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Abstract

Polysilicon gate depletion is an important e�ect that degrades the circuit performance of deep submicron standard

CMOS technologies. A new approach to analytically modeling the polysilicon depletion e�ect on drain current and

transconductances as well as node charges and transcapacitances is presented. The model is based on a clear physical

analysis of the charges in the MOS transistor structure. Using the modeling framework and the fundamental variables

of the EKV MOS transistor model formalism and that of the related charges models, a continuous model is achieved

that is valid in all operating regions from weak inversion to strong inversion and from non-saturation to saturation. The

asymptotic behavior of the transcapacitances is improved with respect to former model formulations. Only the doping

concentration in the polygate is used in addition to the other physical device model parameters. The model shows

excellent results in comparison with a surface potential based numerical model and 2D numerical device simulation.

The model is e�cient for circuit simulation and is further practical for analog circuit design. Ó 2000 Elsevier Science

Ltd. All rights reserved.

1. Introduction

The continuing increase of the channel doping con-

centration when scaling deep submicron CMOS tech-

nology using dual polysilicon gates accentuates the

impact of the polysilicon depletion e�ect [1,2] on all

device characteristics. Modeling the e�ects of polysilicon

depletion (or simply polydepletion) on drain current,

transconductances, charges and transcapacitances in a

uni®ed and coherent way is a challenge. The correct

asymptotic behavior of transcapacitances is di�cult to

achieve particularly when polydepletion is considered.

The surface potential based approaches require numer-

ical iteration to ®nd the surface potential [2]. This may

require special attention so as not to worsen the com-

putational burden of the numerical iteration [3]. 1 An

analytical polysilicon depletion model [4,5] was intro-

duced in the PCIM model [6] and subsequently imple-

mented in BSIM3v3 of University of California,

Berkeley [7]. This model conserves the essence of the

polydepletion e�ect in strong inversion but uses an em-

pirical extension to model charges in moderate and weak

inversion. Other analytical circuit simulation models

may not include polydepletion, such as MM9 of Philips

[8]. In contrast to other analytical approaches, the

models based on the EKV model [9] formalism, namely

the models of [10,13] and the EPFL-EKV v2.6 model

[11,12], use uni®ed charges expressions, valid in all in-

version regions and from non-saturation to saturation

[14]. However, they do not include polydepletion either.

In the present approach, a new charge based analytical

model is formulated that includes polydepletion. The

model uses the basic model variables of the initial

EKV model [9] and can be viewed as a generalization of

the charge based models [10±13]. Basic assumptions

such as a uniform doping concentration both in the gate

and the substrate, and depletion approximation in the

gate are used similarly to [4,5]. Since the model formu-

lation is tightly linked with the underlying analytical

framework, the model derivation is speci®c to this family
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of models and is not intended to be used in a conven-

tional source-referred MOSFET models.

The derivation of the new analytical model consid-

ering polysilicon depletion is provided in Section 2. The

essential features of the new model is discussed in

comparison with the previous model formulations

[10±13]. The new analytical model is compared in

Section 3 with the exact charges expressions where the

surface potential is obtained by numerical iteration,

considering di�erent ratios of doping concentration for

the substrate and the polysilicon. In Section 4, the for-

mulation of the integral node charges, transcapacitanc-

es, and drain current are discussed. Comparison with the

characteristics obtained from a two-dimensional numer-

ical device simulator is made, for transcapacitances and

drain current under various bias conditions.

2. Model formulation

The analytical model described here will use the same

basic variables according to the modeling approach in

Ref. [9], namely the pinch-o� voltage VP, the slope factor

n, the current normalizing factor IS called speci®c cur-

rent, and the normalized forward and reverse currents if

and ir, as well as a substrate reference for all voltages.

New expressions for the pinch-o� voltage and the slope

factor, considering now the e�ect of polydepletion, will

be derived. The linearization of inversion charge versus

surface potential considered in Ref. [10] has been the

basis for the charge-based models either using charges

[10] or the normalized currents [11±13] as principal

variables. Here, a modi®ed linearization scheme will be

introduced and will later be shown to be essential to the

accuracy of the new model especially for the transca-

pacitances.

