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Back-Gate Bias Control on Subthreshold Circuit

Mismatch and its Physical Model

Student : Kuei-Hung Tseng Advisor: Prof. Ming-Jer Chen

Department of Electronics Engineering
Institute of Electronics

National Chiao Tung University

Abstract

This thesis investigates the back-gate bias control on subthreshold
circuit mismatch as well as its physical model. We have measured the
MOSFETS operating in subthreshold  (or called weak inversion) to
above-threshold regions with different gate widths and lengths. These
MOSFETS were characterized with back-gate reverse and forward biases.
The first observation is that the devices operating in subthreshold region
exhibit larger mismatch than those in above-threshold region. This is due
to the exponential dependence of current on gate and bulk voltages as
well as process variations. In the case of back-gate reverse bias, we have
found that current mismatch increases as the magnitude of back-gate
reverse bias increases. This phenomenon is more pronounced in
subthreshold region than in above-threshold region. On the other hand,

with the supply of back-gate forward bias, the current mismatch deceases

il



with increasing the back-gate bias in all operation regions. The
improvement in match is due to the gated lateral bipolar action in low
level injection. With the data measured from devices with different sizes,
we have found that small size devices not only exhibit larger mismatch,
but also are more sensitive to the back-gate bias. Two suggestions are
drawn from the experiment data: (i) subthreshold circuits should be
carefully designed to suppress the mismatch; and (ii) the gated lateral
bipolar action can be utilized to improve the matching property of
MOSFET’s.

Besides the experiment, we have also derived a new simple
analytical statistical model that has successfully reproduced the mismatch
data in weak inversion for different back-gate biases and different device
dimensions. With this model,.the current mismatch can be expressed as a
function of the variations  iny process. parameters, namely, flat-band
voltage and body effect coefficient. The extracted variations are shown to
follow the inverse square root of the device area. Some examples have
been given to demonstrate that the model is capable of serving as the
quantitative design tool for the optimal design between the mismatch and

device size with the back-gate forward bias as a parameter.
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Chapter 1

Introduction

1.1 Subthreshold Operation

Traditionally the operation of MOSFETs utilizes the above-threshold
region, especially the saturation region. In the saturation region, MOSFET is
considered as the gate-controlled current source and the current is essentially
independent of the drain voltage. On the other hand, subthreshold MOSFET
conduction first attracted attention. as'the leakage current in the early
seventies [2]. It is considered as the undesired feature with respect to the
normal MOSFET operation and'should be-eliminated if possible.

In the early eighties, Eric Vittoz [1] suggested that subthreshold
conduction of MOSFET can be used as the fundamental element for
micropower integrated circuits. As the transistor density continuously grows
in VLSI technology, how to reduce the power consumption becomes more
and more important. Thus the subthreshold operation of MOSFET is
becoming increasingly interesting because of the ability of low power
consumption. Many researchers have started to apply the subthreshold

characteristics of MOSFET to circuit design [2], [6], [7], [17]. There are



some advantages for operating MOSFET in subthreshold region: (i)
extremely low power consumption; (ii) low voltage swing; and (iii)
exponential dependence of drain current on gate voltage. In this thesis, we
explore some characteristics of MOSFET operating in subthreshold region,
such as mismatch application. The threshold voltage can be lowered via the
back-gate forward bias, leading to implementation of cost-effective, low

voltage, low power CMOS digital integrated circuits with reasonable speed.

1.2 Mismatch Analysis

1.2.1 Device Area and Back-Gate Bias

It is well recognized that-no two-things in the world are exactly the same.
This is why everything comes withtolerance. The same situation can be
applied to MOSFET: no two transistors can be the same even they are
identically drawn. For example, flat band voltages are different, body effect
coefficients are different, drain currents are different, etc. This is called
mismatch. If not properly controlled, mismatch results in the performance
degradation, the circuit malfunction, even more the drop of yield. In [19]
Pelgrom derived and pointed out that the MOSFET mismatch is proportional
to the inverse square root of gate area. Thus as device becomes smaller in

today’s VLSI technology, mismatch analysis becomes more and more



important.

In addition to device area, back-gate bias (or substrate-to-source bias)
also plays an important role in the device mismatch. Since device
characteristics depend on the back-gate bias, different back-gate bias causes
different mismatch [16]. We have reported that back-gate reverse bias
worsens the matching property, while back-gate forward bias improves it.
Thus during the mismatch analysis we should take both device area and

back-gate bias into account simultaneously.

