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A New Method for Characterizing the Spatial

Distributions of Interface States
and Oxide-Trapped Charges in LDD n-MOSFET’s

Robert Giahn-Horng Lee, Jen-Shien Su, and Steve S. Chung, Senior Member, IEEE

Abstract—Previous studies showed that simultaneous determi-
nation of the interface states (Vi) and oxide-trapped charges
(Qox) in the vicinity of the drain side in MOS devices was rather
difficult. A new technique which allows a consistent character-
ization of the spatial distributions of both hot-carrier-induced
Nj; and Qox is presented. Submicron LDD n-MOS devices were
tested and charge pumping measurements were performed. The
spatial distributions of both N;, and (Q.x have been justified by
two-dimensional (2-D) device simulation of the I-V characteristics
for devices before and after the stress. Comparison of the drain
current characteristics between simulation and experiment shows
very good agreement. Moreover, results show that fixed-oxide
charge effect is less pronounced to the device degradation for
the experimental LDD-type n-MOS devices.

! NOMENCLATURE
A, B Empirical parameters involved in the N, and
Qox calculation.
Cox Gate oxide capacitance per unit area
(= €ox/tox) (Flem?).
Cox,cp Gate oxide capacitance per unit area (F/cm?)

by considering the 2-D fringing effect.

f Frequency of gate pulse (Hz).

I, Charge pumping current (A).

Ipq Charge pumping current flowing between
drain and substrate (A).

I vir,max Maximum charge pumping current before

stress (A).

Ip Drain current (A).

Leg Effective channel length contributing to
charge pumping current (cm).

L. Gate mask length (cm).

Ny Interface state density (1/cm?).

Nit,vgh Interface state density derived from
Iy — Vgn (em?).

Nit,vgl Interface state density derived from
Ip — Vg1(1/cm2).

q Magnitude of electronic charge (C).

Qox Oxide-trapped charges (C/cm?).

tox Gate oxide thickness (cm).
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\ 7 General notation for Vg, vir and Vg, g¢r (V).

Vib st Local flatband voltage distribution for
stressed device (V).

Vio,vir Local flatband voltage distribution for
fresh device (V). .

Ven High level of applied gate pulse string (V).

Vel Base level of applied gate pulse string (V).

Vbs Drain-source bias (V).

Vas Gate-source bias (V).

Vs Applied source bias (V).

Vr General notation for Vp iy and Vr g, (V).

Vr ste Local threshold voltage distribution for
stressed devices (V).

Vr vie Local threshold voltage distribution for

fresh devices (V).
w Effective channel width (cm).

T1,Z2 Boundaries of the damaged region in the
channel direction (cm).

TrLe Center point of the channel (cm).

Trd End point of L.g on drain side (cm).

TrLs End point of Leg on source side (cm).

Eox Permittivity of gate oxide (F/cm).

AVy, Shifts of local flatband voltage before and
after stress (i.e., AVp, = Vi str — Vip,vir) (V).

AVr Shifts of local threshold voltage before and

after stress (ie., AVp = Vpser — Vrvie) (V).

I. INTRODUCTION

OT carrier effects and the associated device or circuit

degradation are increasingly important in VLSI/ULSI
reliability issues. This hot-carrier-induced phenomenon con-
stitutes a threat to the long-term reliability of such devices
in that the injected carriers may lead to both oxide trapped
charges (Qo.x) and the formation of interface states (Nj;) at
the Si-SiO, interface [1]. These damages may cause gradual
aging of device characteristics, such as the threshold voltage
shift, transconductance reduction, drain current degradation,
etc., [1]-{4}].

Recently, the charge pumping (CP) technique [5]-[11] has
been proven to be a powerful method for the analysis of the
interface properties of the Si-SiO, system. So far, however, it
has not been simple to form a definite picture of the lateral
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distributions of Ny, and Qox along the channel from a variety
of experimental techniques and results.

