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Outline

* role of the fixed capacitance increases at downscaling

» overview of the known methods to extract vd and Cox

* methods relying in the semiempirical C-V formula are not robust
» a step down to a deeper physical basis is suggested

* regression derived from the Mott-Schottky equation

» method tested on several scaling and T-dependence examples

* summary
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Problem
Compact models apply the semiempirical (SE) capacitance-voltage equation

-7
VD _Vaj
DO

C(Va) = CO + Cjo(

In practice it has model dependent extensions like limiting functions to avoid
singularity at V=V, observing punch-through effect, taking into account
charge contributions at high current densities but the basic extraction is
always performed on the formula above. The primary problem at parameter
extraction is that the fixed capacitance C, (or C,,) and the diffusion voltage
V, can not be directly incorporated in a simple linear regression.

Following an overview of the known approaches a novel method will be
described that provides the diffusion voltage from the Mott-Schottky
equation by linear regression
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Method#1: Multivariable regression & optimization™ ="

Set of V, bias points span a linear regression  In(C(v;) - Co) =In(Cjo)—zln(1-:,/—(';)

Unknowns C, and vd are determined through minimizing the error of the

multivariate linear regression constructed with vectors and matrix
a(Vy) =In(C(Vy) -Cy)

Al =1 solution

a,(V,) = |n(1-\v’_5] > x=(ATA)?ATa
A:[a1 az] x:[ln(Cjo); z]

Ax=a

The total least-square error
S(Cy,vd) = [Ax - a]T [Ax - a]

can be minimized in terms of C, and vd by any optimizers e.g. using the
standard MATLAB function fminsearch.m
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Method#1: Multivariable regression & optimization;"corit'e

Cll?z__)EPAR extraction by CBEPAR & vde optimization

145 Cje0=9.13fF
14 Zle=0.151
vde= 0.727V ,
—135 CBEPAR=3810fF

)

21 05 yap] O

0.5

%C extraction by CBCPAR & vdc optimization

16 Cjc0= 8.20fF ’
Zic=0.313

h CBCPAR= 4,059fF

=

12,

% 45 aym05 0 05

Each method will be tested by these two measured data
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Method#2: Multivariable linear regression on C and Q"
Q comes thru integrating C by Simpson’s, C, is measurement at zero bias

C.,vd 1z _ 1-z
Q(V,) =V,Cp + 1‘° {1—(1—\/60 ]=Vaco+(CZ CO)Vd[l—(i—Vaj ] C,=Co+Cjo

-Z vd 1-2z vd

Combining with C provides the 3-variable linear regression
QVa) vcwa[ j [cva) - C]( j (Col Zj

a(Vy) = Q(Vy)

a; (Vi) =V C(Vy) ,

a,(V,) =—(C(V,)-C,) solution

as (V) = -V, —> x=(ATA)*ATa

A= [al a, a3]
Ax=a x=[/Q1-2);vd/(1-2) Cyz/1-2)]

No optimization is needed
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Method#2: Multivariable linear regression ..., cont'd™ "

CBEPAR extraction by linear regression to Q & C CBEPAR extraction by linear regression to Qand C
10, 15,
14.5; Cje0=-9.95fF
o zje=0.11
14 vde= 0.58V
CBEPAR= 22.88fF

0.5

Linear regression results in negative parameter values at Cje
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Method#2: Multivariable linear regression ..., cont'd™"

CBCPAR extraction by linear rgeressionto Qand C CBCPAR extraction by linear rgeressionto Qand C
10, 17,
5 16/ CjcO=7.55fF
zjc=0.36
0 15 vdc=0.74V
14 CBCPAR=4.72fF
g~
o0
15
-20;
25 !
-2 -1.5 -1 0.5 0 0.5
Va[V|

Linear regression results look normal at Cjc
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Method#3: V, interval exhaustion
C. Raya et. al. proposed a method [1], [2] based on dividing the assumed
diffusion voltage interval in subintervals and computing the regression error
to the capacitance derivative in the V gridpoints. The next interval to divide
In subintervals is the one enclosing the point providing the least error. The
procedure is stopped when the last V interval shrinks to 1mV.

dC(V) ( dC(0) v
) Wil I'{“:' fv)= dv dv j [erj

(ka) .
1"'.? ? 1'-"| i V
Mingr-1)=1(Vi k) In(f (V) = ~(z+1) [I]n(l——j
o * 1 T - v
J / ! LHS is measurement,
m(jr-17= 1-“.,.]"];;]” . . .

