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Abstract

This thesis investigates the current mismatch and derives a physical model. First,
we have discussed the back-gate bias control onsubthreshold circuit mismatch. We
have measured the MOSFETs=0perated in subthreshold region with different gate
widths and lengths. These MOSFETs-were-characterized with back-gate reverse and
forward biases. We have observed that.the devices operating in subthreshold region
exhibited larger mismatch than those in above-threshold region. The 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. On the other hand,
with the supply of back-gate forward bias, the current mismatch decreases with
increasing the back-gate forward bias. The improvement in match is due to the gated
lateral bipolar action in low level injection. We have also statistically derived an
analytical 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 in

process parameters. The extracted variations are shown to follow the inverse square



root of the device area.

In the following work, we have used the results of extraction for different
parameters. We also pay more attention to the threshold voltage fluctuation compared
to different models. The substrate bias dependence of threshold voltage standard
deviation was also discussed. On the other hand, we have found that drain voltage
bias caused the effect of DIBL.

To reconfirm the reliability of our model, we have taken some parameters
into account. In order to obtain the effective channel length, we have used the edge
direct tunneling (EDT) model to gain the overlap length. On the other hand, the
source/drain series resistance is also an important pole in our model. By incorporating
the constant mobility criterion into the current equation under different bias
conditions, the series resistance can-be easily achieved.

In the beginning, we, have discussed-the devices operated in the
subthreshold region. In the end, \we -have-discussed the current mismatch in
above-threshold regions and derived a physical model based on backscattering theory.
Due to the backscattering theory, we have discussed the devices operated in saturation
region. We have also derived a backscattering based mismatch model with key
parameters, DIBL, threshold voltage, and backscattering coefficient. The effective
channel length and series resistance were also taken into consideration to confirm the
validity of the mismatch model. We have achieved that the backscattering coefficient
mismatch model was feasible for our data. We have also successfully used the new

mismatch model to reproduce the experimental current mismatch.
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Chapter 1 Intoduction

1.1  Overview

It is well known that no two things are exactly the same in the world. The same
situation can be applied to MOSFET: no two transistors can be the same due to the variation
of manufacturing process. Matching property greatly influences circuit offset. Extensive
studies on the matching behavior of devices have yielded a good understanding of the
underlying physical phenomena and offer a designer quantitative model for the prediction of
device performance variations [1]-[4]. In general, the designer can improve the matching of
devices by increasing their area and this method will cause many disadvantages. If
conservative transistor geometries are used, the consequence is a waste of area, while that
also producing an increase in circuit capacitances. This may degrade the speed specifications
and increase the circuit power consumption: However; using reduced transistor geometries
produces large deviations in the transiston electrical parameters. This may render the circuits
useless due to unexpected large variations of the eircuit specifications. Thus, a precise
mismatch characterization as a function of transistor area is necessary for optimizing the
trade-offs between the area, speed, power consumption, noise and precision in circuit design.

Some works on statistical characterization have been previously published in the
literature [2]. These works deal with the do statistical characterization in the ohmic or
saturation for the strong inversion region of operation. However, as low-power and
low-voltage are becoming increasingly important specifications in analog design, the analog
design is moving toward the moderate and weak inversion regions of the transistor operation.
As a result, we generate different mismatch models for subthreshold region and above
threshold region. The mismatch model for subthreshold region is based on subtreshold
current mismatch model and mismatch model for above threshold region is based on

backscattering theory.



In this work, a large number of statistical data then yield the standard deviation and
mean of the distribution for random variables. For instance, we can obtain the fluctuation of
the near-equilibrium threshold voltage, the drain-induced barrier lowering, etc. It can be
found that threshold voltage mismatch follows inverse square root of area law and the
corresponding size matching proportionality constant is quantitatively reasonable in
comparison with those published thus far in the scaling direction. The DIBL, flat-band
voltage and body effect coefficient mismatch still remain with such size dependence [4]-[6].

All the results would be revealed in the following work.

1.2 Matching Properties of MOS Transistors

When it comes to the caseoperation of MOSFET devices, the region of operations can be
viewed as two conditions: above-tht&shold, region and’subthreshold region. In this situation,
the devices operated in different-regions are discussed individually and the models of
different regions are based on different-physical-models. Mismatch is a limiting factor in
general-purpose analog systems [1]. For the analog circuits, the operational region is mainly
based on the above-threshold region. In digital circuits, matching can also be important in the
write and read circuits of digital memories [2]. The impact of mismatching MOS transistors
becomes more crucial due to the reduction of dimensions.

The operation of MOSFETs utilized the above-threshold region traditionally and the
early papers about the mismatch of MOS devices were based on above-threshold region. We
have extensively characterized MOSFETs in above-threshold region with different gate
widths and lengths to determine the current mismatch. We have observed that the current
mismatch decreases as the gate voltage increases. In the above threshold region, we have also
derived a new model based on the backscattering model to derive current mismatch. Utilizing

the parameters extracted from the data to build a new model can be valuable to verify the



accuracy of the backscattering theory.

