i~ 7
1R R F PG
oL

FroftZaR* W EF L

Tl aefrR 2
™ e v s 2 T
A Physical MOSFET Saturation Current Mismatch Model Based

on Backscattering Theory

y 2

D

1 2 FaY
3 B FcHE P T

Chung-Hsien Tsai

Prof. Ming-Jer Chen

Ly

2

J~4



FroftHZank* 23 25 % T HhMlaeirwl
™ e ok 2 TEHCY)
A Physical MOSFET Saturation Current Mismatch Model Based

on Backscattering Theory

BoyoA L EsY Student : Chung-Hsien Tsai
R mp Advisor : Prof. Ming-Jer Chen

A Thesis
Submitted to Department of Electronics Engineering &
Institute of Electronics
College of Electrical Engineering and Computer Science
National Chiao Tung University
in Partial Fulfillment of the Requirements
for the Degree of
Master of Science
In
Electronic Engineering
July 2006
Hsinchu, Taiwan, Republic of China

PEAR {4+ & - 7



ISR Ry I scE M A L

Bl R

(=

X

T ST S r

N7 TR L 2 A
PR A E L RRIE B S
S E TR o AR AR Y W AR TR ey
o RRAREL §EBR] c RF AP R e AMEGZ B L
o T oAt Bl RATR, M2 ABRTRERTCRTE, B -

Bz B 48kcs: FHchS k8 T ineh? T sy o



A MOSFET Saturation Current Mismatch Model Based
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Abstract

This thesis investigates the curtent mismatch in above-threshold
regions and derives a physical mismatch model based on backscattering
theory. We have extensively characterized measured MOSFETs in
above-threshold regions with different gate widths and lengths to
determine the current mismatch. We have observed that the current
mismatch decreases with increasing gate voltage. We have also derived a
backscattering based mismatch model with three key parameters,
drain-induce-barrier-lowering  (DIBL), quasi-equilibrium threshold
voltage Vi, and backscattering coefficient rc. We can calculate the
current mismatch in above-threshold regions by using the new mismatch

model.
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Figure Captions
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section, and the conduction-band profile. F*, the incident flux from the source,
is located at the peak of the source-channel barrier. F  is the incident flux from

the drain. (b) A flux model in the saturation condition.

A schematic flowchart for the procedure of extracting r,.

Square symbol is measured C-V data at temperature of 298K. The dash line is
from Schrodinger-Poisson simulation and the solid line is from the Berkeley’s

C-V simulation.
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Simulated thermal injection velocity density versus gate voltage under

T=298K.

Schematic illustration of determining C,, from Q,,,-V; plot.
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Measured drain current versus gate voltage with T=298K for L
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Schematic illustration of extracting V,, by maximum g, method from drain

current versus gate voltage plot.
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The measured drain current mismatch versus gate voltage for
W/L=0.24um/0.1um, and the fitting curve from Eq. (3.2) are shown for

comparison.
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Chapter 1

Introduction

It is well recognized that no two things in the world are exactly the
same. This is why everything comes with tolerance. The same situation
can be applied to MOSFET: no two transistors can be the same even they
are identically drawn. For example, threshold voltages are different, drain
currents are different, etc. Mismatch reflects the different performance of
two or more devices under the same operation. It is widely recognized
that mismatch is a key to precision dnalog 1C design. If not properly
controlled, mismatch results in"the ‘performance degradation, the circuit
malfunction, and even the drop of yield. Thus as device becomes smaller
in today’s VLSI technology, mismatch analysis becomes more and more

important.

Mismatch in above threshold region
Because most of the transistors in the circuit operate under the
saturation region, the mismatch in the saturation region is noticed. From

the traditional drain current model:



w
ID = TIUCOX Vs _Vth)z

We derive the current mismatch formula by using the drain current model
based on backscattering model to resplace the traditional drain current

model.

