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A method of measuring the charge density distribution in the nitride layer of MNOS structures
i=etal-nitride-oxide-semiconductor) is described. The mecthod is based on measurements of the
flat-band voltage, or alternatively the threshold voltage as functions of the nitride layer thickness.
Tte basic equations describing the charge distribution in the nitride layer of the MNOS structure
are derived. A method of measuring the combined charge stored in the oxide and the surface states
is given. It is shown that the method presented 1) is insensitive to an accidental surface charge,
which can originate after cach successive etching of the nitride, 2) may be used with normally-on
as well as normally-off MNOS structures, 3) yiclds measurement results which are fully verifiable.
In addition, the weak points of the charge profile measurements in the SiN, layer of MXNOS
Ftructures using the method described in a previous paper are indicated.

Esx wird eine Methode zur Messung der Ladungsdichteverteilung in der Nitridschicht von MNOS-
Sirukturen (Metall-Nitrid-Oxid-Halbleiter) angegeben. Die Methode beruht auf Messungen der
Flachbandspannung, oder alternativ der Schwellspannung in Abhingigkeit von der Dicke der
Nitridschicht. Die Grundgleichungen, die die Ladungsverteilung in der Nitridschicht beschreiben,
werden abgeleitet. Eine Methode zur Messung der im Oxid und den Oberflichenzustinden ge-
speicherten kombinierten Ladung wird ebenfalls angegeben. Es wird gezeigt, daB die dargelegte
Methode 1. unempfindlich gegeniiber zufiilligen Oberflichenladungen ist, dic nach jeder auf-
einanderfolgenden Atzung des Nitrids auftreten konnen, 2. sowoh! bei normalerweise ,.on*- als
auch bei normalerweise ..off*-MNOS-Strukturen benutzt werden kann und 3. MeBergebnisse
liefert. die vollstiindig korrekt sind. Zusitzlich werden einige schwache Punkte der Ladungsprofil-
messungen in der $i;N;-Schicht von MNOS-Strukturen nach der in einer friheren Arbeit beschrie-
benen Mcthode aufgezeigt.

1. Introduction

The distribution of clectrical charge, g,(z), in the Si,N, layer of MNOS transistors is
one of the main problems in the theory of operation of MNOS devices. The functional
parmameters of MNOS semiconductor memory depend on the charge distribution. The
charge centroid measurements [5 to 8] do not solve this problem.

Recently, Endo [1] has presented a paper on the method of measurement of the
charge density distribution in the Si;N, layer of MNOS transistors. The dependence
of channel conductance of a NOS (nitride~oxide-semiconductor) structure with a
floating gate, on the Si,N, layer thickness, z, was mcasured step-by-step, while suc-
- cessive ctching of the nitride layer was in progress. )

The main disadvantage of Endo’s method is its sensitivity to an accidental surface
charpe on the Si;N, layer, which can originate after each successive ctching of the
Ritride (see Section 2).
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Another disadvantage of the method propmod in [1] for measuring the distributjoq
of clectrical charge, g (x), in the Si;N; lnyer is the fact that it can only bo used fop
MNOS structures with a normaliy-on channel. This is a scrious lmmnt.non, sitce the
mcthod cannot be used to measure the charge distribution in MNOS structures with
an arbitrary substrate (n- or p-type), or an arbitrary charge polarity in the SN,
layer, ¢.g. n-type substrate and positive charge in the SigN,.

The current paper concentrates on problems relating to the cleetrical charge
distribution measurements in the Si;N, Jayer, using the mcthod presented in [1]. It js
shown that in order to climinate the influence of the surface charge on the mensure.
ments of py(z), the mceasurements should be performed on MNOS structures with 4
non-floating gate (the gate must be polarized with respect to the MNOS structure
substrate using a \oltugc source). Next, the basic cquations describing the charge
distribution, gy(z), in the Si;N, are derived. The derived equations indieate that the
charge density, p,(2), can be obtained by measuring one of two purameters: (i) Vyplz)
the flat-band voltage or (ii) Vq(z) the threshold voltage as functions of the silicon
nitride thickness of the MNOS structure.

The method of measuring p,(z), presented in this paper, is immune to an accidental
charge on the surface of the Si,N, layer, and may be used with nornm]l\ -off MXNOS
structures.