In the subthreshold region, parameters for the mismatch will be different and the key
points will be based on the flat-band voltage and body effect coefficient. Of course, some
parameters will also be needed to complete the model. In this case, the substrate-to-source
bias also plays an important role in the device mismatch. Since device characteristics depend
on the back-gate bias, change of back-gate bias can cause different mismatch results. So we

should take both the back-gate bias and device area into account at the same time.
1.3 Mismatch Model

Mismatch that can be observed between the parameters of a group of equally designed

devices is the result of several random processes which occur during every fabrication phase

of the devices. According to the citation [3], the standard deviation o7, ,, of a function

f(x,y) with two random variables x and'y can be‘expressed as

of of of |, of
o-zf(x,y) = (_)2 O-zx + (_)2 Gzy + 2(6_)()(5

o oy )Cov (X,Y) (1)

where o, and o, are the variances of x and y, respectively; and the C,, (X,y) is the

correlation coefficient between x and y. If the distribution f(X,y,z) is the function associated
with three random variables x, y and z, the standard deviation of the distribution can also be
presented in the similar way.

Eq. (1) is the basic form for the establishment of the current mismatch, threshold
mismatch, etc. As a result, we can make use of the phenomena to gain required results in the
way. There we can argue that the correlation between different parameters may be an
uncertain factor that could affect the results. Therefore, as the model is built we should make
sure the existence of the relationship between different parameters. If no correlation between
each other exists, we can get the simplest formula for the mismatch model. As a result, every

time we want to build a new model we need to confirm the parameters to be independent or

3



not. Indeed, everything in this world may affect each other and may be viewed as a single
event to another. Needless to say, the correlation coefficient may be negligible due to the low

impact in our model.



Chapter 2 Subthreshold Operation

2.1 Basic Concepts about Subthreshold Operation

One of the fundamental factors limiting the accuracy of MOS circuits operated in the
subthreshold region is the current mismatch. MOS dc mismatch has been discussed in the
literature where a local-area mismatch model is frequently considered. And the variations of
parameters in the processing of identically laid MOSFET’s result in dc circuit mismatch.
There are many advantages for operating the MOSFETs in subthreshold region: low power
dissipation, low-voltage swing and exponential dependence of drain current on gate-to-source
voltage. Owing to exponential dependencies on the process variations, devices in the
subthreshold usually exhibit a dramatically larger mismatch in current than that in
above-threshold region. This poor control over the current match will cause undesirable
effects in the circuit level.

In our experiment, there exists nonzero back-gatebias in the present of subthreshold
MOS circuits [4]. In this situation, the dependence of current mismatch in weakly inverted
MOS transistors is important. With respect to the well-known work concerning the mismatch
analysis in the above-threshold, the study of mismatch in the subthreshold region is still
limited. And the effect of back-gate bias on the mismatch is not discussed by previous paper
in detail. In order to observe the current mismatch in subthreshold region, we should make
sure that all the conditions are consistent in the extraction of the parameters.

The following issue will be focused on the back-gate bias. There always exists back-gate
bias in the present processes. The back-gate bias has not received much attention in
traditional circuit design. In this thesis, the back-gate forward bias has some advantages, such
as improvement of matching property and increasing the transistor driving capability. The
disadvantages due to back-gate forward bias will be demonstrated, which may be controlled

by the strategies.



2.2 Experimental Subthreshold Operation

In this thesis, we used the capacitance-voltage(C-V) fitting to obtain the parameters as

3
, and

follows: gate oxide thickness=1.27nm, n" polysilicon doping concentration=1%10*cm
the substrate doping concentration =4*10'" ¢cm™. The devices under study were n-channel
MOSFETs with varying gate widths (W=0.13um, 0.24um, 0.6um, lpm, and 10um), and
mask gate lengths (Lmg=0.065um, O0.1pym, 0.5um, and 1um), fabricated using a
state-of-the-art manufacturing process.

The measurement of the current mismatch for identical devices was achieved in terms
of the dies on wafer. All dies on wafer contain many n-channel MOS transistors with the
same structure. All the data were fabricated using a 65 nm CMOS process. The
p-well-to-n"-source bias, Vi, was fixed with the gate voltage sweeping from 0 Vto 1.2 Vina
step of 25 mV. Then we recorded and.measured-the drain current at the same time. All the
procedure was performed under four differént back-gate biases: -0.8 V, -0.4 V, 0V, and 0.4 V
[5]-[6]. And the drain voltage is fixed as. high.as.0.01 V in the subthreshold region. The
measurement of the current mismatch in this study was achieved through the n-type
MOSFET circuit.