1.2.2 Mismatch in Subthreshold Region

Subthreshold operation 18 goad-for low power design as stated above.
One of the advantages is the exponential relation between drain current and
gate voltage, but this relation is also the cause for large mismatch. In
subthreshold operation the device characteristics have the exponential
dependencies on process parameters, while in the above-threshold the
dependencies follow square rule for saturation operation. Thus it is expected
there exists larger mismatch in drain current as compared with that in
above-threshold region. Because analog circuits deal with the continuous
electrical signal rather than the discrete one as used in digital circuit,

mismatch is especially important for analog circuits. Even worse, when the



back gate of the devices is reverse biased, the mismatch increases
dramatically for subthreshold operation. Large mismatch means more
probable failure, or lower yield. In order to reduce the mismatch effectively,
subthreshold circuits usually use much larger area than the above-threshold
ones do. However the above statement is only partially correct. As reported
in this thesis, with back-gate forward bias we can reduce the mismatch
effectively. Thus the disadvantage of larger mismatch and larger area can be
compensated by a back-gate forward bias. This makes the subthreshold
operation more attractive.

Recently mismatch analysis;has attracted. more attention and has been
applied to circuit design [2]. However, due to present circuit design
methodology most of the “mismatch. analysis works focus on the
above-threshold [18]-[20]. The study of mismatch in weak inversion is still
limited [2], [3]. In [2], Pavasovic showed that the inverse-square-root
formula is still applicable to the subthreshold region; however the effect of
the back-gate bias on mismatch is not simultaneously addressed. In [3], only
one back-gate is demonstrated, but it clearly shows that back-gate reverse
bias increases the mismatch. In this thesis, we extend the mismatch analysis
by measuring devices with different gate widths and lengths which are

biased in back-gate reverse and forward voltages. Also provided is the



design tool for optimizing the mismatch.




Chapter 2

Experiment of Mismatch

We have extensively measured and analyzed the current mismatch of a
miniaturized n-channel MOS transistor operated in weak inversion with its
p-well-to-n"-source junction forward and reverse biased. The case of slightly
forward biasing the well-to-source junction represents the action of a gated
lateral bipolar transistor in low level injection. The measured dependencies
of the mismatch in weak inversionzon.the back-gate forward and reverse
biases have been successfully reproduced by a new simple statistical model.
From the experimental data, we suggest that«(i) subthreshold circuits should
be carefully designed for suppression of mismatch arising from back-gate
reverse bias, and (i1) a gated lateral bipolar action in low level injection may

be utilized as a new method of improving the transistor matching.

2.1 Introduction

One of the fundamental factors limiting the accuracy of MOS circuits
operated in the subthreshold or weak inversion region is the current

mismatch between identically designed devices [1]-[2]. It is well known that



owing to exponential dependencies on the process variations, devices
operating in subthreshold have a dramatically large mismatch in current as
compared with that in the above-threshold region [1]-[4]. This 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. Traditionally several layout techniques such as making devices large
and placing devices close to each other have been proposed for improving
the transistor matching [5]. One of the practical examples by employing
these techniques in subthreshold circuits can be found in [6], where the
minimum size was 6um X 6um while the match-sensitive devices needed
four to eight times as much area. However, to realize high density
subthreshold MOS circuits with high accuracy, an understanding of current
match for the small devices as well as match control is very important. In
this thesis we will report detailed experimental mismatch data measured
from a small-size n-MOSFET with p-well-to-n+-source junction forward
and reverse biased. The case of slightly forward biasing the well-to source
junction represents the action of an n-p-n gated lateral bipolar transistor in
low level injection [7]-[9]. A new simple statistical model will be proposed
to quantitatively interpret the observed dependencies of the mismatch on the

back-gate reverse and forward biases. Also from our data we will suggest the



gated lateral bipolar action as a new method for improving the matching.

2.2 Experiment

The measurement of current mismatch for identical devices was
achieved in terms of the dies on wafer as schematically shown in Fig. 2.1.
All dies on wafer contain many n-channel MOS transistors with 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, Vs, was
fixed when sweeping Vgs from 0to'1:2:V in a step of 25 mV. The drain
currents were measured and recorded: for subsequent analysis. This
procedure was repeated for each:Vgs-varying from 0.4 V to 0 V as well as
from 0 V to -0.8 V. The choice forthe maximum forward bias Vg of 0.4 V
is to guarantee the action of the gated lateral bipolar transistor [7]-[9], as
interpreted later. 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 was about 3 hours. A total of
25 sample size was measured in one die. Fig. 2.2 depicts typical measured
I-V characteristic with Vgg as a parameter from a single n-channel MOSFET.