2. The Problems of Determining o, ()

There are a few weak points in the method [1] of determining the charge distribution
in Si;N; using floating gate MNOS transistors (strictly, nitride-oxide-semiconductor
structures). The problems related to the use of this method for measuring the charge
distribution can be observed in [1].

Endo [1] in his work states that his resulis are derived with the nssumptlon that
source-drain conductance, Gy, of the MNOS transistor (triode region, channcl normaliy-
on) without gate electrode is given by the equation

W @s,
Go = —L— ynC ( Vﬂ,o bt 2(]‘}'}, + Cl'}‘ O) ’ ’ (l)
where :
Vao= = = (@) az, @
C: s ' ' : .
/——_ N -
Qu,0 = — V269N A(2¢¥p) » . ©)

where W is the channel width, L the chanrel length, Qp,o the charge per unit ares
within the surface depletion region at the onset of strong inversion, I the thickness
of the gate insulator, C| the capacitance of the gate insulator, ¢y, the bulk Ferni
potential for p-type semiconductor, N, the concentration of acceptor impurities,
Uy the electron mobility (see Section 2 in [1]). Paper [1] states that * the differentiatioz
of (1) with respect to gate insulator thickmess, I, leads to the relation between tk2
derivative of the conductance with respect to the thickness, [, and the charge density
in the insulator as given by the following eqzation:

ac, W
al —f#n-

One ought to note that a) the assumptxon about the vahdxty of (1) is false and
b) (4) does not follow from (1), even though it can be shown that (4) is valid.

olF) - ' _ " @
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The experimental verification of (1) performed by Endo (see Section 4.1 of this
work) has a number of weak points. For example, to calculate the drain-source
conductance, G,, of the MNOS structure with aluminium gate the author of [1] used
:he following formula for the flat-band voltage:

. 1
. 1 fl—=z
Vo= = gm =g [Tt dx, - )
i
0

where ¢ms is the metal-semiconductor work function difference. Forinula (3) is not
correct since it does not take into account the charge in-the oxide, gox(z), different
values of dielectric constants of the oxide and nitride, or the surface state charge Q,,.
The charge Qoc (8a), because of its localization relative to the gate electrode, has a
decisive influence on the value of the threshold voltage of the MNOS structure. There-
fore, the experimental proof of (1) — carried out by Endo — is meaningless.

The fallacy of (1) can be shown using the following reasoning. When the gate
electrode of the transistor in the normally-on state is removed, so that the gate is
floating, the conductance, Gy, must be a function only of the charge stored in the
insulator. This follows from the Gauss law. But according to (1) the value of G, is a
function not only of the gate insulator charge, but also a function of Cy(l), through
the factor 2¢ y,. This of course cannot be the case, since it would imply that deposition
of an additional Si;N; layer with no electrical charge would change the value of G,,
a fact which could not be explained physically, since it would contradict the Gauss
law. : .

Furthermore, (4) cannot be obtained as a result of differentiating (1) with respect
to the gate insulator thickness, I, because G, is a function not only of Vi, (equation (2))
but also of C,(I).

The correct form of the equation determining the small-signal source-drain con-
ductance of the transistor without gate electrode can be derived subject to the follow-
Ing assumptions:

() The measuring signal is so small that it does not upset the state of thermo-
dynamic equilibrium. '

(i) The charge in the insulator is uniformly distributed in the yz plane.

(1if) The condition of electrical neutrality is satisfied,

Q;m + Q. =0. (6)

-(iv) The semiconductor is non-degenerate.
(v} The impurities in the semiconductor are ionized at room temperature.
(vi) The channel of the structure is formed in the form of an inverse layer, semi-
* ¢onductor surface potential, ¢, = 2¢y, (the subthreshold region of the transistor is
hot considered, the basic current in the channel is the drift current).

Using assumptions (i) to (vi), for the structure shown in Fig. 1, the following ex-
Pression for the conductance G, [3, 4] can be written: '

Gom =L 10— Quol, ™

where Qu,0 is given by (3), Q, is the charge in the semiconductor, and |Q, — Qp ol is
the charge density per unit area due to mobile carriers in the inversion layer. Using
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%, G fye 22 Fig. L. Mustration of the method with floating gate [n.

