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SCREENED IMPURITIES IN THE FOUR-LAYER MOS SYSTEM

In the inversion channel of the four-layer MOS system, the screened impurity
Coulomb interaction potential properties are discussed. An explicit dependence of the
effective screening parameter on the thicknesses of the passivation and oxide barrier layers,
on their dielectric constants and the 2D EG carrier density is received. The typical physical
results such as: a) enhancement of 2D EG carrier screening saturation effect, b) the
dependence of the screening mechanism nature on the low-k and high-k types of the barrier
dielectric layers are established and numerically analyzed.

Keywords: four-layer MOS system, screened potential, effective screening parameter.

Further optimization of the metal-oxide-semiconductor (MOS) system
devices currently insists on the importance of both semiconductor active channels
with the mobile two-dimensional electron gas (2D EG) and dielectric gate layers
with the nano-scale equivalent-oxide thickness. In this regard, the III-V group
semiconductors and the high — «k dielectric gate oxides are of key interest now [1].
These active channel materials possess a narrow energy band gap favoring itself an
appearance of the impurity states being easily generated in the MOS structure.

In a usual MOS system, an active 2D EG channel operates under the static
polarization field caused by dielectric mismatch between the structural semiconductor
and dielectric layers. In turn, for the dielectric layer nano-scale thickness values
(both passivation and oxide) the polarization field induced by metal gate becomes
important [2, 3]. Thus, formed by these fields, the static polarization screening
(PS) mechanism actually initiated by the image charges located both in the
dielectric and metal gate layers can, together with the 2D carrier screening (CS)
mechanism, considerably convert the Coulomb interaction of the impurity centers
in the MOS active channel. So, the impurity states available in the MOS system
might be screened and the special conditions are created in these nanostructures to
operate with the physical parameters of the screened impurities by the inter-play of
the essential parameters such as: a) in-plane density of the 2D EG, b) the dielectric
constants of the semiconductor and oxide layer media, c¢) the nano-scale
thicknesses of the oxide layers.

Thus, clarifying the role of the MOS impurity states influenced simultaneously
by the CS and PS mechanisms is currently fundamental [4]. In the article presented
here this problem is elaborated both analytically and numerically.
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Let us have the four-layer MOS structure in accordance with Fig. 1 where
the region z < -(L+D) is occupied by the gate metal, the region - (L+D) <z <- L
by the dielectric oxide layer with dielectric constant &p of the thickness D , the region -
L < z <0 by the intermediate dielectric passivation layer of the thickness L with

Z 4 dielectric constant ¢; and the region 0 < z <

£s by the semiconductor substrate with the

0 e dielectric constant &s. Here the z axis is
perpendicular to the gate layer interfaces. In

L &L the model under discussion, the n — type 2D
e EG channel with the average surface density

-L-D ns produces the carrier screening of the

impurity charge center sited at the point p = 0,
Gate metal

z = zo > 0 near the semiconductor/oxide
Fio Th Lver MOS heterojunction. The screened Coulomb
ig. The four-layer SIUCRITE i teraction potential ¢(p, z) of the impurity

center is related to the Poisson’s equation as:

E(Z)V% @s(7,7p) = —4m[ed(z — 20)8(P) + pina (7, 7)] , (D

where § is the Dirac-delta function, # =7 (g , z), p - the 2D plane coordinate. The
solution of Eq.(1) is demonstrated in [5, 6] and in brief looks as:
In Exp (1), pina is the induced charge density, which has the form:

5] — -
Pina = —€*== g(2) §5(B) )
Ouo

where uo>>kpT is the unperturbet chemical potential, k3T — the energy scale factor,
g(2) = |P(2)|? - the normalized charge distribution, w(z ) — the normalized
solution of the electrons transverse motion, @¢(p)— the averaged screened potential
as:

8s(3,20) = [ 955, 2,2,) 9(2) dz . (3)

The ratio ( dng /duy ) in Exp.(2) on the condition of the size quantum limit
and the electrons essentially confined to move in an active channel plane is:

o=l —ew (5] @

mekpgT

where m, is the electron effective mass. So Poisson’s equation (1) then has the
form:
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V%,Z #s(P,2,20) — 2q59(2)P5(P , 2) = 8(.0)8(Z —20)z=0

A L)
Vﬁ_z <p5(prZ;ZO) = 0 z<0
where g is the 2D EG screening parameter defined as:
_ 2me” dng
T ©)

and for the degenerate and non-degenerate 2D EG statistics takes the forms:

nngh?
mekpT

2 nngh?

s =—, (

ag~ MmekpgT

2 nngh?