The choice for the maximum forward bias is equal to 0.4 V in order to make sure of the
action of the gated lateral bipolar transistors. The measured setup contained the HP4156B and
a Faraday box was used for shielding the test wafer, all performed in an air-conditioned room
with the temperature at 298K. Fig. 1 depicts typical measured I-V characteristic with

back-gate bias as a parameter on a single n-channel MOSFET. We operated the MOS devices

in the weak region [7].
2.3 Subthreshold Mismatch Model

When the semiconductor surface is in weak inversion (¢ <@, < 24 ) and the gate

6



voltage is below the threshold voltage, the drain current is based on the diffusion current. In

this situation, the drain current is called the subthreshold current [6]:

_ Wert 4y [ KT i fqgsiNa n Q¢ q ds
ISUb - Leff [ q j 2¢s [N j o p )] (2)
n;’ q(24,)
N2 = exp| T ] (3)

The following weak inversion current expression is considered for the derivation of the

above model [4]:

i q¢ CI(¢ ¢) gs _Vth
I — | ex > ex = f, exp(———— 4
sub & My (Na} p( ) K, p[ kT ] H, p( T ) ( )
Vos =V a4
., =l,exp[-E—"] 5 1, o 4 exp(——2 5
=l SXPL ]y Py )
where  the  critical  voltage =V, =V, +1.54 4+ 7 /1.54 -V, ; the Fermi

/ .

> 54 v,

concentration. From (1) the drain current Iy, can be written as a function of the variances in

kT N
level @ =(?)|n(n—a) ; the slope. n=1+ and n, is the intrinsic

the associated process parameters

=GN o (G ©)

From (5) the derivatives in (6) can be obtained :

Lali: 1— ay 15¢f _Vbs _ q}/(\/gs _Vth) (7)
los O nkT 2n2kT/1.5¢, -V,

Vip 0lys =_qub
I, &V,  nkT

®)

The first and third terms of the right-hand side of (7) can not be neglected because the gate
oxide thickness tox scales down and the channel effective doping concentration N, becomes

large. Thus, we can obtain a mismatch model:



Vi,
nkT

o, +(

1.5¢ -V -V
O'Ids ~ \/[1_ q}, ¢f bs q}/(vgs th) )Zo_zvﬂj (9)

nkT  2n2kT.1.5¢4 -V,

Fig. 2 shows experimental data in terms of o, versus Is/(W/L) for zero bias, where

W/L is the gate width to length ratio. Above formulation describes the dependence of o, on

Vys, realizing that the current mismatch increases with more negatively substrate bias Vis. On
the other hand, an increase in the forward bias Vy,s can improve the transistor matching. So the
current mismatch in weak inversion [8] [9] is a function of the standard deviation of the
difference in Vg, and y. And we can know that the weak inversion mismatch is independent of
the current. Here we can use the constant current to determine Eq. (7) and Eq. (8), as well as

the values of current mismatch. The results can be shown in Fig. 3. In order to get the results

of size proportionality constants A, aund A, -, 'we:need to calculate the o, and o, for
each size. For instance, the calculated results: based on Eq.(9) with o, =7.55% and

oy, =2.11% have been found to be capable of appropriately reproducing the measured data as

depicted in Fig. 5.

We concluded that the mismatch model for the subthreshold region can be affected by
the back-gate bias and body effect coefficient. And we know that with the Vs decreasing, the
matching property would be gotten worse. This part can be proved from Fig. 4. Essentially,
we assumed that the drain current mismatch will be different for different gate biases. The
experimental results are useful for the circuits operated in the low power devices.

By substituting the gate oxide thickness, flat-band voltage and the doping
concentration into Eq. (9), data from twenty ratios of different gate width to length in Fig. 4
have been reproduced over the back-gate forward bias range illustrated. The corresponding
extracted variations in process parameters Vg, and y versus the inverse square root of the

device area are plotted in Fig. 6 and Fig. 7. Empirically, we have the formulas which follow



the inverse square root of the device area, in agreement with [2].

A}' A\/fb

o, = and o, = (10)
eff Leff

where the L. can be represented by the following formula

L =L —2AL (11)

In the above formula, we suggested that there will be the same AL at both ends of source and

drain. Here Lyk is the mask-level channel length. The value of AL will be extracted by the

method of the edge direct tunneling and there AL will be called L. [10]. This part had

been addressed in Chapter 4. A, and A, are the size proportionality constants for o, and

oy, ,respectively. The extracted values of A, =0.01551pmand A, =0.00534pm are shown

in Fig. 6 and Fig. 7. Therefore, the combination’ef (9) and (10) can serve as an analytic

design tool for properly calculating the mismatch with back-gate forward bias and device size

both as input parameters. With the variation of different sizes, the parameters A, and

A, ~will be constants. To put it forward, this assumption can provide us with the

characteristics in the circuits with the aim of designing a reasonable circuit with reasonable
matching property [11] [12]. According to the results the safe region can be created for design

guidelines.
2.4 Conclusion for Devices Operated in Subthreshold

The on-chip n-type MOSFET circuits having different drawn gate width to length ratios
with a large sample number (= 25) have been extensively measured over a small back-gate
forward bias range. The MOS transistors with substrate-to-source junction slightly forward
biased acts as a high gain gated lateral bipolar transistor in low level injection. Experiment

has exhibited that the drain current mismatch occurs in weak inversion, especially for the



small size devices. An analytic mismatch model has been developed and has successfully
reproduced the extensively measured data. The extracted variations in the underlying 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 criterion and the device size with back-gate
forward bias as design parameter has been demonstrated based on the model.