In Fig. 2.2 the operating regime of the interest in the work, i.e., weak



inversion, is the range of Vgs > 0 and Ip < 10° ~107 A depending on the
deviations from the exponential I-V relationship as will be clearly described
later. The corresponding I-V curves are plotted in Fig. 2.3 for three different
Vgs values of 0.4, 0, and -0.8V. It is clearly seen from Fig. 2.3 that (i) the
back-gate reverse bias causes a relatively large spread in the I-V
characteristics; and (ii) for fixed Vgg the spread decreases as the current
increases. The statistical analysis of the our data in Fig. 2.3 is described in

detail in next chapter.



Chapter 3

Dependence of Current Match on Back-Gate Bias

3.1 Analysis and Modeling

The drain current mismatch o) i1s defined as o, = Ip spy / Ip (mean)

where Ip (mean) and Ip spyare the mean and SD ( standard deviation ) of drain
current for all the same dimensions of n-channel MOSFETs. We can
calculate the mean and SD by means of a statistics tool. Fig. 3.1 shows the
histogram of the drain current for different Vs as a parameter. From Fig. 3.1
we can observe that (i) for,given Vgs the. distribution of Ip; (i) the
distribution broadens as Vgg varies from 0.4 V:to -0.8 V.

Fig. 3.2 shows the data in terms ‘of G, Versus Ip for zero Vgg, where

W/L is the gate width to length ratio. In Fig. 3.2 our data from three
dimensions are plotted for comparison. Further investigation of Fig. 3.2
reveals that the mismatch in weak inversion decreases with increasing the
device area. However, this dependence must be scaled to account for process
variations. Also from Fig. 3.2 it can be seen that, over all weak inversion
current densities, the mismatch is essentially independent of current. In the

moderate and strong inversion regions the mismatch significantly rolls off.
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The reasons for such dependencies are given in the following. In
subthreshold the threshold voltage Vy, affects exponentially the drain current
Ip through the following expression [1], [2], [4], [13]:

-9V
IDocean (3.1)

where Vy, can be written as [13]:

Vi =V t+ 1.5(|)f + 74/1.50:-Vie

kT
O = —ln( )
q
_ tox qugsiNA
y 8ox
n= Y

2\/1 5¢f - BS

where Vg 1s the flat-band voltage; N, 1s the effective well doping
concentration; n; is the intrinsic concentration; t,, i1s the oxide thickness; and
&si and &4 are the silicon and oxide permittivities, respectively. According to
(3.1), the variations in the fabrication process through Ny, t., and Vgg cause
a change in Vy, which in turn produces an exponential change in Ip.
However, in the above-threshold region the dependence of the drain current

on the threshold voltage is turned to the well-know polynomial form, i.e.,

I, ¢ Vg (Vgs-Vy) o (Vgg-Vy )2 (3.2)

11



Therefore in the above-threshold region the variation in Ip is a weak function
of the variation in Vy, as compared with the exponential change in weak
inversion.

The measured mismatch as a function of the bias Vgg is given in Fig. 3.3.
It is noted from Fig. 3.3 that in the weak inversion region the mismatch
increases with increasingly negative Vgg (from 0 V) and decreases with
increasing the forward bias Vgs. Such significant change is not as noticeable
as the current enters the moderate and then strong inversion regions. This is
because the corresponding dependence of drain current on the voltage
changes from the exponential (3.1) tothe polynomial (3.2). Note that a
mathematical technique combining (3:1) and (3.2) as originally proposed in
[14] can be utilized to empirically smoeth the I-V characteristics of the
transition region.

Now we propose a new simple statistical model to quantitatively
account for the above observed dependencies of the mismatch in weak
inversion on the well-to-source bias. As revealed by (3.1), the our observed
mismatch as a function of the Vg can be attributed to the variations in the
oxide thickness t,y, the doping concentration N,, and the flat-band voltage
Vig. For simplifying the derivation, we consider the body effect y, which

contains t,, and Nj, as a single parameter responsible for the variations in

12



both t,, and Na. The variation in oxide charges and charged interface traps
can essentially be reflected by the variation in the single parameter Vgg. The
validity of this procedure can be verified experimentally later. Assuming no
correlation between parameters, from (3.1) the variance of the current

different, ¢, , can be derived as function of both the variance of the

Ip °
difference in the body effect coefficient, o, , and the variance of the

difference in the flat-band voltage, o, _, [15]:
2 T 2 2 Vig 2 2
~ (—— i, + (—FB_
o) = (nVT) (1.5¢-Vys)o, (nVT) v, (3.3)
where V1 (=KT/q) is the thermal voltage. This new formulation explicitly