In order to determine the Ny and Qox, One may vary the
reverse source/drain biases to modulate the junction depletion
layer edges (change with the so-called body effect) such that
* the spatial distributions of N;; and (Qox can be determined
[12], [13]. Nevertheless, the assumption used in [12], [13] that
Vr(z) and Vp,(z) distributions do not change with applied
source/drain biases is not in accordance with reality and such
variations will affect the occupancy of monitored interface
states [10]. To circumvent the aforementioned problem, a new
measurement set-up for CP currents-constant field approach,
has been proposed by Ancona et al. [7] and applied well
to MOSFET’s by Chen ef al. [10]. However, it should be
noted that the presence of (Jox, Which has not been taken into
account as yet for determining the depletion edge, will affect
the Vr(z) and Vi, () distributions as well. Although it can
be reflected in the change of the derivative of I, curve [14],
usually such variation is a very insensitive parameter. As a
consequence, the algorithm for calculating Ny, and Qox which
is not self-consistent, makes it questionable whether such
additional effort is justified, as the authors pointed out [10].

In this paper, a new characterization technique which allows
the simultaneous characterization of the distributions of both
Ny, and Qo will be presented. It was calculated based on a
conventional charge pumping measurement and a characteri-
zation algorithm. In the charge pumping measurement, a fixed
base (high) level with varying high (base) level gate pulses is
used while the source and drain are biased at zero volts such
that high reverse bias, as in [10], can be avoided. For detailed
illustration and experimental verification, we will apply this
new technique to LDD n-MOSFET’s. Finally, these extracted
Niy(z) and Qox(x) will be implemented using 2-D device
simulation to justify the validity of the proposed method.

II. DEVICE PREPARATION

The experimental LDD n-MOSFET’s used in this work
were fabricated using a standard poly-Si gate twin-well CMOS
process. The tested samples have 0.7 pum mask gate length
and 20 ym channel width. The gate oxide thickness is 14 nm
and the sidewall spacer is 0.15 pym. The LDD n~ region is
performed by Phosphorous implant with dosage of 2 x 1013
cm™? and energy 80 kev. The channel profile and source/drain
profile have been calibrated against SIMS data.

III. DESCRIPTION OF THE NEW METHOD

In this section, we will first present the experimental setup
of the charge pumping measurement and then propose a new
method to determine the spatial distributions of the channel-
hot-carrier induced Njy(z) and Qox(z) from the measured
data. The goal of this work is to obtain these information
with the aid of numerical calculations that can be easily
programmed into an existing simulation framework, while with
less measurément efforts. The extraction procedure used to
characterize the damage profiles is shown by the flow diagram
in Fig. 1.

“Measure
charge pumping currents (A)
Iepvs. Vopand I, vs. Vey

Derive
V,yirx) and Vg ir(x) ©

VT,str{x) and Ve opr(x)

T  Calculate A
Minimize o)
% Nyt ygh() - Nig ygiol] !

]
|
1
i
!
1

Calculate Ni(x) (E)

R}

Calculate F
Cox,cpl®) and Qp(x) (F)

'

2-D simulation of drain ()
currents Ip-Vis and Ip-Vpg

Fig. 1. Procedure of the proposed new technique to characterize Niy(x)
and Qox (). Inside each parentheses is the subsection character. Detailed
descriptions will be presented in each of these subsections.

There are five major steps involved in this extraction algo-
rithm.

Step 1: Measure charge pumping currents /., for the tested
device before and after the stress.
Derive local threshold Vr yix() and flatband volt-
ages Vi, vir(z) of fresh devices from the measured
I.,’s before stress in Step I. ‘
Determine the local threshold Vira.(z) (=
Vrview)y + AVrp(z)) and flatband voltages
Vin,sr(2) (= Vi vir(z) + AVi(z)) of stressed
devices from the measured I.;’s in Step 1, and then
determine the shifts of local threshold AVr(z) and
flatband AVp, () voltages after the stress.
Calculate V() and Qox(x) based on the results
in Step 3. ‘
Compare the simulated I-V characteristics with the
measurements after hot-carrier stress.

To illustrate this scheme, a step-by-step procedure will be
described in more detail as follows.