With the aid of this model, the current mismatch can be expressed as a function of
the variations in process parameters, namely the flat-band voltage and body effect coefficient.
The extracted variations are shown to follow the inverse square root of the device area.
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 criterion and device

size with the back-gate forward bias as a parameter.
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Chapter 3 Random Threshold Voltage Fluctuation

3.1 Fluctuation Model

As MOSFETs are scaled down, the applied voltage is being steadily lowered to reduce
the power consumption and keep the reasonable reliability. Therefore, we pay more attention
to the fluctuation of the device characteristics due to the sensitivity of the systems [11]. In
this work, we will repeat some work from the Takeuchi’s paper [13] and this method will
pave a way for the future work. By the way, we make use of the data created in this work.
Among the sources of the fluctuation, the random placement of impurity atoms is important
[14], because it will cause substantial spread in threshold voltage. Of course, this problem
cannot be eliminated by simply improving the process technology. And all the effects
increase as the devices become smaller.

The vertical electric field in this model is a-function of depth X in the channel region.

A charge sheet AQ is added within the channel depletion layer. The voltage drop between
the surface and the depletion region iS-assumed to a eonstant. Hence, the relationship between

threshold voltage and the charge sheet can be shown as a function of depth X :

AV, =(1- X

)(AQ/C,,) (12)

dep

Assuming that the impurity number distribution in the charge sheet volume is binomial, the

standard deviation of AQ will be

N A
AQ =g, [ PR (13)

where the Ngp( X ) is doping concentration. The standard deviation of the threshold voltage
can be obtained by integrating the contributions of the charge sheets from X =0 to X =Wgep.

The result is

_ CI Nefdeep 14
oMu) = 3L, W (19

0oX
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where N is a weighted average of Ngy( X ) defined as

Wdep

X dx
N, =3[ N, (X)(1-—)° 15
j o )= (15)
Threshold voltage formula is written as following :
N W
Vin =Vo + 6 +qeff—dep (16)
COX
Substituting the formula (16) to (14), we can derive
_ q tox (Vth _Vfb B ¢s) (17)

O-(Vth) \/380)( \/ LeffW

The coefficient By, [9] can be introduced as below
tO)( (V - V - ¢S )
o(V,,) =By \/ thLeﬁV\f/b (18)

In this thesis, threshold voltage was obtained ffom gm maximum method and results
are shown in Fig. 8-1 and Fig. 8-2. Mf o(V,, ) 18 caused solely by ideal dopant fluctuation, By
should be constant regardless of electrical gate-oxide thickness and threshold voltage. In this
part, we can gain the result from Fig. 10.

It is well known that standard deviation of Vi, commonly satisfies the relationship

A,
Leff

o(Vin) = (19)

Due to the difference in the settings of Tox and Vi, Ay, differs substantially. Results of Eq.
(19) are shown in Fig. 9. However, the fluctuation model has offered an effective way to
compare and analyze various kinds of transistors produced by different process conditions.
On the other hand, the substrate bias dependence of threshold voltage standard deviation is
also properly normalized based on the fluctuation model. In this case, the effects of the
back-gate forward bias can be produced according to the fluctuation model and the trend

agrees with our data. Fig. 11 shows that the size proportionality constant increases as reversal
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bias increases in magnitude. This is well known for variance under change of back-gate bias
and we will use this characteristic to complete the following work.

In the above statements, we assume that the threshold voltage fluctuation is based on the
impurity in the channel region. In fact, the gate oxide thickness is also a significant factor in
this model. In other words, as MOSFETs are scaled down to deep submicrometer feature size
the intrinsic spreading in various parameters also plays an important part in the matching
performance of supposedly identical transistors. Especially for the N-FETs, there are many
possible mechanisms of variations. For example, flat band voltage variation, gate oxide
thickness and extra factors will be an uncertainty in the model. However, we pay attention to
the difference between Pelgrom’s model [2] and fluctuation model. This is the comparison on
the behavior in the threshold voltage with the effect of back-gate bias taken into accout. The

results are shown from Fig. 9 and Fig.10:

3.2 Using Extractions of Mismatch Coefficients . A, and A, to Derive A,

It is a different aspect for us to understand the phenomena of the fluctuation of threshold
voltage [15]. We had known that the property of the threshold voltage fluctuation was
discussed for many decades, and many people had tried a variety of methods to gain the
model in order to obtain reasonable results. The fluctuation model is only an expression to

alternationally understand another view for the variation of threshold voltage. Now we have

another method to support the extracted values of the A

, and A, . We will give attention

to the details at the present time.