T ——9 - % 7 RHSisregressed with

Min(jr-1)=(Viky)-1 Vp In gridpoint
When the optimal Vj, is known computation of C, and Cj, is plausible
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Method#3: V, interval exhaustion, cont'd

CBEPAR extraction ) 5 CBEPAR extraction by VD exhaustion method
16 08 145
§1.4 0.6 14
B0 g 02 91 Cje0= 5.84fF
o = Zle=0.25
< <0 12.5
0.6 @© vde=0.77V
o
04 e 12
0. 11.5 | ‘ ‘
Emitter capacitance
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Method#3: V, interval exhaustion, cont'd g ‘
CBCPAR extraction CBCPAR extraction by VD exhaustion method
3.5 10.8 17;
3’ T __-_:'-" 16’
e 06 15
§25 - E 7
o 4 204 14
S 2 s T
o o—
5 g} 513
olo 502 b
) © CjcO= 8.04fF
1 o -
0 11 zjc=0.32
0.5 10 o vdc=0.71V
__________ CBCPAR=4.21l
3 09 177 2 15 dyp05 0 05

Collector capacitance
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vd-CBEPAR error plot vd-CBCPAR error plot

CBEPAR [fF]

Shallow, elongated minima. At fixed V, each method is robust
Semi-empirical C-V function is too weak to extract 4 parameters from
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Method#4: va-C, from capacitance profiling

It has been shown in [3] that the spatial space charge density o(x) =qlN(x)
represented by the ionized impurity centers implies

total voltage charge balance
dg dg
n
Vigg =Vp ~Va === [ X[@(x)dx [o(9ax=0
£ & 4 4
YL

between the left d, and right d; edges of the depletion layer.
The sign is determined by the {‘1 it xW(x) <0
sequence of the doping types 1 if x[&(x)>0
It will be shown that the capacitance profiling formula is the direct
consequence of this fundamental pair of equations hence providing a

possibility for depletion capacitance parameter extraction at arbitrary
doping profiles.
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Method#4: capacitance profiling, cont'd
Assume a doping sequence Ny — N, that is o(d,) =-aNA(d,) o(=d,) =aNp(-d,)
Derivating both sides of the voltage equation w.r.t. V, , provides

dp

d
od : —
=1 % g jx@(x)dx 41 0Cn) ;O jxmf(x)dx

n

od od —~
i 2 [[Hp ED'(dp)]+—1 ody [ﬁ—dn DD'(—dn)] -9 ™ mp DNA(dp) 1+ dn Epdn END( dn) -1
EEy OViqt EEy OViy EEy OVyyt d, od, Nx(d,)

. \ ' ' &jn _ NA(dp)
The variation of the charge balance equation yields 2. No(-dy)

Thus with the total depletion layer width d=d, +d, one gets
q adp i adn o = 1

[d = Imi
E€y Vg NA(dp) Slmllarly E€y Vgt Np(=d,)

2
iadm_ g odd° _ 1 N 1 1
EEy OV,

2660 Vi Np(-d,) Na(d,) N
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Method#4: capacitance profiling: Mott-Schottky "

EELA

The junction capacitancecC; = :

yields the capacitance profiling equation

d [1]— ° valid for arbitrary junction forming impurity profiles

Vot Cjz ) qeg, AN
Constant doping yields the Mott-Schottky equation [4], [5] | 1 _ 2(Vp ~Va)
(since C; (Vi =0) = the integration constant is zero) C?  gegoAN

Derivating this function by V, and re-using the original expression a linear
regression is obtained for V;, in terms of the the measured capacitance C,,

dC dC
C.+2 M =C,+2V m
m adV 0 D dVa (1)

a

Despite that the Mott-Schottky is strictly true only for homodoped junctions it
had been the starting point of the semi-empirical C-V equation as follows
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Method#4: capacitance profiling, SE approximatiofy "

A power-function shaped doping profile N = No(%jm in Mott-Schottky yields

1 ZZND_Va)[Ej_m - - - (doj_m
C7 ™ qez, AN, |/ at zero bias and nominal temperature:

Ch  GegeA*Ng \ A
i -2 :VD _Va d —-m :VD —Va Cj m SE formula C] :CO +CjO(VD _Va] 2= 1
Cio Voo \ do Voo | Cjo —)> Vbo 2+m
Re-using the original function in the derivative as before results in
power-function N(x)

+£dcm :CO+V_Dde
z dv, z dv,

Cm

The reason of the notorious correlation between the diffusion voltage and
grading factor is clearly seen: the regression slope is the V/z ratio. The split
is relied on the second term of the LHS what is small compared to C,,
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Method#4: capacitance profiling, V;-z correlation™ "

N W T TR Authors ?n [6]. addgd pseudo-random
s:* | stochastic noise with zero mean and
0.5% std. variation to a synthetic C-V
data computed from the semi-
empirical (SE) formula by V,=0.91,
7=0.46. One million such perturbed
samples have been extracted at room
i s ot | - temperature resuling in the insertec
;. Srmavenitiomnk emperaturey correlation plot. Principal distribution
R RO axis is a straight V/z line as predicted.