The potential balance equation [14] in the MOS

structure, including here the surface potential in the

polysilicon gate, can be written as

VG � /MS �Wox �Ws �Wp; �1�
where /MS;Wox;Ws and Wp are the workfunction di�er-

ence between the polysilicon gate and the semiconduc-

tor, the potential across the gate oxide, the surface

potential and the polysilicon gate surface potential, re-

spectively. The charge neutrality is written as

Q 0G � Q 00 � Q 0I � Q 0B � 0; �2�
where Q 0G;Q

0
0;Q

0
I and Q 0B are the gate charge, ®xed

charge in the oxide, channel inversion and depletion

charges, respectively, which are all expressed per unit

area.

The gate charge and the potential across the oxide

are related by

Q 0G � C0oxWox; �3�

where C0ox is the gate capacitance per unit area.

For simplicity, the doping pro®le in the polysilicon

gate, as well as in the substrate, will be considered as

uniform. The polysilicon is assumed to be well described

by considering it as if it were crystalline silicon with the

same doping concentration. Further, it is assumed that

the region in the gate near the oxide interface will be

entirely depleted. The depletion approximations for

both the substrate and the gate lead, for an n-channel

device, to the expressions for bulk and gate charges,

Q 0B � ÿC0oxcs

������
Ws

p
; �4�

Q 0G � C0oxcp

������
Wp

p
; �5�

where cs �
�������������
2qesNs

p
=C0ox and cp �

��������������
2qepNp

p
=C0ox are the

substrate and polysilicon body e�ect coe�cients, de-

pending on the doping concentrations Ns;Np and the

dielectric constants es; ep for the substrate and polysil-

icon, respectively.

Using the standard de®nition of the ¯at-band volt-

age,

VFB � /MS ÿ
Q 00
C0ox

�6�

and combining Eqs. (1)±(5), a relationship between gate

voltage, inversion and depletion charges and the channel

surface potential is obtained in the form,

VG � VFB �Ws ÿ Q 0I � Q 0B
C0ox

� 1

c2
p

Q 0I � Q 0B � Q 00
C0ox

� �2

: �7�

At this point, it is suggested that the oxide ®xed charges

be neglected in the last term of Eq. (7). Under this as-

sumption, Eq. (7) can be inverted so that the inversion

charge can be written in terms of the other variables, as

Q 0I � C0ox cs

����
W
p

s

"
� c2

p

2
1

 
ÿ

�����������������������������������������
1� 4

VG ÿ VFB ÿWs

c2
p

s !#
:

�8�
The above assumption can be justi®ed since the ®xed

charges are negligible with respect to inversion and de-

pletion charges in strong inversion, where polysilicon

depletion has the most notable impact. Conversely, in

weak inversion, polydepletion has little e�ect on the

charges.

In the following, de®nitions of pinch-o� voltage and

threshold voltage are given including them for polyde-

pletion; however, note that the derivation made here is

more straightforward than in Ref. [9] even without po-

lydepletion.

Assuming that the MOS transistor is strongly in-

verted, the surface potential in the substrate can be ap-

proximated by a nearly constant value, which is fairly

well described by Refs. [14,9],
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Ws � /0 � Vch �9�

where /0 � 2/F � several UT and where Vch is the

channel Fermi potential Ref. [14].

De®ning the threshold voltage VTO as the gate voltage

corresponding to a vanishing inversion charge density

Q 0I under the above strong inversion assumption, and

the condition Vch � 0, i.e. with the channel in equilibri-

um Ref. [9], the threshold voltage is obtained from Eqs.

(8) and (9) as

VTO � VFB � cs

������
/0

p
� /0 1

"
� c2

s

c2
p

#
�10�

di�ering from its usual de®nition [9] but by the non-

unity value of the term in parentheses that can similarly

be found from Ref. [5].