Step 2:

Step 3:

Step 4:

Step 5:

A. Experimental Setup and Measured Charge Pumping Current

The basic setup for charge pumping measurement along with
appropriate notations is shown schematically in Fig. 2. The
gate of an LDD n-MOSFET device under test is connected to
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Fig. 2. Basic experimental setup for charge pumping measurement,
schematic diagram of an LDD MOSFET cross section and the corresponding
notations.

a pulse generator (HP8110A) while the drain and source are
biased at ground voltage. Two kinds of 1-MHz pulse strings
with rising/falling gradient of 25 ns/V are used in our CP
measurements [11]. First, we use fixed base level, Vy at =5V,
-and sweep Vg, then in the same way use fixed high level, Vg,
at +5 V, and sweep Vg (Vgn and V) are varied between —5
and +5 V) to measure CP currents for fresh (i.e., “virgin™) and
stressed LDD n-MOSFET’s. The CP currents were measured
after a channel-hot-carrier stress at Vos =3 Vand Vps =7
V for 10% s. Fig. 3 shows the measured CP currents Ip— Ven
and I, — Vy for fresh and stressed devices. Since the local
threshold voltage and local flatband voltage are not laterally
uniform due to the variation of doping profile, for a certain Vy,
(V1) value, only the interface states situated in the region,
where the criteria of Vi, > Vp(z) and Vg < Vip(z) are
met as shown in Fig. 2, can be detected and contribute to
charge pumping current. As a result, when Vg, (V1) exceeds
the maximum (minimum) local threshold (flatband) voltage
eventually, the whole detected region is covered, and then the
I, will become saturated at high Vg, (V1) values.

B. Formulation of I.;, Versus Vg, or Vg1 Relationship

Since the magnitude of I, is a measure of the total amount
of interface states, based on [5], [10} I, versus Vg, curve
after the stress can be expressed by

TLd
Icp(vrgh) = qu/ Nit,vgh(x)u[vgh - VT,str(z)]dw
” (1a)

= e e
S L - )
1 .

I, (0A) or dI, /dV,, (nA/V)

o o o o

S5 4 3 -2 -1 0 1 2 3 4 5
Vg,orVgh(V)

Fig. 3. (a) Icp versus Vg, (fresh), (b) Ip versus Vg (fresh), (c) Icp versus
Ven (stressed), (d) Icp versus Vg (stressed), (e) Icp, g, versus Vgy, (stressed)
and (f) I.p, 4 versus Vg (stressed) curves of a W/Lm (= 20 pm/0.7 pm)
LDD n-MOSFET’s with stress condition at Vpgs = 7 Vand Vgg = 3 V,
measured at zero drain/source bias. (g) and (h) are the derivatives of curves
(c) and (a), respectively.

=Wt / " Niala
QOX(Q")
Cox,CP(m)

Similarly, for the I, versus Vj relationship after the stress,
we have

X u‘:Vgh - Vrie(2) + ]dm. (1b)

LLd
L (Vi) = qW 1 / Nityest (&) ulVi e () — Vgl
. ZLs

(22)
=Wt [ Nivalo)
L Qul)
X U[Vfb,vu-(il') - e eh | Az
u [--+] is a function (2b)
with u defined by a step function
_f0, f(x)<oO
wr@n = {3 H950 ®
where
Qox(m) k
V; str =V vir - IR 4
T,5t:(2) = Vr,vie () Coren(®) @
and
Qox(x)
Vio,str =V vir — = - 5
fb,st (CL') b, (iL’) Cox,cp(w) ( )

In (4) and (5), we make the implicit assumption that
AVr(z)(= Vrst(x) — Vrvirz)) at a position = along the
channel is the same as AVi(z)(= Vibstr(2) — Vib,vir(2))
during CP measurements. This can be justified from device
simulation, in which we put several different values of Qox
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in the simulator and we see that AVr(z) and AVg(z) are
approximately equal. In addition, to first-order approximation
the influence of Ny has the same effect on AVy and AVg,
(refer to Fig. 10 of [13]). From (1) and (2), we can see that
there are two unknown variables Vi (z) and Qox(z) of interest
in these two equations. Therefore, Nit(x) and Qox(z) can be
calculated numerically by solving the above two equations
iteratively until the convergence is achieved. However, this
self-consistent calculation for Ni(z) and Qox(z) usually
requires a huge computing time. For the purpose of easy
computation, we use a very unique way to find the solutions
in the following subsections.