First, the formula of threshold voltage can be derived as

Vip =Vg, + 9 + 4N, @ —Vys (20)

In this work, we have extracted the parameter in the subthreshold region and the ¢, is the
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surface potential assumed to be equal to 1.5¢ in this situation. A series of subthreshold data

in Fig. 4 were transformed via Eq. (9) into the body effect coefficient mismatch o, and

flat-band voltage mismatch o, . Of course, we can observe all the effects for size

proportionality constant for threshold voltage under different back-gate biases.

In the previous work, we applied the inverse square root of area law and obtained the

proportionality constants A, and A, . Therefore, we can make some assumptions

according to the results such as to produce a physical model. Using the results of extraction
for different parameters can bring interesting insights into observe the mismatch model. We
can achieve good reproduction of data on the basis of our model.

Second, we will discuss the random threshold voltage fluctuation as well as the
fluctuation mechanisms for the N-MOSFETs. The extractions of the threshold voltage and
DIBL in each microscopically different transistors are carried out in the subthreshold at low
drain voltages. On the other hand, 1n ordet to-clarify the phenomena about the relationship
between parameters, the results will: be. compared with the model adopted from the
Takeuchi’s paper [5].

According to the work we had done, we can find that threshold voltage is also described
by formula (1). Assuming that the correlation coefficient for the flat-band voltage and body
effect coefficient is negligibly ignored, strikingly the following physically based relation

remains valid:

(o 21
Vin V Zth Vi V 2th 7 ( )
And we can simplify the above formula according to the proportionality constants A, , A,

and A, . The proportionality constant A, can be written as

szm =V 2fbszfb + 72 *(1.5¢ — Vs )Azy (22)
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where the unit of A, is Veum and the units of A, andA, are um. In this case, the

effects of back-gate bias can also be observed. The results are shown in Fig. 12-1. We can

find that as the reverse bias increases, the proportionality constant A,  increases

simultaneously. This result is reasonable according to formula (22) and we can achieve a new
way to predict the influence of the bias.

When we employed almost all our time in research, something may be left behind in a
hurry. To insure the reliability of our model, we can try another method to prove the
relationship between parameters. As a result, an extraordinary fitting line between the
measured and predicted variance is obtained for regions of operation and for a very wide

range of transistor sizes, including minimum channel length transistors. In our point of review,

this method is a new way to predict the proportionality constant A, , as shown in Fig. 12-2.
That is, we only need to use a single sample to determine the A, , although we still need to

gain the values of A, and A, . This is‘also a trivial'process to attain the results. But we

have reached that this process is possible with different back-gate biases applied. This is the

satisfying result along with assumptions consistent with the previous work.
3.3 Effect of DIBL on Threshold Voltage

DIBL was defined as the threshold-voltage shift divided by the drain voltage change. In

our case, DIBL can be expressed as follows

_Vthl(\/dsl) = Vin (Vys0)

ds1 _Vdso

DIBL =

(23)
where the form V,, (v ,,) in our research is simplified toV,, at the condition of drain voltage
of 0.01V as usual. In Fig.13-1 and Fig. 13-3 the V,,(V,,,) is extracted under Vy4=1V. In this

work, we employ a maximum trans-conductance method in the linear region to assess

quasi-equilibrium threshold voltage as shown in Fig. 8 and the constant subthreshold current
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method in the saturation region to extract the DIBL as shown in Fig. 13-1 and Fig. 13-2.
Fig. 14 shows the histogram of the threshold voltage under different drain biases and DIBL.
In the work, we will discuss the matching model for the DIBL and threshold voltage

further. Simultaneously, we can write the formula as follows

Vthl(vdsl)= DIBL*(VdSO _Vdsl)+vth (Vdso) (24)

According to Eq. (1), we can derive the mismatch model as follows

O'va = O'ZVm + AVdS2 * O'ZD,BL (25)
where AV, =V, ; —V,,- The results are shown in Fig. 15. We can see that the matching
property of threshold voltage can be written as a function of DIBL and threshold voltage. In

order to make most use of our data, we had better to retain the accuracy of our model.

Therefore, we can simplify Eq. (25), leading to A"+ as below

A2Vm1 = A? . T AV Al (26)

where A, is determined by Eq. (22). "'In this'work,-we want to achieve a new method to

simulate the value of size proportionality constants for the standard deviation of threshold

voltage under Vy4=1 V. Indeed, we can observe that the results are expected as inferred from

Fig. 16 and Fig. 17.