>>1)and g5 =

, ( <<1). (7a) and (7b)

ag mekpT ’

To solve Eq.(1) for the four-layer MOS system, we utilize the cylindrical
coordinate system p, ¢, z, and thus express the interaction potential in Fourier
components ¢(k ,z) with respect to the coordinate p as:

Iy €%k, 2,20) A%k = f” Jo(kp)os(k, 2, 2) kdk, (8)

0:5.27) =2 ),

where k is the electron 2D plane vector and Jy - the 0-th order Bessel function.
Applying appropriate boundary conditions for the ¢¢(k, z, z,) we have:

e [e—k|Z—Zo| S; _ 52) e—k(z+zg) ]

(ps(klZ'ZO)|Z>O ==

& k g5+ €p k
~2455(k,20) [ 9(2") G(z,2")dz, ©)
G(z,z") = — [ —k|z-z| +£S‘£De—k(z+z)
g5+ €h

and

(ps(kr ZO) = fm(ps(erlZO)|Z>0 g(Z) dZ =

. [fo e~Klz=zolg () dz +5 s Of e~k(z+20) g(z) dz]

= . (10)
Es k+qs[f0 9(2) dzf0 e~klz—z |g(z’) dz' + 5 (fo ekz g(2) dz) ]
where 5 and g, are determined by
[s§ = g;&;sinh(kD)cosh(kL) + £;epcosh(kD)sinh(kL) 1
g, = e?sinh(kD)sinh(kL) + £,epcosh(kD)cosh(kL) (i

Exps. (9) and (10) present the screened Coulomb interaction potential Fourier
component related to the active channel region of the four-layer MOS structure.

Here we take an active channel carrier’s strong quantum confinement (QC)
regime in accordance with the conditions ay >> d, rp >> d, where ay = e;h*/m.e’
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and 1p- are correspondingly the effective Bohr and Debye radii in the bulk
semiconductor, d - is the active layer effective thickness. The parameter d /a,
determines the criterion of two-dimensionality of the problem and for that 2D EG
should be dense and so weakly nonideal [2]. To the latter in size quantum limit
corresponds the condition nga3 >> 1, i.e. the number of surface electrons on the
area of the Bohr orbit should be large.

Under these circumstances in Exps. (9) and (10), an important role will be
played by 2D distances of p >> d, for there exists, in the 2D, a wave vector k
interval, so that £ d << 1. So the conditions k z << 1 and k& zyp << 1 have to be
imposed, which permits in the leading order of the parameter d /a, to get a solution
of Eq.(9) as:

e 1

Ps(K)|z50 = (12)

e fotey
&s SZE—gOk"' qs
Since the realistic MOS devices possess sufficiently thin passivation and thin
oxide gate layers, Exp.(12) should be modified in accordance with the long wave
related conditions kL << 1, kD < 1. The result leads the Exp. (12) to the form:

2e 1
&s k+qg’

Ps(K)],50 = (13)

where

qs = 2qs + —2L— (14)

85(8DL+8LD)'
is the screening parameter formed jointly by the CS and PS mechanisms.
With the real-space interaction energy Vs (p) = - ep(p) is:

Vo(p) = =2 {2~ Z g5 [Ho(a5) — No(a5m)1} (15)

where H(x) and N(x) are the Struve and Neumann functions.

Exp.(15) holds the same & - and p - dependences as the corresponding value
in the MOS structure with the bulk dielectric layer [2, 3] but is characterized by the
more general effective screening parameter qg, which depends simultaneously on
the key physical parameters of the 2D EG and dielectric layers (ng, &, €p, €, L, D).