C. Derivation of Local Threshold Vp yir(z)
and Flatband Vi, vi:(z) Voltages of Fresh Devices

By assuming symmetrically identical nature of the source
and drain sides and the uniform interface state distribution for
the tested devices before the stress, the local threshold Vi yic(e)
and flatband Vi, vir () voltages can be obtained from the CP
currents o, — Ven and I, — Vi, respectively, and represented
by the following expressions [11]:

1) For the local threshold voltage Vr viy(,) of fresh devices
VT,vir(x) = Vgh

and
Icp (vah)

Icp,vir,max

2(Vgn) = re + (1 - ) (zra — xLc). (6)

2) For the local flatband voltage Vi, vir(z) of fresh devices
Vfb,vir(w) = Vgl

and
ICD (Vgl)

]cp,vir,max

2(Vg1) = &re + (#rd — ZLc)- Y]
Here, the channel end point on drain side x4, that can
be detected with charge pumping method, is determined by
simulating the -majority-carrier concentrations to define the
effective channel length L.z which contributes to the charge
pumping current [6], [13], while the center point of the channel
1 depends on the gate mask length. In this case, MINIMOS
4 is used to calculate the majority-carrier distribution. The
channel end point on drain side 74 was at 0.745 um while
Va1 was held at —5 V. The center point of the channel z . was
0.35 mm. From (6) and (7), we can directly obtain the local
threshold V7 yir(,y and flatband Vi, i (2) voltage distributions
of fresh devices as shown with solid lines along the channel
in Fig. 4.

D. Determination of the Local Threshold Vg (x) and
Flatband Vi, o0 (x) Voltages for Stressed Devices

First of all, we assume the two channel-hot-carrier induced
Viser(z) and Vi, o1, (2), can be empirically formulated as (8)
and (9), for the damaged region near the drain side, while

Vyor Vﬂ, V)
O

!
w

Metallurgical ‘\\
junction l Gate ed

A

0.5 0.55 0.6 0.65 Q.7
Position (um)

Fig. 4. Local threshold Vp(z) and flatband Vi, (z) voltage distributions
along channel before and after the stress.

Vrsic(z) in the undamaged region remains unchanged as
Vr vir(z) (refer to Fig. 18 of [11]).

VT,str(m) =
{B In(1- 222 + Vpi(z1) 21 <z <2

Vrvir(z) O<z<ziorae <z
(3
where
B Vrvic(@2) — Vrvie(21)
ln(l — 23 )
and

Vfb,str(z) = Vfb,vir(x) + (VT,str<x) - VT,ViT(m))' (9)

Here, z; and z are the boundaries of the oxide damaged
region. In the above Vi o, () formula, A4 is the only unknown
variable to be determined. It should be noted that all the
probable values of A are located between z5 — 27 + §z and
oo (this can be seen from (8)). Fig. 5 shows the calculated
Vr st:(z) distributions from (8) with different values of A’s
for demonstration. In this figure, it illustrates that if the
Vrsi:(z) curve is above the Vr vir(z) curve, it corresponds
to negative charges (electrons) being injected into the oxide
which contributes to the rising of threshold and flatband
voltages after the stress. In contrast, Vr,st: () below Vi yiv(e)s
shows the presence of positive charges (holes).

Before determining the value of A, we should first introduce
the derivation Ni; vgn() and Nig vgn(a) from I, — Ve (e,
from (1)) and I, — Vg (i.e., from (2)) curves, respectively, by
assuming both Vr s.(2) and Vi s-(x) are given. A detailed
description of Ni(z) (Nig,ven(z) and Ny ve1(z)) derivation
that incorporates the optimization fechnigue is given in the
Appendix.