3.4 Conclusion

In this chapter, we discuss main parameters about threshold voltage and DIBL. We have

compared the results between the fluctuation model and the traditional model. It is obvious
that the fluctuation model can offer a way to see the changes in A,  under different biases

and manufacturing processes. Traditional model is still used to complete our model in the

subsequent work. On the other hand, we can consider the effect of DIBL on the threshold
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voltage. With channel length scaling down, it is gradually important to discuss short-channel
effects such as roll-off of threshold voltage and drain-induced-barrier-lowering. Fig. 13-2
shows that DIBL increases dramatically as the channel length decreases. That is, we may not
use the constant current method to determine value of DIBL and Vy,;. The results may impose
a problem as the gate length scales down to 50nm and beyond. Fig. 13-3 also shows the same
obstacle as the channel length decreases. In such a condition, we can not extract the accurate

Vin1. This phenomena is a big challenge needed to overcome.
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Chapter 4 Extraction of Series Resistance and Overlap Length

4.1 Constant Mobility Bias Conditions

With the devices scaling down to the deep sub-micrometer region, some phenomenon
and factors can’t be neglected for the transport property of semiconductor physics. In this
chapter, we will introduce some factors that were neglected in the past and now will be taken
into account due to the short channel effect. So we need to extract parameters as source/drain
series resistance and the gate-to-source/drain-extension overlap length. This chapter is based
on the factors of series resistance and the gate-to-source/drain-extension overlap length.
These two factors really play dominant roles in our model are described below.

First, in order to build a new model, we should extract the value of source-and-drain
series resistance. According to the result' of the paper [16], a new model of extracting the
MOSFET series resistance is cited.”This method needs'simple dc measurements on a single
test device. Experimental demonstration| is-presented, ‘and on the basis of the MOSFET
equivalent circuit, the series resistance leads to excess potential drop, reducing the intrinsic
voltage and degrading the drive capacity. As the gate length shrinks, the series resistance
becomes a important factor of the total resistance. As the devices scale down, series
resistance plays an important role in the circuits.

It is known that the use of previous methods is problematic, and this paper presents a
mew method along with experimental demonstration and verification. We know that the
relationship exists between the measured channel carrier mobility and the effective silicon
vertical electrical field (Eex) at the SiO,/Si interface [16]. The corresponding E.s can be

expressed as:

Eert = i[ Qq |+ 1‘Ql |j (27)
Esi n

where &g; is the silicon permittivity, Qq is the depletion charge and Qjis the inversion layer
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charge. n is an empirical factor with the values ~2 commonly used for electrons at room
temperature. Based on the derivation procedure described elsewhere [17], Eq. (1) can be

futher written as:

V.+(n-V, —nV, —2
Eeff =£ gs (77 ) th 77 fb ”¢f} (28)

3t
where Vg, is the flat-band voltage and ¢ is the potential difference between the Fermi level

and the intrinsic Fermi level. Both Vi, and ¢ are essentially unchanged for a single device

operated under different biases.
4.2 Extraction of Source/ Drain Series Resistance

By incorporating the constant mobility criterion into the current equation MOSFETs

operated in the linear region, the results under different bias conditions are:

C..W (Vbs 1)
Id(vbs D _ ZoxTTeff @ Le” H (VgSWbs 1) _Vth(vbs H _ 0_5\/dS )(Vds _ de Id(vbs 1) ) (29)
eff

C..W (Vbs 2)
1,08 = OB (v VTV 2 0.5V, ) (Vi ~Rigl™7)  (30)
eff

In this experiment, we assumed that the mobility is essentially the same under back-gate bias

and considered mobility is the same under high E.¢ condition.

~ Vgs(vbsl) +(77_])Vth(Vnsl) _,7\/th0/n52) _0.5\/dS VgS(Vnsl) _\/th(vbsl) _0'5\/(’S Vds
Ry = - (31)

(Ves2) (Voo D Voo _\/ (oo2)
1y 1y Vi =" =V =)

In the above formula, the series resistance can be easily achieved. Fig. 18 shows satisfying
results for the series resistance and a constant value about 220(Q-um) is determined for our

model operated in above threshold region.
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4.3 Results and Discussions of Extraction of Source/Drain Series Resistance

In order to obtain constant carrier mobility under different bias conditions, a sufficiently
high Vg is necessary to force the mobility to converge toward the universal curve. Then the
extracted Ryq values approach constant and no dependency on the Vs bias can be observed in
the high V region as depicted in Fig. 18.

Although the results of different sizes for extraction in the previous work will vary, we
still view the results of the series resistant to be constant. This assumption is reasonable for
the following model and the variation of series resistance only plays a minor role in the above

threshold region. We can prove this by the results of mismatch model in the above threshold.