describes the dependence of G, on Vgsiiie., the current mismatch increases

with increasingly negative reverse bias Vgs, while an increase in the forward
bias Vgg can improve the transistor matching. The calculated results based

on (3.3) with ¢ = 2.767 % and o, = 1.018 % have been found to be

capable of appropriately reproducing the measured data as depicted in Fig.
3.4. The corresponding parameter values to,, Vgg, and N as provided by the
experiment’s extract, which are also utilized later for identifying the regime
of the gated lateral bipolar action in low level injection. From the above

analysis and modeling, we can conclude that the mismatch becomes worse

13



with the back-gate reverse bias applied and the current match can be

substantially improved by slightly forward biasing the well-source junction.

3.2 Detailed Interpretations

Based on the above results, we suggest utilization of a MOS transistor
with its well-to-source junction slightly forward biased or equivalently a
gated n-p-n lateral bipolar transistor in low level injection [8]-[10] in order
to improve the matching in the weak inversion region. Now we give
interpretations for the action of the;gated lateral bipolar transistor. Fig. 3.5
shows the drain current versus gate:bias ‘characteristics with forward bias
Vgs as parameter measured from, onesingle n-channel MOSFET. According
to our work [9]-[10], the measured I-V characteristics in Fig. 3.5 can be
separated into two distinct regions: (i) the weak inversion region; and (ii) the
strong inversion region. The condition for the surface inversion is
Vgs — Vs > Vy. Under this condition the opposite-polarity charges are
induced at the surface beneath the gate and thus the drain current is
dominated by drift component. The operating region of interest in this
chapter is 0 < Vgs < Vg + Vgs. In this region the surface
emitter(source)-base(well) junction barrier beneath the gate is lowered and

almost all the injected electrons flowing toward the drain(acting as a

14



collector) are limited to the surface depletion region [8]-[10], indicating that
the pure bipolar collector current (which appears only for Vgs < 0) is
relatively negligible. The drain (or collector) current in the regime of 0 < Vy,
+ Vs can be accurately described by [9]:

q(pc +Vps)
— kT
I, =1

2
3.4)
Pc = % +(VGS 'VBS 'VFB )' % \/ VZ +4(VGS 'VBS 'VFB )

where (¢ represents the surface potential for lowering the emitter-base

junction barrier. In (3.4) the potential lowering is expressed as function of
the process parameters such as the well doping concentration, the work
function difference, and the gate'oxiderthickness as well as of the electrical
parameters such as Vgg and Vpgs. ' Note that the subthreshold current
expression (3.3) can be derived from (3.4) using the Taylor series expansion
[13]. Eq. (3.4) clearly reveals that the potential barrier can be lowered by the
surface potential through the gate bias control, which causes an exponential
change in the drain current.

Note that the pure lateral bipolar action in a MOS transistor with
well-to-source junction forward biased has also been reported in [11], [12]
for improving the matching. However, the our operating condition and the

mechanism responsible both are completely different from those in [11], [12];

15



that is, in our work the pure lateral bipolar transistor action is relatively
negligible since the surface carrier diffusion dominates the drain current,
while in [11], [12] the pure lateral bipolar transistor action is totally
responsible as cited there. Accurate comparisons can be presented in the
following: (1) in [11], [12] the polarity of the Vg5 1s negative while in our
work it is positive; and (i1) in [11], [12] the pure lateral bipolar action occurs
at Vgs > 0.3 — 0.4 V while in our work the gated lateral bipolar action

appears in low level regime of 0 V < Vg < 0.4V.

3.3 Mismatch Model

According to [15], the variance ot standard deviation oy« of a function

g(x,y) with two random variables x and y ean be expressed as

ag 2.2
g)cs 2% )(@)COV( XY)  (3.5)

where o, and o, are the variances of x and y, respectively; and C,,(x,y) 1s the

g(xy)— (_)2 . +(

correlation coefficient between x and y. Thus the mismatch of the difference
in the drain current Ip can be written as function of the variances in the

associated process parameters:

2 Vzavth22+VFBzthh
c; = (nVT) ( Y )'c, (nVT) (8VFB)GVFB (3.6)
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where o, , o, and o, are the coefficient of variance of the difference in

the Ip, the body effect coefficient y, and the flat-band voltage Vgg,

respectively. To facilitate the analysis, we assume C,(Vgg,y) = 0. This is a

basic assumption in the field [18]-[20] since the process variations are
independent of each other in nature. Note that the variations in the gate
oxide thickness t,x and channel effective doping concentration N, are
simultaneously reflected in the single parameter y since y includes both t,,

and Ny, 1.€. 7 = tox4/2qe,N, / €,x Where g and €., are the silicon and oxide

permittivities, respectively. The following weak inversion current expression
is considered for the derivation.of the model [16]:

_ 9 Ve
[,=Ae*n (3.7)

Inl, =In LV

T 1

where the critical voltage V, =Vg +1.5¢; +71.5¢,-Vys ; the Fermi

kT . N
level ¢; = ?ln(n—A) ; the slope n=1+ !