Next, we want to determine the value of A in the following
so that it can predict Qox(2) from Vi g (z) (i.e., Qox(z) will
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Fig. 5. Calculated V7 () distributions with various given values of A’s
for illustration. Here, Vir o, (2) is empirically expressed by (8).

be determined whenever A is known). So far, there are still
infinite probable sets of Ni; ven () and Nig vg1() in that A has
not yet been determined. However, based on the fact that no
test device has two different Ny (x) configurations at a certain
point of time, we can confirm that, despite the errors/noise
during measurements, Nj; ygh(z) should be completely the
same as N vgi(z) in principle. In numerical calculation, it
means that the sum of differences between both N ven(2) and
Nigvgi(), as derived in the Appendix, should be minimized
(i.e., among all the probable A’s, only one value, substituted
into (A.1) and (A.2), can meet the criteria). Thus, the unique
value A can be determined by minimizing the following
expression:

min Z |Nit,vgh($) - Nit,vgl(m)] . (10)

Here, we can easily use a DO-loop statement in the program
to calculate the minimum of (10), in which A is the DO
variable and the initial value is zo — z; + éz. It is noted
that in principle the terminal value of A is oo as described
previously. However, the terminal and increment values should
be appropriately chosen, in such a way that A can be obtained
without difficulty. As long as A has been determined from the
above algorithm, Vr . () distribution can thus be obtained
from (8). Results of Vrg(z) and Vi see(z) for stressed
devices using the obtained A value are shown with dashed
lines in Fig. 4.

E. Determination of the Interface State Distribution

Once we have the values of Vr (), the coefficients of
To,T1,--- Ty, in (A.6) can be calculated. Solving (A.11), we
can obtain the solutions of ag, a1, - - - a,. Finally, the lateral
distribution of N;;(z) can be determined by (A.3).

AV,

vV, (V)

Qox/ q=
Gate edge

- 0.65 0.7 0.75 0.8

Position (um)

0.6

Fig. 6. Local threshold voltage distributions Vir(z) (defined in [13]) with
various uniform oxide charge profiles, simulated with MINIMOS 4. Significant
differences in the shifts of V() inside and outside gate edge are observed.

F. Determination of the Fixed Oxide Charges
by Incorporating 2-D Fringing Effect

Usually, the ratio of AV (z) and Qox(x) can be regarded
as a linear constant Cox(= €ox/tox), gate oxide capacitance
per unit area for convenience. This assumption holds only if
the carriers injected into the oxide are strongly located under
the gate channel region as in most conventional MOSFET
cases. But for LDD or LDD-like MOSFET"s, the vast majority
of injected carriers reside beyond (or outside) the active
channel region (especially, under the n~ region). If we still
use the constant Cyy to calculate Qox(z) without considering
capacitive fringing effect for gate oxide [10], [11], this will
induce serious errors due to the two-dimensional field induced
fringing effect at the gate edge. To consider this 2-D effect, we
may calculate a nonlinear capacitance Cox, () using device
simulation. First, we calculate the local threshold voltage
distributions as in Fig. 6 for several cases with given uniform
oxide charge distribution @,y covering electron and hole
injections. Here, it can be seen that for the same amount of
induced Q.x, AVr(z) is not a constant value, but depends
on position (i.e., AVy; # AVrs as shown in Fig. 6. While
without the 2-D effect, AV, should be equal to AVrs). Given
the above, Cox cp(x) can be estimated according to

Ol ep() = o2 an

AVp(z)
The value of Cox cp(z) is maximum with Cox(= €ox/tox) in
the middle of the gate and decreases gradually toward a much
lower value outside the gate edge due to the fringing effect.
The results are given in Fig. 7.

By incorporating this 2-D capacitive fringing effect, and
then calculating the differences of local threshold voltage
AVr(z) from Subsection III-D, one can readily obtain the
lateral distribution of oxide-trapped charges Qox(x) as follows:

Qox(w) = _Cox,cp(l') . (VT,scr(j) - VT,vir(z))~ (12)
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Fig. 7. Calculated local gate-oxide capacitance Cox,cp (normalized) with
2-D fringing effect considered.

G. Verification of the Drain Currents by Simulation

To verify the validity of the characterized Qox(z) and
Ni(z), device simulator MINIMOS 4 has also been modified
so as to incorporate nonuniform Qo (z) and Ny (z) distribu-
tions. In this simulation, the drain current characteristics of
Ip — Vs, and Ip — Vpg both in normal and reverse modes
are simulated and for comparison with experimental results.