; Vs a) Measurement eircuit. b) Charge distribution in the
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I v ' h + the Gauss law (sec Fig. 1b),
05',, /4 !
b 4 —_— Q= — [Q(,x + J‘?n(“’) d:r] (8)
J»'IIJ .
L Tenergy and o
e : Qox = I [O..(S(I -+ ) + 0. ()] dz
?,_ _____LEL____‘__\\_\' Iﬁ A : - oz .
Y . \._! 3 : = Qu +- f Oox(T) d-_‘A (83-)
4 i, ¥, (1tox is the oxide layer thickness). Combining (7)
. ! ' and (8), - ’
w ! . N T
Go = T Ha ‘{Qn(z) dz + Qox — } 26,9NA(2¢1) |; (9)
of course (9) is valid only if
- L
[ enlz) dz + Qox 2 126,084 377,), - . (10)

i.e. when the magnitude of the charge stored in the insulator (oxide — pitride),
Qins, is sufficient to induce a strong inversion state in the semiconductor.

True, the differentiation of (8) with respect to the nitride thickness, 1, leads to the
relation between the derivative of the conductance with respect to the thi.kness I
and the charge density in the nitride as given by (4),

aG, W -
jdl_o=f ann(l) . ) V (ll)

Howerver, (11) does not follow from (1) as was stated in [1]. In addition. using the
derived equation (9) the following weak points of the method Presented in [13 can be
singled out: - . ]

a) The method of determining the charge distribution in the nitride using foating
gate has the property that the value of the measured conductance, G,, for two dif-
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ferent charge profiles, g(z) and 0,(x), is the same if the following relation holds:

1 1

{ oi(x)dz = [ polz)dz. (12)
This means that the value of G, is a function of the “global” charge trapped in the
gate isolator (SiO, + Si;N,). In particular it means that the charge of any plane
z € [—Wox, 1] or on the SiyN, surface (zx = 1) has the same influence on the value of
the conductance Gp. Thus, the method with a floating gate [1] is sensitive to an acciden-
tal charge on the Si,N, surface, which can originate after each step of etching of the
nitride.

b) A scrious defect of Endo’s method [1] is the fact that it can only be applied to
IINOS structures with a normally-on channel, and even then with a certain restriction.
The restriction concerns the change of the operating region of the transistor caused
by successive etching of the Si;N; layer. During this process the insulator charge

assu‘mption (vi) and condition (10) may not be satisfied. If relation (10) does not
hold, neither do equations (9) and (11). In this case the calculation of the charge
distribution in Si;N, using (11) involves a considerable error. Physically, condition
(10) means that during the measurements of G, a strong inversion must occur on
the surface of the semiconductor for every value of I. Only then the change of the
insulator charge, caused by the etching away of a part of the Si,N, layer, causes an
identical change of the inverse laycr charge, 1AQ,] = 1AQin| [2 to 4]. If relation (10) is
not satisfied, then the change of Q, (@, charge duc to electrons in the inversion layer)
is smaller than the change that caused it, namely Qnitrides that is, [AQy! < 1AQuitrinel

1
| o4(x) d:z) decreases because of the decrcase in I This means that for I —0
0

i
[2,4). Then G, is a nonlinear function [ 04(z) dz [2], and the charge distribution 0.(z) -

0

cannot be calculated using (11). Therefore, for large [ relation (10) is not a sufficient
condition for assuring the validity of (9) and (11) through the entire range of the
measured conductances Go(z); z € [0, I]. In addition, on the basis of the measuring
procedure described in [1] it is impossible to say whether relation (10) holds or not,
especially for I — 0. To solve this problem, the following values must be known (see

1 R
relation (10)): Qu, ++ [ 0ux(2) dz (equation (8a)) and Quce {Qace accidental charge on
—wg,

nitride surface) (see Section 4.2). These values cannot be measured using Endo’s
method. : :

3. The Mecthod with a Non-Floating Gate. Derivation of Basic Equations

The method of measuring the electric charge distribution in the Si,N, layer of an
MNOS structure, presented in this paper, is based on measurements of the basic
functional parameters of the MNOS structure, namely the flat-band voltage and the
threshold voltage, as functions of the nitride layer thickness. In an instrumental
sense, the method depends on successive etchings of the Si;N, layer, and the measure-
ments of the flat-band voltage or alternatively the threshold voltage of the MNOS
structures. Of course, during these measurements the MXNOS gate is conducting, and
polarized with respect to the substrate with an applicd voltage, i.e. it is non-floating.
This method, as well as Endo’s method [1], is based upon the following assumption:-
the etching of the Si;N; and the measurement of Vyp(z) or Vo(z) do not disturb the
insulator charge distribution, i.c. during the measurements Qusy 0ox{), and 0,{z) do
not change. :
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To determine the charge density distribution p,(z) in the Si;N Iayer of the MNOQS
structure, knowing the flat-band voltage Viy(z) or the threshold voltage 1'g(z) as
functions of z, it is necessary to solve a first-kind Volterra integral cquation.