; and n; 1s the
i 2\/1'5¢f - VBS 1

intrinsic concentration. From (3.7) the derivatives in (3.6) can easily be

derived:
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oV

Gyth - \/IS(I)f _VBS (38)
And

Ny _

V., (3.9)

Thus we obtain a compact model:

~ R ) 2 Vig 2 2
O, = \/( nVT) (1.5¢,-Vgs)o, + (HVT) Ov,p (3.10)

Apparently, (3.10) analytically expresses the current mismatch in weak
inversion as function of the coefficient of variance of the difference in Vgg
and v.

Fig. 3.6(a) shows four different gate width with the same length and Fig.
3.6(b) shows the same width with three different length for the coefficient of

variance o, versus Ip.

Fig. 3.7 shows the measured drain current mismatch in weak inversion
versus the back-gate bias with seven different dimensions.

From Fig. 3.8(a) and (b) we can observe that the coefficient of variance
in Vg and 7 each effectively follow the inverse square root of the device

area, in agreement with [18], [19]. Thus empirically we have

18



(0}
Y \/ﬁ and Vg \/ﬁ (3 N 1)

where A, and A, are the size proportionality constants for o, and o, ,

respectively. The extracted values lead to A, = 0.013464pm and A, =

0.006441um. Therefore, a combination of (3.10) and (3.11) can serve as an
analytic design tool for properly calculating the mismatch with back-gate

forward bias and device size both as input parameters.
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Chapter 4

Conclusion

The current mismatch of a small gate area n-channel MOS transistor
with its well-to-source junction forward and reverse biased has been
extensively measured and analyzed. The n-channel MOS transistor with
well-to-source junction slightly forward biased acts as a gated lateral bipolar
transistor in low level injection. Our measured mismatch data for zero
back-gate bias are close to the existing ones with comparable size. The
measured data exhibit important observations: (i) back-gate reverse bias can
make worse the mismatch™in ~current; and (ii) current match can be
substantially improved by the gated’lateral bipolar action. The measured
dependencies of the mismatch on the well-to-source forward and reverse
biases have been successfully reproduced by a new simple statistical model.

The new simple mismatch model has successfully reproduced the
extensively measured data. The extracted variations in the associated process
parameters have been found to follow the inverse square root of the device
area. The work of optimizing the trade-off between the match and the device
size with back-gate forward bias as design parameter has been demonstrated

based on the model.
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Fig. 2.1 The used dies on wafer. All dies on wafer contain many

n-channel MOS transistors with the same structure.

24



W=1um L=0.5um V_=0.01V

00 02 04 06 08 10 12
VesV)

Fig. 2.2 The drain current versus gate voltage characteristics with
back-gate bias as parameter from one of 25 n-channel

MOSFETs in one die.
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Fig. 2.3 The measured drain current versus gate voltage characteristics for

three different back-gate biases.
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with three different Vgs.
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Fig.3.2 The o, versus the drain current for zero back-gate bias.

28



W=1um L=0.5um V_=0.01V

—=—V_=-0.8V -
30 —e—V_=-0.4V"]
Vo= OV ]
25 K +VBS= 0.4V i
20 -
< 15 |
b_ -]
10 |-
5 |
0} -

I,(A)

Fig. 3.3 The measured drain current mismatch versus the drain current

with the back-gate bias as parameter.

29



W=1um L=0.5um V_=0.01V
L L N D D

32 |- - 10° -
S o 1,=10°A
i o 1,=3x10°A
30 |- -
28 |- -
é - 4

226 | c, =2.767 %

- oy, =1:018%
24 |-

(o)

22 |- -
. 1 1 - 1 . 1 » 1 o 1

-08 06 -04 -02 00 02 04
V(V)

Fig. 3.4 The measured drain current mismatch in weak inversion versus
the back-gate bias for two different drain currents. The calculated

results from Eq. (2.4) are also shown for comparison.
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coefficient of variance o, versus Ip.
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Fig. 3.7 The measured drain current mismatch in weak inversion versus

the back-gate bias with seven different dimensions.
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