Exp. (15) generalizes the previously derived screening parameter expressions
concerning the CS (first term in Exp.(15)), as well as the PS mechanisms (second
term in Exp.(14)), respectively. It is distinctive that in gg , the contributions being
produced by the aforementioned screening mechanisms are characterized by the
additive terms. The nano-scale thickness of the oxide layer leads to the related term
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of which with the CS mechanism the responsible term (gg|cs = 2qs) actually leads

in the effective screening parameter qg as qglps = and the correlation

to the characteristic physical consequences:

1) enhancement of the carrier saturation effect specific of the 2D EG
screening,

2) dependence of the screening mechanism nature (PS and CS) on the
dielectric types of the passivation and oxide layers.

As we can see from Exps. (14) and (15), with the mutual layout of the
material parameters of the passivation and oxide layers, it is possible to manipulate
with the nature of the screening mechanism, i.e. to implement a design of the
screened impurity interaction in the MOS structure. This can be achieved by using
the gate layers of different nano-scale thicknesses with different dielectric types
from one side and simultaneously applying the appropriate 2D EG type (degenerate
or non-degenerate) on the other side.

Let us now consider numerically the background impurity ground state key
parameter such as 2D EG effective screening parameter depending on the nature of
the screening in a given structure. Proceeding from the analytical form of Exp. (14)
we will rely on the realistic model based on the InSb high mobility active medium
with the smallest electron effective mass (m* = 0.014my , my - is the free electron
mass)) and a macroscopically large impurity effective Bohr radius (ap = 64.1 nm)
since for this a criterion of the two-dimensionality of the problem is fully satisfied.

Our calculations were performed on the basis of the real nano-scale
thickness dielectric layer MOS structure, namely, nSb/S(sulfur)/HfO:/metal [7]
with the the low-k/high-k dielectric contact (/4- k type MOS structure).

In particular, the numerical results of the effective screening parameter qs ,
the (q5lps > gslcs ) contributions in the gg as the function of the oxide nano-scale
thickness D € (1.5 + 8 nm ) with the characteristic two ny/T parameter values n,/T |,
~ 6.6.10" cm™/°K as the case a) and n, /T |, = 6.6.10° cm™/ K as the case b) are
demonstrated.

nngh?
5" takes the values as

For these cases, the 2D EG statistic parameter p——
e*B

nngh? nngh?

okl ~0.13 and o
correspondingly by the non-degenerate and near-degenerate types of 2D EG. Along
with the cases a) and b), the contributions of the PS and CS mechanisms to gqg
(q%lps > qslcs ) for the degenerate 2D EG (1 /T | = 6.6.10° cm™/°K) as the case c)

are clarified as well.

~ 1.3, ie. the CS mechanism is provided here
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Table

The numerical results of the q% , qs|ps and q¢|cs parameter values with the
ns/T = 6.6.10" cm™/°K , ns/T |s= 6.6.10° cm™”/°K , ns/T |p= 6.6.10° cm™*/°K parameter
values for the InSb/S/HfO: (Ih- k type) MOS structure

ns D (nm) ns q§1 aslps | Gslcs
) ) S N
(Cm /K) (cm /K) (%) (%)

6.9.10° 9.6.10° 92 8

5.1.10° 7.1.10° 89 11
6.9.10° 1.32.10° 65 35
5.1.10°% 1.1.10° 58 42
6.9.10° 1.48.10° 58 42
5.1.10° 1.26.10° 50 50

a) n/T .= 6.6.107

b) ny/T |»= 6.6.10°

¢) ny/T .= 6.6.10°

o | N So N |Co| N

Herewith, based on the real case from the Ref.7, the thickness of the
passivation layer is taken L= I/nm and for the values of the oxide layer dielectric
constants have: &g|msy = 16.9, g |s = 1, eplmo2 = 25. As follows, we have
correspondingly the low-« and high-k passivation and oxide layers in the MOS. As
shown in Table 1, in all cases under discussion, the PS mechanism becomes
predominant which is quite expected connected with the presence of the high-k
type oxide layer. In this regard, a stronger saturation effect for a non-degenerate 2D
EG takes place (sub-table /a).