De®ning the pinch-o� voltage VP as the channel

voltage such that the inversion charge density vanishes

under the same strong inversion assumption similarly as

in Ref. [9], the new pinch-o� voltage expression ac-

counting now for polydepletion is obtained as,

VP � 1

2

cp

c2
p � c2

s

 !
cscp

h"

ÿ
������������������������������������������������������������
4�VG ÿ VFB��c2

p � c2
s � � �c2

pc
2
s �

q i#2

ÿ /0:

�11�

Note that without polydepletion, that is if c2
p=c

2
s � 1 or

equivalently Np=Ns � 1, the above de®nitions of VP and

VTO revert to their basic counterparts de®ned in Ref. [9].

The inversion charge density Q 0I can be well ap-

proximated by a linearization in terms of either channel

potential Vch Ref. [9] or surface potential Ws Ref. [10], in

strong inversion, where (9) holds. The linearization is

performed at Q 0I � 0, where Vch � VP or Ws � /0 � VP

hold under the above strong inversion assumption.

Evaluating the slope of the Q 0I versus Ws characteristic at

this point allows us to de®ne the slope factor, in the

absence of polydepletion, as Ref. [10]

n � o
oWs

Q 0I
C0ox

� �����
Q 0

I
�0;Ws�/0�VP

� 1� cs

2
����������������
/0 � VP

p ; �12�

which coincides with the expression obtained in Ref. [9].

This approximation gives rise to the simple but accurate

analytical charges model expressions used in Refs. [10±13]

across the whole inversion region. In the present work,

the inversion charge will still be linearized at the same

point (i.e. Ws � /0 � VP). However, the proposition is

made here that the slope itself should be evaluated at a

point Ws � /0 � kVP, where k can take positive values

inferior (or equal to) one. The slope of inversion charge

density is therefore evaluated at a higher level of inver-

sion, allowing for a better estimation of inversion charge

particularly when polydepletion is present, and leading

to a new expression for the slope factor. The value for k

can be chosen more or less arbitrarily; lower values of k

shift the point where the slope is evaluated more towards

strong inversion. In particular, the value k � 0:5 will be

considered here, which represents a good compromise

between simplicity and accuracy for the resulting tran-

scapacitances.

Fig. 1 illustrates the dependence of the inversion

charge density on surface potential for a given gate

voltage, with and without polydepletion. The inset

shows the derivative of the inversion charges versus the

surface potential for both cases. When polydepletion is

negligible (i.e. c2
p=c

2
s � 1), an almost linear relationship

is observed, corresponding to an almost constant de-

rivative over a large range of surface potential. The

linearizations according to Ref. [10] and the proposed

scheme both coincide with the theoretical characteristic

in the absence of polydepletion. In the presence of po-

lydepletion however the dependence of inversion charge

density versus surface potential is less linear, as can

be seen in Fig. 1. Note that the slope is signi®cantly

reduced and shows a rather important variation (see

inset in Fig. 1); polydepletion in this example has been

chosen to be rather strong on purpose. Linearizing the

inversion charge as before leads to an important error in

the estimation of charges. Conversely, the new lineari-

zation as presented here, greatly improves the accuracy

Fig. 1. Inversion charge density versus surface potential for a

given gate voltage, without and with polydepletion. Surface

potential based numerical model (markers) and linear approx-

imations used in the analytical model, where the slope is eval-

uated at Ws � /0 � 0:5VP (lines) and at Ws � /0 � VP (dotted).

The channel potential Vch (dashed-dotted) remains almost un-

a�ected by polydepletion. Inset: corresponding partial deriva-

tives of inversion charge (markers), and the constant slopes of

the linearizations (lines).
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of the charges estimation. This improvement will be

particularly clear on the calculated gate capacitance

discussed in the following section. Further, Fig. 1 also

shows the dependence of the channel potential Vch with

Ws, for both values of polysilicon doping concentration.

As is evidenced in the ®gure, Vch is practically una�ected

by polydepletion.