3.1 Determining pp(x) on the basis of Vrp(x) mieasurements

Let us consider the flat-band voltage, Vyu(z), of an MNOS structure as a function
of nitride layer thickness z (see equation (A17)),

* 0
Vin(z) = ¢ma —ei {‘{ (z—=8) 0a)dé+ [ (2 —yE)pox(8) dE+ (z + yw,) Q..].

(13)
Equation (13) can be rewritten in the form

(f (2 — &) 0a8) dE = fyu(2) , (14)
where '

Lo 0
Iru(@) = eyPm — £,Vin(2) - J (= 98) 0nlf) A& — (2 + ywee) Qu, {15)

€y £ox, £, absolute permittivity of SizN,, 8i0,, and semiconductor, respectively, and
¥ = &/€ox- Let us assume that fru(z) is a function having a continuous second deriva-
tive. Moreover, the function (15) has to satisfy the condition
fr(0)=0 ’ (16)
which is neccessary to obtain the solution of (14). Substituting z = 0 into {15) we
can see that condition (16) is satisfied. We should observe that —e, 15(0) = — g VEgs
o .

and Efms+ ¥ [ fQox(f) dé — PWorQes = Cnri-‘ll?s (see Al5).

Equation (14) can be solved by differentiating it twice. The first differentistion of
(14) yields

 0ulE) A = fin(a) | | a7
or explicitly '

z 0 i .

an(E) df = — &, Vrx(z) - J 0ox(£) 4§ — Q.. (17a)

To obtain the final solution of (14), the differentiation must be carried o1t once
again, : . ‘

0al%) = —g,Vrp(z). ,
This equation means that the charge density distribution in the silicon riiride of
an MNOS structure can be obtained by a double differentiation of ‘the rcasured
flat-band voltage as a function of the nitride thickness.

Having obtained the measurement results as a function of the nitride lsver thick-
ness, it is easy to calculate the combined charge of the surface states and 1= oxide

4]
( [ ox(§) A& 4 Q,,). For z =0 the left side of (17a) is equal to zero, and thes:foreon

(18)
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the basis of this equation we may write

)

— &, VEp(0) = [ 0ox(§) A& + Qus - (19)
Therefore, the value of the first derivative of the flat-band voltage at the point z =0
determines unambiguously, through (19), the combined charge of the oxide and the
surface states.

3.2 Determining gp(x) on the basis of V(x) measurements

The charge distribution in the Si;N, layer of the MNOS transistor can also be deter-
mined by measuring the threshold voltage of the MNOS transistor as a function of
the thickness of the nitride layer. To accomplish this goal an equation analogous to
that in Section 3.1 must be solved.

The threshold voltage of an MNOS transistor (enhancement mode) is given by
(3, 4]

16,9 . '
Vala) = Venle) + 2 = EEFE (2 4 i) S

D

(bere and in the following equations + for n-type and — for p-type channel) g bulk
Fermi potential, ¢ magnitude of electronic charge). Taking into account (13) we can
wTite : :

. - 1 (= 0
Vale) = g = f] (2 = D@ a8 [ (= =78 16

/de,gN
+ (2 + ywex) Q_,.} + 2pp 2 0T (2 4 yua) . (21)

Equation (21) can be rewritten in the form

z : 0
[(z =8 0ul6) df = eogm — eaVale) = [ (== 78) eoxlf) 48 —

_ — (2 + yWox) Que + 26,7 + V3,9V (z + ywox) . (22)
Forz = 0 the right side of (22) is equal to zero. This is because —&,V057(0) = —, V308
and .

, ; ,
& V¥OS =£.Cms + ¥ I 590:(5) dé — onxQu + 25,0 = YWox V4E,QAT(FF .