Extracted Built-in Potential at Reference Temperature [V]
Slight departure of a variable from the best fit is compensated by the
shift of the other: perfect fits of std. extraction strategies are delusive

P)

(155 ¢ to the extraction performend

on reference temperature,
T =T, only.

05

E=

0.45}

04¢

Extracted Junction Grading Coefficient
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Method#4: reducing the number of freedoms ~ “** "
Mott-Schottky implied the field-proven SE hence (1) on the same basis is
also expected to yield correct diffusion voltages at arbitrary doping profiles

1Ogynction depletion along an exponential doping profile 6OVD extraction by gradient method, exponential profile
a),
— 40-
o —
£ L
O 18 =
=0 530 vd_synth=1.12
>t O vd_extr= 1.20
20/
10
1017 ‘ ‘ ‘ ‘ ‘ 0 | ! ! ! |
0 10 20 30 40 50 0 5 10 15 20 25
x [nm Cgrad [fF/V]

Deviation of extracted diffusion voltage is small even for an E-B like
exponential junction: so regressed V, will be exported to SE extraction
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Method#4: capacitance profiling, Cje by imported V™"

CBEPAR extraction by capacitance profiling st1008 CBEPAR extraction by capacitance profiling
24, 15
2 145
20,
14
18
= 135
46 CBEPAR= 9.43fF o /
Y% vde=0.88 \013 /" Cie0=4.03F
o5 Zle=0.43
12 ' vde=0.88V
10. 2 CBEPAR=8.91fF
8 ‘ ‘ ‘ 11.5 ‘ ‘ ‘
0 4 6 8 -1 05 0 0.5
grad_Cj [fFM \/je M

This and all consequent plots have been obtained by passing V, from (1)
and extracting C;,, C, and z; from the SE formula
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Method#4: capacitance profiling, Cjc by imported V="

CBCPAR extraction by capacitance profiling st1008 CBCPAR extraction by capacitance profiling
35 17-
16-
30,
15-
25
_ 14-
T i T
20 CBCPAR= 6.28fF %13,
=) S
@)

vdc=0.79 O

ary

CBCPAR=5.74it

| | | O | | | | |
5 10 15 20 2 15 1 05 0 05
grad_Cj [fFV] Vic [V

Slight variation of vdc on depletion boundary positions is clearly seen
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Method#4: capacitance profiling, Cje scaling "

50 Bias independent part of Cje Zexro bias emitter capacitance CjeO
e W=0.25um 150 o W=0.25um
v W=0.5um v W=0.5um
40 = W=0.75um «  W=0.75um
4 W=lum 4 W=lum
—30
=
o

a CjeO [fF;

0 5 10 Lpmils = 20 0 5  10Lum15 20

As drawn emitter length (L) and width (W)
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Method#4: capacitance profiling, Cjc scaling """

0 Bias independent part of Cjc Zero bias callector capacitance GjcO
o W=0.25um o W=0.25um
25 7 W=0.5um v W=0.5um
= \W=0.75um 40 =« W=0.75um
|4 W=lum 4 W=lum

gco [f@

10

0 5 10 L [um]15 20 0 5 10 L[um]15 20

More refined scaling techniques have been suggested in [7] (to be tested)
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Method#4: T-dependence of the diffusion voltages™ ™"

1.4

1.35

T-dependence of the diffusion voltage

vdc

vde=1.23
vgbe0=1.2082

0 50 100 150

termnerature ICO]

0.9

0.85

0.8

0.75

0.7

0.65

0.6/

T-dependence of the diffusion voltage

vdc=0.732
vgbc0=1.01

0.5_%0

50 100 150
temperature [Co]

Conventional capacitance extraction techniques fail to provide a robust
bandgap parameter determination [8]
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* a robust linear regression — derived from the Mott-Schottky
equation - have been suggested to extract the diffusion voltage

» the method separates the vd extraction from the conventional
semi-empirical capacitance basis

» extracted Cox and Cj0 capacitances showed excellent scaling
properties over a wide range of W and L variation

» the vd extraction process utilizes the whole measurement
range making bandgap parameters extraction feasible from
temperature dependent capacitance data
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