According to the new linearization scheme, the new

de®nition of the slope factor will read,

nQ � o
oWs

Q 0I
C0ox

� �����
Q 0

I
�0;Ws�/0�VP

2

� cs

2
���������������
/0 � VP

2

q � c2
p����������������������������������������������������������

�c2
p � 2cs

����������������
/0 � VP

p �2 � 2c2
pVP

q �13�

and has been given the subscript Q to underline that it is

obtained from the linearization of inversion charge.

Note that the expression for nQ only depends on the gate

voltage through VP, and further depends only on the

parameters cs, cp and /0.

The alternative de®nition of the slope factor, ob-

tained as the derivative of the gate voltage with respect

to the pinch-o� voltage [9], will be modi®ed as

nm � dVG

dVP

� 1� cs

2
����������������
/0 � VP

p � c2
s

c2
p

�14�

and has been given the subscript m, di�ering from its

original in Ref. [9] but by the last term. Similarly as

before [9], the pinch-o� voltage itself can be conveniently

approximated in terms of the slope factor nm as

VP � VG ÿ VTO

nm
: �15�

The term nm is therefore useful for hand-calculation es-

timates but is not directly used in the equations for the

circuit simulation model. Since both VTO and nm increase

with increased polydepletion e�ect, VP can be seen to

decrease. The slope factors nQ and nm di�er signi®cantly;

their roles are not the same anymore. They would co-

incide in the absence of polydepletion, if the slope factor

nQ were evaluated at Ws � /0 � VP in Eq. (13). A further

analysis in Appendix A illustrates the role of nm relating

the gate and source transconductances.

In Fig. 2, the two slope factors are compared for two

cases, with and without polydepletion. nm is greater or

equal to one per de®nition and has an increased value in

the presence of polydepletion. Conversely, nQ can be

seen to decrease signi®cantly when polydepletion is

present, and to attain values even lower than one. The

pinch-o� voltage itself, shown in the inset, can be seen to

be slightly a�ected by polydepletion.

The roles of either of the slope factors need to be

clearly distinguished. nQ will in particular be used in the

normalizing factors for the inversion charge and drain

current, as will be discussed later. Since nQ is reduced

when polydepletion is more severe, charges and current

are reduced. Therefore, the transcapacitances and

transconductances are also similarly reduced in the

presence of polydepletion. On the other hand, the in-

creased value of nm when polydepletion is present has a

comparable e�ect to that of a higher substrate doping

concentration in the absence of polydepletion.

3. Comparison to surface potential based model

In this Section, the new analytical model will be

compared to the surface potential based numerical

model. Note that both the model formulations are valid

only locally at a given point in the channel of the MOS

transistor, or in the whole channel only when

Vch � VD � VS. The expressions of the local charge den-

sities for the new analytical model are given in Appendix

A. Transcapacitances are de®ned as partial derivatives

of the charge densities with respect to the gate, channel

and substrate potentials.

Fig. 3 shows the total gate capacitance from deple-

tion to strong inversion, as obtained from the new an-

alytical model, compared with the surface potential

based model. The level of polysilicon doping concen-

tration is varied over a large range; the ®rst case with

highest Np shows almost no polydepletion e�ect, while

the case with lowest Np corresponds to an extreme case

of polydepletion. The analytical model uses exactly the

same physical parameters as the numerical model. The

new analytical model shows an excellent match for all

cases of polysilicon doping concentration, throughout

the whole range of gate voltage. The onset of strong

inversion is shifted with decreasing doping concentra-

tions in the gate, corresponding to a change in the

Fig. 2. E�ect of polysilicon depletion on slope factors nQ and nm

versus gate voltage, with and without polydepletion. Inset:

corresponding pinch-o� voltages.
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threshold voltage which is accurately predicted. The gate

capacitance attenuation is accurately matched for the

whole regime of inversion. The quality of the match is

underlined by the fact that no ®tting parameter is used,

which con®rms the excellent physical basis of this model.