At the same time, for the degenerate 2D EG (sub-table /c), starting only at
the large values with D=8nm the balance between the PS and CS mechanisms
becomes equal whereas in the first case this happens already from the D=3.75nm
oxide thickness value (sub-table /c). As follows, the presence of the oxide layer
with high-k type here leads to a complete dominance of the PS mechanism in
relation to the SC mechanism in the effective screening parameter qs regardless of
the increase in the 2D EG #, /T parameter.
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L.<. u<urnL3UL, U.d. u2USr3uy, .M. 4NLUL3UL
turuuudnrduo vlnunhyusre LUnueG6Ers Uoy cuvuuuranhu

UOY pwnwatipnn hwdwlwpgh hudbpupnu obipnnud puuwpywsé Gu Eypwuwynpywd
fuwnunyh Ynynjwt thnfuwgnbignygjwu wyninbughwih hwunynyegniuubpp: Unwgywsd £ wpn-
Jniuwpwp Eypwuwynpdwt ywpwdbnph pwgwhwjn Yuiujwdnyeniup ywuuhjwgdwu b
opuhnwihu wpgbippwihu tipnbph hwuwnigyniuutiphg, nhiGlwuphlwywu hwunwnniuub-
nhg U 22 EQ [hgpbiph funniejniuhg: <wunwnywsd Gu punpng $hghlwlwu wpryntuputbp,
huswhuhp Gu' w) 22 £ |hgpbipny EYypwuwynpdwu hwgbigdwu Gplunyeh nidbinugnuip, p)
Eypwuwynpdwt dbfuwthqdh punyeh Ywiudwdnipniip wpgbpwiht gpntiph nhkjklun-
pwywu wnhwhg (pwpdp- bW gudp- k), npnup twb Gupwnyywd Gu pYwihtu Ybpndnipjwu:

Unwugpuyhti punbp. UOY pwnwobnn hwdwlwpg, typwuwynpdwu wynnbughw,
Eypwuwynpdwu wpryntuwpwp ywpwdbunp:

K.I'. ATAPOHSH, A. K. XAYATPSH, E.Il. KOKAHSAH

9KPAHUPOBAHHBIE IPUMECH B YETBIPEXCJIOMHOM MOII
CUCTEME

B MHBEpCHMOHHOM KaHaJlE€ YETBIPEXCJIOMHOM CHUCTEMBlI METAJUI-OKCUJ IOJIYIPOBOJHHUK
(MOII) obcyxnaroTcsi CBOWCTBA MOTEHIMANa KYJIOHOBCKOTO B3aMMOJICHCTBHISI SKPaHUPO-
BaHHOH npumMecH. [lomydeHa siBHas 3aBUCHMOCTH 3()(DEKTHBHOTO MapaMeTpa YKPAaHUPOBAHMUS
OT TOJIIMH TTaCCHBAIIMOHHOTO M OKCHJHOTO OaphepHBIX CIIOEB, ITUIJIEKTPUUECKUX HPOHU-
[AEMOCTEH M OT IUIOTHOCTH HocuTeneil 2M DI, YcTaHOBIIEGHBI XapaKTepHbIe (U3NICCKUE
pe3yJbTaThl, TaKHE Kak: a) ycuieHne 3¢ ¢dexTa HackleHus Skpanuposanus npu 2M OT'; 0)
3aBUCUMOCTb NPHUPOJbI MEXaHN3MOB JKpaHUPOBAHUA OT AUIJICKTPUUCCKUX TUIIOB (C BbI-
COKUM- M HHM3KMM- K) OapbepHBIX IUAIEKTPUYECKHX CJIOEB, KOTOPbIE TaKXKe UYUCICHHO
MIPOaHATN3UPOBAHEI.

Kniouesvie cnosa: uervipexcnoitnas MOII cuctema, SKpaHUPOBaHHBINA MMOTSHIIHAT,
3¢ GEeKTUBHBIN MapaMeTp SKPAaHUPOBAHHUS.
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