Thercfore, the neccessary condition for the existence of a solution to {22) is-satisfied.
Differentiating (22) we get

z o , '
{en(f) A€ = —e,Vp(z) — | Qox(§) A6 — Qu £ V4e,9NT5 - . (23)
Differentiating (23) we obtain an expression which determines the charge profile in
the nitride layer of the MNOS transistor,

0nfz) = —&, V(2 - (24)

Thus, p,(z) can be obtained by & double differentiation of the measured threshold
voltage as a function of the Si;N| layer thickness of the MNOS transistor. ‘
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An analysis of (23) for = 0 yiclds the following expression for the combined

o

charge of the surface states and of the oxide,

[ ——
0»& + J’ 00)(6) df = —t‘ur;'(o) i l45.q‘\v9}‘ . (25)

- oy

4. Discussion
4.1 Delermining the charge profile in the SigNy layer of the MNOS structure

To determine the charge distribution 0,(x) according to (18) or (24) one should differeq-
tinte the flat-band or threshold voltage versus nitride thickness data obtained by
etching, twice. The error arising from the double differentintion of experimental data
will be minimum if the approximation of experimental data by an approprinte analyt-
ical function is carried out first, and then followed by a double differentintion of this
function. »

The method of mensuring the charge distribution in the nitride layer of MNOS
structures described in this paper, overcomes the defects and limitations of Endo’s
method. The method may be applied to MNOS structures with an arbitrary type of
substrate (n or p) and an arbitrary charge polarity stored in the SiyN( {normaliy-on
or normaliy-off state). '

4.2 Insensitivity of the method to an accidental surfuce charge

In contrast to Endo's method, the method presented in the current paper is insensitive
to an accidental surface charge which may originate after cach etching of the Si,Y,
layer of the MXNOS structure. This property is due to the fact that neither the flat-
band voltage Vyy(z) nor the threshold voltage 1'3(z) depend on the charge stored on
the interface Si;N, — gatc clectrode. To show that this is indecd the case, it is suffi-
cient to calculate the flat-band voltage for the two cases shown in Fig. 2.

For the case shown in Fig. 2a, the flat-band voltage is (equation (13))

. : 1 :
rn = Fon = {1 (1= £)(0sd) + QueeBE — 1)+

R .
* 1 0= 70l 4+ 0 i) 0 26
—trox oL
g ol
Gy 0lron,) Quee 01xl] Qb0 winy,)
T P
: ! . Gyee=0
| 4 | B2 o
7 . /// ] A / ".’:'/}’;//
2 A 4 i’
% A U7
o™ D { “iy ) !
] } Gs b J g

Fig. 2. Tlustration of the charge distribution in MNOS structure under flat-band eonditiz=a:
2) Qace # 0; b) Qaee = 0. Qg charge per unit area on the gate electrode :
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On the other hand, for the case shown in Fig. 2b Vyp is given by

! ]
r}‘ll,ln = ¢ms — l {I (I — & Q(f) dé + f (l —}’5) Qox(f) dé + I+ }’wox) oss} .

n (0O ox
(27)

!
Taking into account the fact that [ (I — &) Qucc 3(6 — 1) d¢ = 0 we may write Vgp, =
0

= Vgn,». Thus, the method with a non-floating gate is insensitive to an accidental
~ charge on the Si;N, surface, which can originate after each step of the successive
etching of the nitride.

4.3 Determination of the tolal charge of the oride

0
The combined charge of the oxide Qox = Qui + [ gox(£) dZ can be determined in

—1Wox
a simple way using (19) or (25). To do this, the value of the first derivative at z = 0
of the flat-hand voltage or the threshold voltage must be calculated, and substituted
into the ahove-mentioned equations. The ability to measure the charge Qo is a valuable
property of the measuring method presented here. This method allows us to answer
the question how the charge Q,. depends on the total charge injected into the insulator

. of the MXNOS structure.

4.4 Verification of the basic usswmmptions

The basic condition for the validity of the results obtained with this method is the
assumption that the Si,N, layer etching processes and the flat-band voltage or thres-
hold voltage measurements do not disturb the charge distribution in the insulator,
i.e. during the measurements the values of Q. 00x(), and g, (z) do not change.

To sce how well this assumption is met, the obtained results should be verified.
To do this, the flat-band voltage should be calculated using (13) and then compared
to the measured value. Of course, the verification should be performed for the entire
range of the nitride layer thickness z ¢ [0, 1,] where [, is the initial thickness of the
8iyN{ lnyer. The sum, which appears in (13) (z = l,),

1]
: I (lo - }’5) 90!(5) d& + (Io -+ }’wox)_Qu [}
may be calculated approximately. : :
] For typical MNOS structures the following relation holds: Iy S>>y, Therefore,
ignoring yw,y versus [, and noting that & € [ —wqy, 0], we may write

0 1] .
f ([o - }’5) qu(s:) df + (lo T Yiox) Qus N Io[ I Qox(&) dé + st] = IoQox .