In comparison, the results of the analytical model using

the conventional linearization is shown to result in a

much degraded match of gate capacitance attenuation.

4. Comparison to 2D device simulation

In this section, the new model will be compared to

the characteristics obtained from a 2D numerical device

simulator, for transcapacitances as well as drain current.

For the latter, mobility reduction will also be consid-

ered.

The obtention of the analytical charges model in an

integral form is outlined in the following so as to make

the model valid also at non-equilibrium conditions (i.e.

VD 6� VS). The local charge densities are integrated along

the channel. The integration of the inversion charge, in

terms of the normalized current, is straightforward.

Ward's linear scheme is used to part the inversion charge

into drain and source sides. The depletion charge as

described by (A.4) is not integrable in its local form;

therefore, a Taylor series expansion of (A.4) in terms of

the inversion charge is required. While in the absence of

polydepletion a ®rst-order development is su�cient [9],

this is not the case anymore when polydepletion is pre-

sent. The choice has been made here to use a third-order

development, which is su�cient for practical cases of

polydepletion. The integral node charges expressions

will not be described in detail here. The full transca-

pacitances for the MOS transistor are then obtained by

derivating the node charges versus terminal voltages

[14,15] for all bias conditions from weak to strong in-

version and from non-saturation to saturation.

The structure underlying the 2D numerical device

simulation has been obtained from a 2D process simu-

lation, where process characteristics correspond to a

sub-quarter micron technology. All usual processing

steps except channel implant are performed, resulting in

a low channel doping but rather uniform doping pro®le

with channel depth. The gate oxide thickness corre-

sponds to tox � 4:5 nm, the substrate doping level is

estimated as Ns � 4� 1016 cmÿ3, and the polysilicon

doping level Np � 1� 1019 cmÿ3, with approximately

uniform pro®les. In the present work, the modelling of

non-uniform channel doping will not be discussed; an

approach to non-uniform doping modelling can be

found in Ref. [16]. Note that the low substrate doping

level also alleviates the in¯uence of quantum e�ects,

which are beyond the scope of this article, and have

therefore not been included in the numerical device

simulation. Further, a channel length of L � 10 lm has

been chosen to exclude short-channel e�ects such as

velocity saturation and overlap and fringing capaci-

tances. Model extensions for these e�ects will be con-

sidered elsewhere [17].

In Fig. 4(a)±(c), the normalized transcapacitances

versus gate voltage are shown at various drain-to-source

voltages, namely VD � 0, 0.5, 1 V and VS � 0 V. The

new analytical model is compared with the numerical

device simulation, and shows an excellent match for all

bias conditions for all transcapacitances, CGG;CDG;CSG;
and CBG. A single set of parameters is used in the ana-

lytical model for all bias conditions. The ¯at-band

voltage has been adapted to match the measurement,

and all other parameters match those underlying the 2D

device simulation to within a few percent, i.e. to about

the accuracy of the estimate of the doping concentra-

tions in the gate and the substrate. The agreement at

VD � VS � 0 V is excellent, CDG � CSG is correctly pre-

dicted, and the value of CDG � CSG � CGG=2 is correctly

reached in strong inversion. At non-equilibrium condi-

tions, the agreement is slightly degraded in the transition

regions from saturation to non-saturation. Nonetheless,

the overall qualitative behavior for an analytical model

using only physical parameters remains excellent. Simi-

lar results have also been found with di�erent levels of

substrate and gate doping concentrations. Correct as-

ymptotic behavior is found for all transcapacitances,

including the ones not shown here, and is found

to be further improved with respect to the previous

Fig. 3. Normalized gate capacitance versus gate voltage, for

di�erent polysilicon doping concentrations. The new analytical

model (lines) is compared to the numerical model (markers).