Mismatch model

Although many mismatch models based on process parameters have
been reported, the physical mismatch model using backscattering theory
has never been discussed. +As stated in backscattering theory, the
nanoscale device performance is ultimately- limited by the injection
velocity and backscattermg "“coefficient. " The concept of channel
backscattering is shown in Fig. 1. Both the carrier injection velocity and
backscattering coefficient determine the current drive in nanoscale

devices in the saturation region as given by [1,2]

1-r
lD,sat = WCeff Vinj[VG - (Vtho - DIBL X VD)] 1 N rc

c

where viy, 1., and Vi, are the thermal injection velocity at the top of
source-channel junction barrier, the channel backscattering coefficient
through the kgT layer, and the near thermal equilibrium threshold voltage,

respectively. We derive a new simple analytic statistical mismatch model

2



in saturation region based on backscattering theory that has successfully
reproduced the mismatch data in strong inversion for different
dimensions. With this model included, the current mismatch can be
expressed as a function of the coefficient of variation in the parameters :

Viho» e, and DIBL.



Chapter 2

Backscattering Theory and Parameter Extraction

In this section, we will explain the backscattering theory and the
method of extracting the parameters. The main extraction procedure is
demonstrated on the device size of W=lum and L= 0.1 xzm with the

measurement conditions: V,;=0~1.2V; v,=0.01, 0.1, 0.5, and 1.0V; and

the operating temperature = 298 'K

Section 2.1 Backscattering Theory

The channel backscattering theory describes a wave-like transport of
carriers through the channel from.the source to drain. As schematically
shown in Fig 1, the channel is separated into two parts : O<x</ and
[<x<L.s Here [ represents the critical length from the source the
conduction band bends down by a thermal energy of kgT , where kg is
Boltzmann’s constant , L is the channel length and T is the temperature.
Within the kgT layer, multiple backscattering process occurs [2], [3]. In
the channel, scattering occurs due to the presence of impurity atoms,
lattice vibration of the atoms, and surface roughness. A certain fraction r¢

of the incident flux F is effectively reflected and returns to the source [1].

4



The total charge in the inversion layer comprises the injected and
reflected components, is controlled by MOS electrostatics. The
transmitted flux (1- ro)F out of the kgT layer undergoes no net reflections
to kgT layer due to significant potential gradient in the remainder of
channel. Consequently, the drain current per unit channel width can be

expressed as

I — r,
inj 1 + rc (1)

I D = Q inv 4
Where Qi 18 the inversion-layer charge density per unit area and vy, is
the thermal injection velocity.

Experimentally, rc can-be extracted by current-voltage (I-V) fitting

[3]-[5]. Owing to multiple backscatterings in the kgT layer, both the

quasi-equilibrium mean-free-path A and the width of kgT layer are

functionally coupled through a single r¢[2]

re =—orp )

In the saturation region, the formula of drain current region based on

backscattering theory can be described as

1-r
L =WC,y Vg =V, vy 1 3)

C




In real devices, the terminal drain current involves the drain /

source series resistances, R, and Ry , and

(Drain-Induced-Barrier-Lowering) DIBL. Thus the expression (3) is

augmented into

1-r.
Ipsar =WC o5 (Vg —IpRs) = (Viyy = DIBLX(Vp, — IRy — [ Rp))1vyy, ﬁ 4

Here we neglect Rg and Rp, the formula can be expressed as

1-r
— DIBLXV <
)V Ty ®)

I Dsat = Ceﬁ' [(VG - (‘/tho inj

c

Section 2.2 Parameter Extraction
Flow-chart

Fig. 2 summarizes schematically the procedure of extracting rc. The
connection lines illustrate the relationship between the data and how to
derive them in series. We would then demonstrate the extraction
procedure based on the connection lines of the flow-chart.

C-V Fitting

The measured C-V curve is compared with the calculated one by the
quantum simulator with the gate oxide thickness Tox, poly doping
concentration N, and channel doping concentration Ny, as input.

Tox, Npoiy and Ny, €ach can be adjusted to affect the C-V curve, but only

a distinct set of Tox, Npoy and N, can be found with a perfect C-V



match. As shown in Fig. 3 Tox , Nyy and Ny, are simultaneously
obtained by C-V fitting. Here, two different C-V comparisons were done:
one from Schrodinger-Poisson solving [6] and the other from Berkeley’s
C-V simulation. They can both create desirable results, besides at high
voltage where leakage current occurred in real experiment. C-V fitting
eventually led to Tox = 1.4 nm, Ny = 2.5%x10%° cm?, and N, = 6x10"7

-3
cm .