(28)

Taking into account (13) and (28) we mh_v write the following expression describing
the flat-band voltage:

. 1 (s ’
Frally) = o — = {g (T — ) 0a(8) 45 = zooox}. (29)

If the charge profile is being determined on the basis of threshold voltage measure-
Rents I'p(z), then in the verification of the experimental data the following ap-

% physica (a) 71/2
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proximate formula may he used (scc (21) and (28)):
1,

Vall) & g = {0 = )02 48 + 10w} +

4e gN
+ 2pp & "IEH#F‘ (lo + y%os) - (30)
n
Thus the method of measuring the charge distribution in the nitride layer of MNOS
structures presented in this paper is fully verifiable.

Appendix
Determinalion of the flat-band volluge of MINOS structures

For the flat-band state, the surface potential as well as the semiconductor charge
are equal to zero. To achicve this state in a real MNOS structure, onie must polarize
the gate with a voltage 1"y, which will compensate the effect of work function differ-
ence, insulator charges and states of semiconductor surface. Thus

Vin = qus + Vall), ) ' (AD)

where Vi (I) = f[o{z), Qu] is the voltage which compensates the influcnce of the
insulator charge and the surface states on the state of the scmiconductor surface.
We assume that the surface state charge is localized in the z = —uy, plane and its

—wox -0
surface density is Qu, ie. [ Qu3(z 4 wo) dz = Q. (3(2) Dirac function).
—Wor =0

To determine the voltage V,(I) one must solve the Poisson equation in the SiO,
and Si;N, regions {see Fig. 2), : ‘

d*V ox(7) _ _Qox(z) + Q. 8(x + "'ox)» .

—_— U Sz 2
3= o H e =z<50, (42)
d2To(x) _ _ gu(@)
—_—— . <
4 s . 0z, (A3)
together with the following boundary conditions:
Vox(— “’ox) =0, V . (A'i)
dV oz(—10z) » .
— = 0 , . (A5)
and . :
Vox(0) = T,(0), » - (A6)
dT:{0) ar (o ' -
Eox dt: =& d!i ) (A‘)

(Tox is the oxide voltage distribution). After the first integration of (A2) andA\' A3) we
obtain
, QF ox(—iroxh

AT ox(1) 1 z z

| = —;o: {_'{ugox(z) dr +~uf“Q§s 3(z =+ wos) d-"} - ] ’ (AS)
dFe) 1 f dv,(0

iz = T | eledr+ dx‘ ), (29
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2=d after performing the second integration we get

rox(z) ==
= —;— J. f 0ux(r) dx dx — EQ“ z - Ei‘l 0\(—1‘0‘) f dr + Vox(wox) >
e - . 2 (A10)
1 - . dV(0) - N
z) = — -e—n ffgn(.r) drdr + ey fdz + V4(0). (All)
P .
Taking into account (A4) and {A5) and the Cauchy formula
f J'/I)d-rdz— J'/(t ) (x — &) df,
(A10) and (All) may be rewritten in the following form:
. (z 4+ 1055) Quy
,0‘ = - nx s -, AI2
@) = — = f (e =8 o - (a12)
. 1 . v oy .
= — — £y df o oY ) F
V() o f (r — &) oy(8)ds + z e ~ 17,(0) (A13)
0
For z = 0 we get (see (A8) and (A12))
0
dFel0) 1 e Qs
= —_ &I Al4
d.z: o Qox(s) d: fon ’ . ('&1 )
—o"'ux )
. 1 “oxtse -
Vo0 == [tontgyar ~ 12 (A15)
Eox €ox

SubStituting (A14) and (A13) into (A6) and then into (Al13) yields

Vald) = — + {f (2 = £) 0ulE)dE + [ (2 = &) 00xl®) dE + (2 = yicen) Q,,}.

(A16)
where
eﬂ

o —=
7=
- Eux

Thus, the followinrr'c(;lmtion determines the flat-hand voltage of MXNOS structnres:

v Full) = Tme —— {f a —-£) oq(£) d¢ + f {{ —y£) ”ox\s) F+( T Yox) Qas}~
(Al7)
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