The conventional inversion charge linearization (dotted) results

in serious errors. The analytical model uses the same physical

parameters as the numerical reference model. For a value of

tox � 5 nm, the values of cs and cp correspond to

Ns � 1:3� 1017 cmÿ3, and Np � 2:1� 1021, 1:3� 1019;
3:2� 1018; 1:1� 1018; 5:1� 1017 cmÿ3, respectively.
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linearization. Note that e.g. the correct behavior of

CBG ! 0 in strong inversion non-saturation, is due to

the higher-order development of the bulk charge used,

while its ®rst-order counterpart would indeed lead to an

incorrect asymptotic behavior of CBG.

The new drain current expression (18) is given in

Appendix A. The e�ect that polydepletion has on the

drain current will shortly be discussed here. The pre-

factor of the drain current, called speci®c current IS [9],

is written in terms of the slope factor nQ,

IS � 2nQleff C
0
oxU 2

T

W
L
: �16�

The e�ective mobility leff can be written, considering

the e�ect of the mobility reduction due to vertical ®eld to

®rst order [6,11] as

leff �
l0

1�HEeff

�17�

where l0 is the low-®eld mobility, and H (in m=V), the

mobility reduction parameter. The e�ective vertical ®eld

is expressed as Eeff �j Q 0B � gQ 0I j =esi, where g is a

weighting factor Refs. [6,18]. Note that the charges ex-

pressions for the e�ective ®eld, a�ecting the mobility

reduction, are themselves a�ected by polydepletion.

In summary, the drain current is a�ected in three

ways by polydepletion: ®rst, through the new expression

of the pinch-o� voltage, essentially equivalent to a

change in threshold voltage and body e�ect, a�ecting the

normalized forward and reverse currents; second,

through the modi®ed slope factor nQ in the speci®c

current, and ®nally through the mobility model using

e�ective ®eld. Among the three e�ects, the one on the

slope factor nQ is found to be the most important. Note

that in the other analytical models, no equivalent e�ect

to that of nQ has been described.

The e�ect of polydepletion on drain current versus

gate voltage characteristics is shown in Fig. 5, for two

values of drain voltage, VD � 0:5 V and VD � 1 V cor-

responding to the same cases as in Fig. 4(b) and (c). Two

cases of polysilicon doping concentrations are shown,

Np � 1� 1019 cmÿ3 corresponding to the same devices

as used in Fig. 4, and Np � 9:1� 1020 cmÿ3 showing no

polydepletion as a result. The same parameter set is used

for the analytical model in both cases, except for the

change in polysilicon doping concentration and a slight

change in the ¯at-band voltage, due to a changed

workfunction di�erence between the polygate and the

substrate. The mobility model parameters have been

chosen to match the case with polydepletion. As can be

seen, the case without polydepletion is reasonably well

matched without adapting model parameters further,

con®rming the coherence of the model. The slight dif-

ference observed may also stem from di�erent process-

ing circumstances for each cases.

Fig. 4. Normalized transcapacitances versus gate voltage for an

n-channel device showing polysilicon depletion: (a) VD � 0 V,

(b) VD � 0:5 V, (c) VD � 1 V, at VS � 0 V. The new analytical

model (lines) is compared to 2D numerical devices simulation

(markers). The values of Ns and Np correspond to cs � 0:15
����
V
p

,

and cp � 2:38
����
V
p

, respectively.
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Further, mobility e�ects and short-channel e�ects

will be introduced for a more complete model [11,12,17],

that will again a�ect both charges and drain current in a

coherent way, maintaining the essential feature of the

present model.

5. Conclusions

A new analytical approach to modelling polysilicon

gate depletion for MOS transistor circuit simulation has

been presented. The analytical model uses only physical

parameters and shows excellent behavior compared to a

surface potential based numerical approach and to 2D

numerical device simulation. A coherent charge and

drain current model has been formulated based on the

model formalism of the EKV model and related charges

models, which is valid in all operating regions from

weak to strong inversion and from non-saturation to

saturation. The model shows improved qualitative and

quantitative behavior with respect to formerly available

model formulations, which either do not include po-

lydepletion, or do not present uni®ed charges expres-

sions valid at all inversion levels, or both. The model is

based on a new linearization scheme for inversion charge

versus surface potential. The essential characteristics of

the new model are contained in the modi®ed expressions

for the pinch-o� voltage and the slope factor. The im-

pact of polydepletion on these expressions, which are

useful to analog circuit design, has been pointed out.