Quasi-Equilibrium Device Parameter

With known Tox , Npoy ‘@and Nggpds input, the Schrodinger-Poisson
solver was carried out to calculate the“inversion layer Q,,,, the thermal
injection velocity vi,;, and the effective gate capacitance Ce. Fig. 4 shows
the calculated inversion charges, Qi,, , versus gate voltage. The thermal
velocity, viy , 1s displayed in Fig. 5 versus gate voltage. From these results,
some properties can be drawn. First, at low gate voltage, or at the
non-degenerate limit, the thermal velocity is regardless of gate voltage.
Second, at the high gate voltage, or near degenerate limit, the thermal
velocity increases with gate voltage. According to MOS electrostatics,

Qi can be expressed as



Qinv =qng = Ceﬁ (VG _Vtho) (6)
The effective oxide capacitive C,;, is defined by [7]

77 C+C, )

where C,is the gate dielectric capacitance and C,is the semiconductor

(or quantum) capacitance related to the quantum mechanical confinement,

polysilicon depletion, finite density-of-states, etc. From the slope of the

0,,, Versus Vg, as shown in Fig. 6, we obtain C,, = 1.3926x10° (F/cm?).

Drain Current against Gate Voltage

The drain current versus;gate voltage, [; -V, is measured under
temperatures = 298K for different drain voltages of 0.01V, 0.1V, 0.5V,

and 1.0V. The results are shown in Fig. 7 for W=1um, and L=0.1um.

Threshold Voltage
The threshold voltage is a key parameter in MOSFET design and
modeling. There are many definitions and extraction methods for the
threshold voltage. In this work, we employ a maximum
trans-conductance method in the linear region to assess quasi-equilibrium

threshold voltage and the constant subthreshold current method in the



saturation region to extract the DIBL [8].

Quasi-Equilibrium Threshold Voltage Extraction

The maximum-g,, method is used in the linear region with a lowV, of
10mV. In this method, a tangent line is established at the drain current
with the maximum trans-conductance, as shown in Fig. 8. Through linear

extrapolation to zero drain current, the quasi- equilibrium threshold

voltage V, was obtained. Fig. 9 shows the extracted V,,, versus L. For L

of 0.1um, Vv, = 0.34688V fortemperature'of 298 k.

DIBL Extraction

With channel length scaling” down, it is gradually important to
consider short-channel effects such as Vy, roll-off and Drain Induced
Barrier-Lowering (DIBL). We use constant subthreshold current method
to determine threshold voltage operating in the saturation region (high
Vbs). The critical constant current is defined as the drain current when the
gate voltage is the threshold voltage from the maximum-gm method in
the linear region [8], as shown in Fig. 10.

Drain-induced-barrier-lowering (DIBL) is defined as the gate

voltage shift (AV,) at the constant drain current due to a change in the

drain voltage (AV,). From Fig. 11, threshold voltage reduction due to



increasing V,, 1is mainly due to the DIBL effect. Fig. 12 shows threshold

voltage versus L for drain voltage of 1 V. It can be seen that DIBL effect
is insignificant for the long-channel device. With the channel shortening,

DIBL effect imposes increasing influence on the threshold voltage.

Results

According to the drain current formula (5), we can see that the
parameters, Ce , Vinj » DIBL, Vy, , and rc , have been extracted. Thus, the
backscattering coefficient rc can be extracted by I-V fitting. The results
are given in Fig. 13 (a) against gate-voltage for v,=1V. Fig. 20 (b) and
(c) are the case of V,= 0.5V and 0.1V, respectively. From Fig. 13, it can
be seen that (1) rc decreases. with increasing gate voltage and then,
critically, tends to saturate for V3>0.8V; and (2) at Vp=0.1V, rc¢ is nearly

constant.