4.4 Extraction of Gate-to-Source/Drain-Extension Overlap Length

The edge direct tunneling (EDT) [10]-of-electron from n" polysilicon to underlying
n-type drain extension in off-state n-channel MOSFETs has ultrathin gate oxide thickness. It
is found that for thinner oxide thickness, electron EDT is more pronounced over the
conventional gate-induced-drain-leakage (GIDL), bulk band-to-band tunneling (BTBT), and
gate-to-substrate tunneling. As a result, the induced gate and drain leakage and drain leakage
is better measured per unit gate width. According to [10], an existing DT model readily
reproduces EDT I-V consistently and the tunneling path size extracted falls adequately within
the gate-to-drain overlap region. The ultimate oxide thickness limit due to EDT is projected
as well.

In this work, we explored a dominant off-state leakage component via edge direct
tunneling of electron from n” polysilicon to underlying n-type drain extension for ultrathin
gate oxide thickness. With the effective edge-tunneling area A (=L;, xW ), the EDT I-V

model reads
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lepr = AQFT =L WOQFT (32)
where Q is the sheet charge of the accumulation layer; f is the electron impact frequency

on the n' -poly/SiO, interface; T is the modified transmission probability considering

interface reflection factor. Finally, the extracted gate-to-source/drain overlap L., is

I
J_ - _EoT 33
EDT LTNW ( )

In order to gain the value of the the gate-to-source/drain-extension overlap length, we had run
a simulator to extract the value of the edge direct tunneling current density. In the pursuit of
overlap length, we measured the edge direct tunneling current. Straightforward, the value of
gate-to-source/drain-extension overlap length can be obtained. The tunneling path extracted

was 6nm [18] (L;,) wide from the gate edge as can be corroborated in Fig. 19. This is

confirmed from the process simulation.

4.5 Results

In order to confirm the validity ‘of ‘our“model,~we will take some parameters into
consideration and think whether the results ofi our experiments are accurate or not. When we
consider the effective channel length for the mismatch model, we will view the improved
results, indicating a better condition than the past model that directly used the mask-level
channel length. We will compare the results with those of other papers [18] to verify that the

validity of hypotheses. Although the overlap length will be different for different sizes, we

assume that an approximate value for L, isreasonable.
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Chapter 5 Mismatch in above Threshold Region
5.1 Backscattering Theory

In the backscattering theory, we use the wave concept to describe the carrier transport in
the channel. As stated in backscattering theory [19]-[20], the nanoscale device performance is
limited by the injection velocity and the backscattering coefficients. In this study, if the
channel is under low electric field conditions, the width of the kgT layer ¢ calculated
according to its definition is wide enough to be larger than the channel length L. The

backscattering coefficient can be presented from

L

re(low E )= )

(34)

where A is the mean-free-path and.L is the'channel léngth. When the channel is under high

electric field, ¢ <L, the backscattering coefficient can be estimated from

. L
re (high_E,;;) =it (35)

In our model, the channel is assumed to be operated under high electric field. In other words,
we will discuss the devices operated in the saturation region. From Fig.20, we can derive the

drain current easily and the drain current can be written
lys =W[I*(0)-37(0)] = qW[F*(1-R)-F~(1-R)e™""] (36)
where R is the backscattering coefficient and T(=1-R) is the transmission coefficient. In the

saturation region, the value of drain voltage will be higher than thermal voltage. So Eq. (36)

can be modified as below
le =W[J*(0)-J (0)]=qWF*(1-r,) (37)

where R=r. and substituting the F* can be expressed

C -V,
F+ _ eff (Vg th) (38)

q+r,)
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Combining (37) and (38), we can derive the formula as follows

1-r,
Ids = WCeff (Vg _Vth )U'

c 39
™ 14, (39)

wherev, ; are the thermal injection velocity at the top of source-channel junction barrier. In

(39), the drain current is related to the backscattering coefficient[21]. In the mismatch model,
we also can obtain the formula like Eq. (1) and Eq. (6). The mismatch model in above

threshold region will be discussed later and we should characterize some parameters.
5.2 Analysis and Model

Based on backscattering theory, (39) is constructed except low drain voltage. Since the
region is operated under high drain voltage. On the other hand, the main region for analog
circuits is controlled in the saturation region.:These'two’conditions will confine the region of
our research. That is to say there will be some limitations:when we extract the data.

In our research, there are several-factors used tomodify our model such as DIBL and Ryq.

And Eq. (39) can be modified as follows:

1-r,
e =WC, [(Vy = 1,sR,) = (Vy =DIBL* (V, =,y *Ro ) oy 7= 4o

Fig. 21 shows the flowchart for the procedure of extracting r.. Now we propose a new simple
statistical model to quantitatively account for the above observed dependencies of the

mismatch in the above threshold region on the gate-to-source bias. Eq. (40) the mismatch of

the current, o, can be derived as a function of the coefficients of variance of the parameters :

the coefficient of the variance in the threshold voltage, oy, the coefficient of the variance in
the drain-induced-barrier-lowering o5, , and the coefficient of the variance in the channel

backscattering coefficient o, :
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. [@vi xete) o, | arke?
= 2t 7 \2 (41)
[Ves (Vi —DIBL*V, )] (1=T%)

lds

In the above formula, we neglect the effect of source-and-drain series resistance. However,

we will show the mismatch differences between models with and without Rgyy. This new

formulation describes the dependence of o, on Vg. We calculate the o, under V=1V

and V=0V because the change of o, with varying gate voltage in the above threshold

voltage is very small. Fig. 24 shows that we use the backscattering mismatch model to
reproduce the coefficient of the variance of drain current versus gate voltage over 0.4~0.5V at
drain voltage of 1V. It can be found that the differences between the calculated results and

experimentally extracted values are small.