IV. RESULTS AND DISCUSSIONS

Usually, the range of hot-carrier-induced damaged region is
about 0.2 ym and the damage profile is also well correlated
with the lateral electric field peak as in [7]. Therefore, it should
be noted that both z; and zo in (8) should be adequately
chosen. Here, we let z5 = x14 = 0.745 pum (obtained in
Section III-C). As for z1, it is easy to infer from the principle
of charge pumping that the portion of the curves of the
dl.,/dVgn characteristics before and after stress (curves g)
should coincide with each other and give the value V1, as
illustrated in Fig. 3. Thus, 1 can be obtained by substituting
the value of V1 (as shown in the figure) into (6). In this case,
Ve1 = 0.25 Vand z1 = 0.5 pum. Values of the optimized 4 and
B are determined from (10). The result is illustrated in Fig. 8,
in which A — (g — #1) is 3.2 x 1072 um. As soon as A is
determined, V7 st-(7) and flatband Vi, st () can be calculated
from (8) and (9) as shown in Fig. 4 for comparison. Fig. 9
shows the characterized spatial distributions of Ny (z) and
Qox(z) from (A.3) and (12), respectively. Shown in the figure
is also the lateral electric field which is peaked at the position
close to the drain. It further shows that the lateral electric field
is closely correlated with the oxide damaged region where Ny
and (Qox are generated. By comparing the values of IV and
Qox, it shows that fixed-oxide charge effect is less pronounced
to the device degradation in LDD-type n-MOS devices.

The simulated drain current characteristics Ip — Vas and
Ip — Vpg for both fresh and stressed devices are shown in

200

170

140

110

80

ZIV, it,vgh(x) - N, it,vgl(x)l (Normalized)

1

50 L — .
0 0.2 0.4 0.6 0.8 1

A-(xy-x;) (107um)

Fig. 8. Calculation of the minimum values of (10) for A.

Fig. 10(a) and (b), respectively. Comparison between simu-
lation and experimental results shows very good agreements
which also justifies the validity of the extracted Ny (z) and
Qox(z) distributions.

The advantages of the present method are as follows:

1) In this experiment, we can easily obtain the lateral
distributions of the induced Ny and Q.x along the
channel merely from one set of CP currents, both
I, — Vgn and I, — Vg curves, measured at zero
drain/source bias. On one hand, because the drain and
source are held constant at zero, this method can avoid
the variations of Vr(z) and Vi, (z) during the inversion
and accumulation half cycles. On the other hand, it does
not need multiple CP measurements, and hence avoids
the likely imposition of re-stress on tested devices.

2) Since the variations of the induced Q.x are taken into
account in the calculation of Ny as in (1) and (2), the
inconsistency in determining the lateral position of the
depletion edge [10] can thus be eliminated in our new
method.

3) By incorporating 2-D capacitive fringing effect (nonlin-
ear property of oxide capacitance) in calculating Qox(z),
overestimation can be eliminated in that C,x is sig-
nificantly larger Cox,cp(2), especially beyond the gate
edge.

4) The present method can be applied to LDD MOS devices
without difficulty while most of the previous studies [7],
[10] are valid only for conventional MOS devices.

V. CONCLUSION

In this paper, the charge pumping technique has been
successfully applied to the characterization of stressed. n-
channel LDD MOSFET devices. In particular, a new method
has been developed for a consistent determination of the lateral
distributions of both interface states and oxide-trapped charges.
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Fig. 9. Lateral distributions of Niy(z), Qox(z) and lateral electric field at
Vbs =7 Vand Vgg = 3 V.

By incorporating the spatial distributions of N (z) and
Qox(z) into 2-D device simulator, predictions of I-V char-
acteristics for degraded devices can be accurately made. The
simulation results have justified the validity of the proposed
technique. It shows that our method can probe the hot-electron-
induced oxide damage distribution with less measurements and
greater precision. The developed result is expected to be useful
for hot carrier reliability and performance studies of submicron
or deep-submicron MOS devices.