Other expressions of the analytical charges model for-

mulation remain essentially the same as in the preceding

models underlying the present approach. The new model

for the transcapacitances shows good qualitative and

quantitative behavior, in particular for asymptotic cor-

rectness. Comparisons of CV and IV characteristics over

a large range of physical device parameters and bias

conditions, corresponding to present deep submicron

CMOS technology, have shown excellent overall be-

havior considering that no empirical ®tting parameters

are used. The model uses a minimal number of physical

device parameters. This model formulation is therefore a

sound basis for a more complete model, including in

particular short-channel e�ects, for deep submicron

circuit design and simulation.

Acknowledgements

The authors wish to acknowledge Dr. F. Krum-

menacher for many useful discussions and Dr. W.

Grabinski for his active support. The ®rst author would

like to thank Prof. P. Fazan for supporting the present

work. This work was partially performed under CRAFT

ESPRIT project (EP 25710) of the EU and supported by

the Swiss Federal O�ce for Education and Sciences

(OFES project 97.0384-1).

Appendix A

The drain current can be written as [9]

ID � 2nQleff C
0
oxU 2

T

W
L
�if ÿ ir�; �A:1�

where the current prefactor, called speci®c current in

Ref. [9], now uses the new de®nition of the slope factor

nQ according to Eq. (13). The normalized currents if�r� [9]

are evaluated according to Refs. [11,12],

if�r� � F
VP ÿ VS�D�

UT

� �
: �A:2�

Note that the origin of the function F is due to Ref. [10].

The pinch-o� voltage VP is now used according to its

new de®nition (11).

The expressions of local charge densities for the new

analytical model, in terms of the position x and the

currents if�r�, are given by

Q 0I�x� � ÿ2nQUTC0ox

������������������������������������
1

4
� if ÿ x

L
�if ÿ ir�

r"
ÿ 1

2

#
; �A:3�

Q 0B�x�
C0ox

� c2
s c

2
p

c2
s � c2

p

1

2

24 ÿ Q 0I�x�
c2

pC0ox

ÿ
���������������������������������������������������������������������������������������������������
1

4
� 1

c2
s

� 1

c2
p

 !
�VG ÿ VFB� � Q 0I�x�

c2
s C0ox

1ÿ Q 0I�x�
c2

pC0ox

 !vuut 35;
�A:4�

Q 0G�x� � ÿ�Q 0I�x� � Q 0B�x� � Q 00�� �A:5�

Fig. 5. Drain current versus gate voltage, for two drain volt-

ages, VD � 0:5 V; 1 V; VS � 0 V, for two cases of polysilicon

doping concentrations. 2D simulation (markers) and analytical

model (lines). The model uses one set of parameters in all

conditions except for changed gate doping concentration.
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Note that nQ is also used in the prefactor of the inversion

charge density, replacing the formerly used expression of

the slope factor [9±13].

The slope factor nm can be shown to relate the gate

and source transconductances. The gate transconduc-

tance gmg [14,9] is de®ned as

gmg � oID

oVG

����
VS ;VD

� o
oVP

�IS�if ÿ ir�� dVP

dVG

� o
oVP

�IS�if ÿ ir�� 1

nm
:

�A:6�

The source transconductance gms [9,14] is de®ned as,

gms � ÿ oID

oVS

����
VG;VD

� ÿ o
oVS

�IS�if ÿ ir��: �A:7�

If the gate voltage dependence of nQ in the speci®c

current IS is neglected (an approximation which is less

valid in the presence of polydepletion), the relationship

between the gate and source transconductances in sat-

uration (if � ir) is approximately given by

gms � nmgmg; �A:8�
which corresponds to the relationship in Ref. [9] with nm

replacing n, showing that the source transconductance is

nm times higher than the gate transconductance in satu-

ration.
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