5.3 Devices Operated in above Threshold Region

From the scatter plot of the measured near-equilibrium threshold voltage versus the
reciprocal of the square root of the gate area at the mask level, we can see that a well known

inverse square root of area law can apply:
oy =—T—— (42)

The size law also remains effective for the DIBL case, as shown in Fig. 22. The physical

origins of the underlying proportionality constants A, and A, can be connected to the

statistical dopant fluctuation as stated previously.

However, we can make sure that whether the backscattering coefficient mismatch data
are able to be described by the size law or not. So we will list several cases to discuss the
possible effects on the backscattering coefficient and hence determine the most fitting one in

our research. First, we assume that r. mismatch obeys the size law:
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o, = 43)

The results can be shown in Fig. 23-1. Second, r. mismatch can be presented as being

reversely proportional to effective gate length:

o, =—" (44)

The corresponding results are shown in Fig. 23-2. Finally, a new dimension dependent
matching relationship is produced for the backscattering coefficient:
A
o,

p— rc
. Leff \/W

(45)

The results are shown in Fig. 23-3. In the above three conditions, we will compare the
accuracy of each proposal model and’then select a best one. It is a straightforward task to

derive a backscattering-based mismatch.version of Eq. (41):

2 2 2
2 _ [(AV as X Apip) A vm:| 4r * o (46)

o, 5 + 5 r
" I:Vgs _(Vth —DIBL =I‘Vds ):I *(VVLeff) (l_rzc) C

In the above equation, o, can be calculated by combining Eq. (43), Eq. (44) and Eq. (45).

The results derived in Eq. (46) are shown in Fig. 24, Fig. 25 and Fig. 26 respectively. With
the experimental means of the underlying random variables and known proportionality
constants as input, the drain current mismatch was calculated using Eq. (46) and fairly
reasonable agreements with the experimental data were achieved for the gate and drain
voltages and effective mask gate lengths and widths under study. Obviously, as the gate
length decreases the quantity of the r. term decreases through the enhanced carrier

transmission across the channel.
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5.4 Conclusion

In order to establish an accurate model based on backscattering theory, we try several
models to obtain reasonable current mismatch. Through the comparison between three
probable conditions, we can prove that the mismatch model as feasible for some conditions.

Consequently, a new dimension dependent matching relationship is produced for the r. case

from Eq. (45). The corresponding proportionality constant A, is 0.00202um'>. With the

experimental means of the underlying random variables and the known proportionality
constants as input, the drain current mismatch was calculated using Eq. (46) and fairly
reasonable agreements with the experimental data were achieved for the gate and drain
voltages.

The drain current model in.saturation based on backscattering theory is performed
more accurately than the traditional. model “in the nanoscale devices. We extract the
parameters in a wide range of long channel'to'nanoscale channel MOSFETs and successfully

use the new mismatch model to reproduce the experimental current mismatch.
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Chapter6 Summary

In the beginning, we have discussed the MOSFETs operated in the subtrhesold
region. We have found that back-gate reverse bias may cause unexpected large variations of
the circuit specifications. The extracted variations in the associated process parameters have

been found to follow the inverse square root of the device area.

Step by step, we have found that the mismatch coefficient A, can be written as a

combination of A and A, . Here the A and A, have been already determined

according to the mismatch model in subthreshold region. We have also discussed the impact
of short channel devices. Because of the importance of series resistance and overlap length,
we have taken such parameters into account and have employed specific methods to gain
values for both the series resistance.and overlap length. Series resistance will be slightly
different among the samples due to-the.variations-of the process, especially for large channel
width. The overlap length is a rough approximation to stand for the impact on the effective
length. Finally, the devices operated in"above threshold voltage have been addressed based on
the backscattering theory. We have used this theory to establish a new mismatch model. The
key point for this model is that how to determine the relationship between r. and device size.
Fortunately, we have a reasonable method to explain the mismatch model.

A more suitable model is used for our mismatch model. Indeed, we can find a satisfying
result from the figure previously. The drain current model in saturation based on
backscattering theory is performed more accurately than the traditional drain current model in
nanoscale devices. We successfully use the new mismatch model to reproduce the

experimental current mismatch.
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The drain current versus gate voltage characteristics with back-gate bias as parameter.
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ratio for zero back-gate bias.
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Fig. 26 The measured drain current mismatch versus gate voltage from Eq.(45) and Eq.
(46).
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