APPENDIX
NUMERICAL SOLUTION OF INTERFACE STATES Nyt (7)

In this appendix, we will describe the numerical solution
of interface state distribution. By assuming that source and
drain are symmetrical for fresh devices and damages are
induced only near the drain side, the drain component I, 4(=
I, (stressed) — I, (fresh)/2) of CP current that flowing
between drain and substrate can be shown as follows (from
(3) and (4)):

TLd
Topa(Vin) = W f / Nivvgn (2)ulVih — Vi (@)]dec
e (A.1)
and

LLd
TpalVi) = WS [ Nl Vo n(o) — Vialdo.
e (A2)
To obtain the spatial profiles of Nitvgn(x) and Nig g ()
(we will concentrate on the derivation of Nit,vgh(w) in the
following. Nj;vg1(z) can be obtained in the same way) near
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®

Fig. 10. (a) Comparison of the experimental and simulated Ip characteris-
tics for fresh and stressed devices. (b) Comparison of the experimental and
simulated Ip characteristics for fresh and stressed devices. The results for
fresh characteristics are denoted by (e) and the results for stressed forward
([)) and reverse () characteristics are also shown,

the drain junction, we assume the functional relationship (n
can be chosen according to accuracy requirement)

Nitvgn(z) = ao + a12 + apz® + -+ + @, 2" (A.3)

with errors defined by (A.4), shown at the bottom of the page,
where I.p q(Ven) is the measured current at a specified Vg
and Ny .1 () given by (A.3). We want to minimize the sum

E(Vgn) = Iep,a(Van) — qu/
TLec

d
Nit,vgh(2)u[Ven — Vrst:(2)]dz

(A4
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Fig. 11. Calculation of Njy(z) with various n’s from (A.3).

of error squares

2

Veh

S=Y B(Vg)’ {Icp,d(Vgh)
Ven

TLd
- qu/ Nit ven(#)u[Ven — VT,su(x)]dw} .
ZLe
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Writing the equations for these gives n + 1 equations

88

oo = ;(_va)[ch,d(vgh)

—gW f(aoTo + a1 Ty + -+ + anT,)]To = 0
(A.9.0)
o8
3—0,1 = ;(_quf)[—rcmd(vgh)
h

—gWf(agTo + ar1Ti+ -+ a )] Ti =0
(A9.1)

and

e}

S
5o = Z(—Qqu)[Icp,d(Vgh)
n Ven

~ gWf(aoTo+ 1Ty + -+ an 1) T = 0.
(A9.n)

Dividing each by —2¢gW f and rearranging gives the n + 1

normal equations to be solved simultaneously

(A5) a0y To+ay ToTi+-+any BT,
Vsh Vgh Vgh
1
For convenience, we let = m Zlcp,d(Vgh)To, (A.10.0)
Ven
e ag » ThTo+ T2 4 ... T,
T = / u[Vegy — Vst (@) da, (A.6.0) 0 ; 1f0 ; Lt o ; in
ZTrLe & g g
Trd 1
T = / z u[Van — Virsee(z)]dz (A6.1) = W Z Iep,a(Vgn) 11, (A.10.1)
TrLe Veh
and
and
TLd
T, = / 2"u[Ven — Vr str(z)]d. (A.6.n)
Tre & ()] a‘OZTnTO+aflzTnT1+"’+anZT:
Ven Veh Veh

Then, (A.5) can be rewritten as

S = Z{Icp,d(vgh) — qW flaoTo + a1 Ty + -+ + a, T0) >
Ven

1
= 77 Z Tep,a(Van) T (A.10.n)
Veh

These equations can be rearranged in matrix form as follows:

(A7)
To find the minimum value of §, all the partial derivatives ‘Tz
should be zero, i.e., ZVS" 0 ZVS}‘ TO? ZVS‘“ ToTn a0
ngh TlTO ngh Tl ngh TlTn ay
s 88 83 : : : :
g2 _ 90 222 . A8 '
Bao 8a1 8an ( ) EVgh TnTO ZVgh TnTl Evgh Tr% n
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Z\_/gh ICP,d(Vgh)TO
1 Zng Lep,a(Ven)T1

= ___qu s . (A.11)
22V Lep,d(Ven)Tn

The solutions of the above equations gives ag, a1, az, - ay.
Therefore, Ny vgn(z) can be calculated from (A.3). The com-
parison of calculated Ny, for various n are shown in Fig. 11,
in which n is chosen to be 7 for accuracy and numerical
efficiency in this experiment.
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