded as well. The latter may reduce particularly the
parasitic capacitance of the MOS device, enabling to make the switching speeds
faster as well as lowering the heat dissipation performances [2].

Successful scaling of MOS structures towards shorter channel lengths
requires higher doping levels to achieve high drive currents and minimized short-
channel effects. The high levels of substrate doping needed in nanodevices to
prevent the punch-through effect, leading to the Q2D nature of the carrier transport,
were found responsible for the increased threshold voltage and decreased channel
mobility.

Every MOS device, regardless of the component materials combination
choice, its for own operation exhibits joint features requiring one or several
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strongly finite thickness dielectric layer media, demonstrating dielectric
polarization effects due to the difference between the dielectric constants of the
semiconductor channel and dielectric barriers’ regions. As a result, the spatial
nearness of the metal gate and finite thickness dielectric environment would
reasonably modify the Coulomb interaction properties in the inversion channel
region in comparison with the host semiconductor itself.

The MOS device structure inversion channel region related real-space

Z 4 screened by 2D EG Coulomb interaction potential

£ calculations taking into account the inhomogeneous and

rriuiaiaiaie finite dielectric environment is provided in the presented

0 = paper for the first time. Let us have a four-layer

€ heterogeneous MOS structure in which the region z < -

L ——— (L+D) is occupied by a gate metal, the region - (L+D) <
LD €0 7 <. [ by a dielectric oxide layer with dielectric constant

ep of thickness D , region -L < z < (0 by an intermediate
Gate metal dielectric layer with dielectric constant ¢; of thickness L
and the region 0 < z < o by a semiconductor substrate

Fig. 1. Four layer with dielectric constant &s as shown in Fig. 1. Here the z
MOSFET system axis is perpendicular to the dielectric layer interfaces.
The point charge e at the site with coordinates p = 0, z =279 > 0 ( p - is two-
dimensional (2D) plane coordinate) is placed in the oxide/semiconductor junction
region with 2D inversion layer containing 2D EG.

The screened Coulomb interaction potential ¢(p, z) of the point charge is

related to Poisson’s equation as

e(2)V; p(F.5) = —4r[ed(z = 2)8(P) + Py (F 1)), (1)

where ¢ 1is the Dirac-delta function, 7 = 7 (5, z) . In Exp (1), pina is the induced

charge density, which, in accordance with the Tomas — Fermi method, has the
form:

2re’ On,
0 Uy

Pia =~ g(2)e(p) 2)

w

where ng is the surface density at temperature 7', uy — the chemical potential in the
absence of the Coulomb perturbing field, g(z) = |y ( Z)‘z is the normalized charge

distribution. In Exp.(2), »(p) is the averaged screened potential acting on the

electron:
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p(p)=[p(p.2)g(2)ds 3)

and gives no change in the normalized eigenfunction w(z) of the electrons’ self-
consistent effective mass equation but gives a change in the latter’s eigenvalue.
Exp. (én /0 pu,) in (2), on the condition of the size quantum limit, i.e.

when the one-particle ground quantum level in the active chanel is occupied only,
is determined from the Debye model as:

8’13 _ me [l_exp(_ﬂ'nshz/mngT)] ’ (4)

ou, Crh’

where m, is the electron effective mass, kp is the Boltzmann parameter.
Poisson’s equation (1) with Exps. (2) and (4) then gets the well-known form [3]:

, o 47ze§ s z20
V2p(p,2)=2q,8(2)p (p)=|"—, 2P SN
0 z<0

where ¢; is the 2D screening parameter defined as:

_2me’ On,

q, (6)

g, Ou,

N

Exp. (6) in particular for the non-degenerate (r n, # / m. kz T<<l) and
degenerate (7 ny 77/ m. ks T>>1) Q2D EG statistic has the forms:

2 2 zn h’
gs=—and g = ————— (7
a, a, m,k,T
where ap = &,h*/m.e’ is the electron Bohr radius.
To solve Eq.(1), here we utilize the cylindrical coordinate system expressing
the interaction potential in Fourier components ¢(k,z) with respect to the coordinate
p as:

00

Iei£ﬁ¢k (Z)dzjg - I,]O(kp)(ok (z)kdk , (8)

0

r)= 0,z) =
¢ (7)=¢(p.2) 27)
where k is the electron 2D plane vector, and J, is the 0-th order Bessel function.