10



Chapter 3
Mismatch Statistical Model

Section 3.1 Mismatch in the above threshold region

We have extensively measured and analyzed the current mismatch of a
small-size n-channel MOS transistor operated in the above threshold
region with its p-well-to-n" source junction forward and reverse biased.
The measured dependencies of the mismatch in the saturation region have
been successfully reproducediby a new simple statistical model based on
backscattering theory.

The transistors in the circuit usually operate in the saturation region,
and one of the fundamental factors limiting the accuracy of MOS circuits
operated in the saturation region is the current mismatch between
identically designed devices. The poor control over the current match can
cause a number of undesirable effects in the circuit level. Especially, in

nanoscale devices, the effects are more and more serious.

Section 3.2 Experiment

The measurement of current mismatch for identical devices was

11



achieved in terms of the dies on wafer as schematically shown in Fig. 14.
All dies on wafer containing many n-channel MOS transistors have the
same structure. They were fabricated using a 65 nm CMOS process. In
our measurement of current mismatch, the p-well-to-n"-source bias, Vgs,
was fixed when sweeping Vgs from 0 to 1.2 V in a step of 25 mV. The
drain currents were measured and recorded for the subsequent analysis.
The measurement setup contained the HP4156B and a Faraday box for
shielding the test wafer, all performed in an air-conditioned room with the
temperature fixed at 298 K.«The total ‘measurement time of one die’s
n-channel MOS for these-full ranges Wwas about 3 hours. A total of 25
n-channel MOS FETs were'measured in-one.die. Fig. 15 depicts a typical
measured I-V characteristic with Vgg and Vpg as parameters for the

shown device size of W=0.24(um), and L=0.1(um).

Section 3.3 Analysis and Modeling

The drain current mismatch oyp 1s defined as the coefficient of variance
of In: o1p = Ip (spy/Ib (meany Where Ip (mean) and Ip (sp) are the mean and SD
( standard deviation ) of drain current for all the same dimensions of

n-channel MOS FETs. We analyze six device sizes from the data by

12



experiment, and calculate the mean and SD by a statistical tool. Fig. 16
shows the diagram of the calculated oyp for different Vgs. From Fig. 16
we can observe that the drain current mismatch decreases with the
increasing of Vgsand becomes flat in above threshold region. From the
backscattering theory, the drain current in the saturation region can be
expressed as

Ly =WC g (Vg =V, = DIBLXV, Iy, 3.1)

ho inj

3

Now we propose a new simplé statistical model to quantitatively account
for the above observed dependencies of  the mismatch in the above
threshold region on the gate-to-source bias: As revealed by (3.1), our
observed mismatch as a function of the Vgg can be attributed to the
coefficient of variation in the threshold voltage under the thermal
equilibrium condition Vryo, the drain-induce-barrier-lowering DIBL, and
the channel backscattering coefficient rc. From (3.1) the mismatch of the
current , o, can be derived as a function of the three coefficients of
variance of the parameters : the coefficient of variance of the threshold
voltage, OViho» the coefficient of variance of the

drain-induce-barrier-lowering opgr, and the coefficient of variance of the

13



channel backscattering coefficient o, :

. DIBLxV,)? 2
(0p) = v _((Vtha ~ ;/BL)X V)P (CoeL) +
4r 2 V 2 5 (3.2)

c 2 tho
() ) Ve - DBV )

This new formulation explicitly describes the dependence of o;p on Vg
We can extract the Vryo DIBL, and r¢ from the drain currents of all dies
on wafer that we measured, and calculate the coefficient of variance of
the ovio, OpmL, and o,.. We calculate the o, under Vg=1V and V=0V
because the change of o, with gate voltage is very small. Fig. 17 shows
that we use the backscattering'mismatch model to reproduce the curve of
the coefficient of variance of drain current versus Vgs (Vgs >0.5V) at
Vp=1V, V=0V by calculating 'the appropriate Gyo, OpsL, and o, for the
device size of width=0.24um, and length=0.1um. Thus we compare the
parameters calculated with the parameters extracted by experiment: it can
be observed that the differences between the calculated calculated

parameters and experimentally extracted parameters are small.