The Poisson’s equation (1) with Exp. (8) for the discussed system gets the
form:
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2
Vicok(z)—k2(pk<z)—2qsg(z><ok(z)z—g—ea(z—za 20

V§¢k(z)—k2¢k(z)=0 z<0

which would be solved applying appropriate electrostatic boundary conditions:

P (Z)|—(L+D) =0
@, (2) - = P (Z)L’_—
10
;20| 0@ (1o
! oz |. ! oz |-
z;,=-L; 0

The appropriate general solutions of corresponding inhomogeneous
andhomogeneous equations of Exp. (9) are respectively:

2e e FlFmal ke _ , o
0 (D)., ===+ Ce " -2¢,p,[2(z)G(z,2)dz' (D)
= e, 2k o
and
C, e +C,e" 0>z>-L
9. (2)] _,=1Cye®+Cye® —L2z>-(L+D) (12)
0 z<—(L+D)

- | _
where C,, = C3aek(D+L)(ek(2D+L) e /cL), G(z,z’)=ﬁe k|22 +Ce k and C.=const

(i=1, 2, 3) are the coefficients to be determined by the Exp.(10). In Exp.(12), the
screening by the gate metal on the induced potential is taken into account by
imposing the condition ¢x(z)=0, while among the coefficients C; , in accordance
with Exp.(11), just C; corresponds to the channel region and has to be calculated.
Applying the boundary conditions after Exp.(10) at i-th interface, we have for C; :

* *

— kL e_kzo —ES — (C;D

1 = k * *
g, 2 Esté&p

, (13)

&g = &4¢, sinh kD cosh kL + &£, cosh kD sinh kL
&, = &, sinh kDsinh kL + &, £, cosh kD cosh kL

where
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As a result, the general solution of Eq.(11) is given by :

—k(z+zgy)

@ (2)

>0

e | el gt gt e
+ S D

L s & 207 [ 2(2)G (2. 2"ydz" » (14)
p P } m!g(z)(zz)z

K

1 o * _ * ’
where G(z,z')=—]|e k|22 +5§75€ew<z+z)
2k Ec+é,

and

7 = [0.(2)]._, g(2)dz =

{j e g (2)dz + 5T [T g (2)dz }
_e 0 st ép . (15)

- gg o0 o0 , * _ *® o0 2
Ck+ q, J‘g(z)dzjiefk‘zfz ‘g(z’)dz'+ gf_i_if[jekzg(z)dzJ
0 )

0 N 0

Exps.(14) and (15) present the screened Coulomb interaction potential
related to the inversion layer region for the discussed four-layer structure.

Let us now discuss the analytical features of the obtained interaction potential.

1. In the absence of both any dielectric layer, i.e. D = L = 0, and screening
effect, Exp.(14) reduces to the well-know non-conductor/conductor junction

expression:

272- e {e—kz—zo . e—k(z+zo)}

k,z,z,) =
@ ( 0) ¢k

; (16)
2. In the absence of both screening effect and metal with any dielectric layer,

i.e. L =0 D—ow (D = 0 with L—o)), the interaction potential (14) reduces to the

semiconductor/bulk dielectric junction corresponding expression [3]:

2w e Zklz— _ ES - &
0 (k,z,20) ==~ ¢ ettt DS _CDW AL (1)
Eg Es + Epry

3. In the presence of the screening effect, and in the absence of the metal
with any dielectric layer, i.e. L = 0 with D—o (D = 0 with L—)), Exp.(14)
reduces to the semiconductor/bulk dielectric junction corresponding expression (10

b) after Ref.[4];
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4. In the absence of both screening effect and one dielectric layer, i.e. L=0,
the interaction potential (14) goes to the expression:

(D(k,Z,ZO) =

2rwe { otz | k() &g —&pcth (kD) (18)
&gk g+ epcth (kD)

for the semiconductor/dielectric layer/metal junctions case [5].
5. In the absence of the screening effect, Exp.(14) goes to the expression:

&5 —&ycth (kD) — &,th (kL) + S50 cth (kD) th (KL)
&

,(19
p(k,z,z)) = 72”: { e Ml 4 gk g 2 (19)
& g, + &pcth (kD) + &,th (kL) + <552 cth (kD) th (kL)
gL

which for the four-layer MOS structure case is discussed in Ref.[6].
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u.<. u<UrnL3UL, k.M. UNLUL3UL, U. USLLErP

turuvudnr4uo unkLNL3UL eNluuRHE8NNe3UL ELEMhUL
Jd6rudnr KUWUSNh@-3UuU P HhELEUSMhLULUL UbRUYUSMNY UOY
LunnNh8yuoLNrU

UOY pwnwsytipnn Junnigywdph huytpupnu 2tipninid hwdwynndwuhnpbu putwpy-
dby Bu Eypwuwynpqws Ynyntywu tinfuwgnbgniput wninbughwih hwnynygyniuubpp' ybip-
owynp hwuwnnipjudp b wuhwdwubin nhiGlunphywlywu dhowdwiph hwowndwdp: Unwg-
db BU Ynyntywu hnfuwgnbgnipjwt wninkughwih' Yhuwhwnnpnswihu W opuhnwihu obip-
wbph nhEYyunphlulywu pwihwugbihnyeniuubphg, huswbu twl opuhnwihu 2tpnh hwu-
wnipniuphg pwgwhwjn Yufujwdnipniuubipp: Luuwnyyt) Gu unwgywd hnfuwgntignie-
jwu wnwbughwih Yepndwlywu wnwuduwhwunyniyeniuutipp:

Unwtgpuyhti pwnbp. huybipuhnu 2tipwn, typwuwynpnid, hnfuwgnbignipjwu wn-
nbughuwi:

K.I'. ATAPOHSH, 2.I1. KOKAHSIH, M. AHJLJIEPHA

SHEPT'USI SKPAHUPOBAHHOI'O KYJIOHOBCKOI'O
B3ANMOJIEVICTBHUS B MOII CTPYKTYPE C IUAJIEKTPHUYECKOMN
CPEJION KOHEYHOM TOJII[UHbI

B unBepcnonnom ciioe MOII cTpyKTypsl BcecTOpoHHE 00CYKIAEHBI CBOMCTBA MOTEH-
1[Maja SKPaHUPOBAHHOTO KYJIOHOBCKOTO B3aUMOJICHCTBHS C yU€TOM KOHEUHOCTH TOJIIUHBI
JUDIEKTPUUECKOr0 CJIOSI M AUAIEKTPUUYECKONH HEOJHOPOAHOCTU cpeabl. IlomydeHsl sBHbIE
3aBUCHMOCTH TOTEHIIMANa KyJOHOBCKOTO B3aMMOJCHCTBUS OT AUDIEKTPUUECKUX KOHCTAHT
TTOJTYIPOBOTHIUKOBOTO M OKCH/IHBIX CJIOEB, @ TAKXKE OT TOJIIMHBI OKCHAHBIX caoeB. O0Cyx-
JICHbl aHAJTUTHYECKHE OCOOEHHOCTH MOJy4EHHOT0 MOTEHIMAa B3aUMO/IEHCTBYSL.

Knrouegvie cnoea: MHBEpCUOHHBIN KaHaJ, SKPaHUPOBAHUE, OTEHIMAT B3aUMOAEH-
CTBHSI.
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