Mismatch model derivation based on backscattering theory
The variance or standard deviation Gy, With three random variables of

X, y and z can be expressed as

14



Oy _<—>a +< >a +< >a +2< >< i)cW(x,y)

% (3.3)

ox

dg_ 0
)( )CV< z)+2<—g>( g)cm,z)

+2(22
where oy, o, and o, are the variances of x, y and z, respectively; and
Cov(x,y), Cov(x,z) and Cov(y,z) is the correlation coefficient between (x,
y), (X,z) and (y,z). To facilitate the analysis, we assume that Coy(X,y),
Cov(x,z) and Coy(y,z) all are zero. Thus the coefficient of variance in the

drain current I, can be written as

2 DIBL %V, 2
(00) = g (Gan
tha 3 4)
4I’C2 2 V,,,o2 2 ( )
2(6rc) + ( Vlho)
(1-r2) [V, — (Vi ~DIBLX V)P

The following backscattering ‘current-exptession is considered for the

mismatch model

1-r

=WC,,[(V; —(V,,, — DIBLXV,)lv, +° 3.5)
r

Dsat inj

From (3.5) derivatives in (3.4) can easily be derived:

Vi Ol _ v

_tho tho . (3.6)
I, oV, [Vy -V, +DIBLeV,]
DIBL I, DIBLeV, , 3.7)
I, ODIBL [V, -V, +DIBLeV,] )
and
LT (3.8)

I, or. [1-r.]

15



Thus we obtain a compact model :

DIBLxV,)? 2 2
Op = ( o) > (Som )2 + e 2 (0 )2 + Vi 2 (Cvino )2
[VG_(Vtho_D/BLXVD)] (1—!’2) [VG_(Vtho_DIBLXVD)]

(3.9)

Apparently, (3.9) analytically expresses the current mismatch in strong
inversion as function of the parameters of backscattering theory. We use
(3.9) to reproduce the curve of current mismatch in other five device sizes
by calculating Gvyuo, OpsL, O 1N Fig. 18 and compare the calculated
parameters with the experimentally extraeted parameters. We can then
observe that the differences between the two are small.

The corresponding calculated parameters and experimentally extracted
parameters Gy, and opp versus the inverse square root of the device
area are plotted in Fig. 19, and Fig. 20. The o,. versus the channel length
are plotted in Fig. 21. From these figures we can observe that the
coefficients of variance of Vy,, and DIBL increase with decreasing device
area, and the coefficient of variance of rc increases with decreasing

channel length. From Fig. 22, Fig. 23, and Fig. 24, we have

4 &Vth 4 &DIBL A
Oy, = S Oy = ,and 6 =—F
Vtho /—WL DIBL /—WL I (3.10)

where Avumo, ApisL, and A, are the size proportionality constants for Gy,

16



opmL, and oppr respectively. The extracted values lead to Ay
=0.01406pum, Appr=0.0296pum, and A,.=0.00702pm. Therefore, we use

(3.10) to substitute (3.9)

2 2 2 2
o = (DIBLXVD) ( Appr ] i 4”(-2 (A j X Vmuz ( Avino ]
P AV, -V, — DIBLXV,)I’ /WL (1-72 )2 L [V, —(V,, — DIBLXV,)I> \ /WL

3.11)

We can calculate the drain current mismatch in the saturation region from
(3.11) and compare with the curves of experimentally extracted op versus
gate voltage for W/L=1pm/0.5pm, Ipm/0.1pym, and 1pm/0.065pum;
0.24pm/0.5pum, 0.24pm/0.1pm; and 0.24um/0.065um in Fig. 25, and we
can observe that (3.11) can 'serve as a useful analytic tool for properly

calculating the mismatch.

17



Chapter 4

Conclusion

Mismatch is an important issue in today’s VLSI technology. Lots of
transistors in the circuit operate in the saturation region. We use the
backscattering theory to derive the mismatch model in the saturation
region. The drain current model in saturation based on backscattering
theory is performed more accurately than the traditional drain current
model in the nanoscale devices. We extract the parameters in a wide
range of long channel to-nanoscale channel MOSFETSs and successfully
use the new mismatch model to reproduce the experimental current

mismatch.

18
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