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proportional to the amount of charge that initially existed. Thus, the screening effect will

be worse for higher values of . This is why the screening effect becomes more drastic at

—~ ]

higher electrolyte concentration.
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Figure 3.12 Normalized screening charge vs. the inverse Debye length

The valence of the ions that constitute the solute can also affect the screening
efficiency, thereby reducing the sensitivity of the BioFET. In Figure 3.13, the plot of the
BioFET’s current as a function of the valence of a balanced electrolyte is given.
Fractional valence values were included in the simulation to allow a smoother curve
transition, despite the fact that they have no physical meaning. The figure shows that
higher valence ions can better screen the DNA charges and can reduce the sensitivity of
the BioFET. It is therefore desirable to use monovalent salt solutions. However, this
might not always be an option, especially if the solution is taken directly from a
biological sample without processing. Such a solution may contain ions of specific
valences. Moreover, different ionic species might exist. This would complicate the
formulation of the double layer and can change the corresponding equations. The PB
equation for an ionic solution containing m different species would be re-written as
follows:

d2 m _z94(x)
—jjgl:_%(zlz’n""e i 38
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Figure 3.13 The relationship between the equivalent ionic valence and the BioFET’s signal

This equation cannot be solved analytically in the general case. However, if the solution
is balanced, then for each positive ion of a certain valence, there is a negative ion of equal
valence with the same bulk concentration. If this is the case, then equation 3.8 can be
solved using an equivalent valence value that is equal to the sum of valences for the
positive species. Figure 3.13 illustrates how these added species can aid in the charge
screening. Specifically, as the valence increases, the current due to hybridization
decreases. The graph once again suggests a power-relationship between the equivalent
valence and the sensed signal, which translates to a linear curve in the log-log scale.

Within the DNA region, the solvent’s molecules tend to lose their bulk structure
due to the DNA permeation. The structure can be highly anisotropic, particularly in
regions too close to the DNA molecules. This effect would be particularly true if the
density of probes is quite high. The effect of this re-orientation of water molecules is that
the reaction to applied electric fields will be different from that of the bulk. To a first
order approximation, one might assign a different value for the dielectric constant in the
DNA membrane area than that used in the bulk [37]. The dielectric constant of water is
taken as 78.4. Figure 3.14 shows the effect of varying the equivalent dielectric constant of
the membrane area. It can be seen that polarization of the solvent molecules can reduce

the sensitivity of the BioFET. However, the simulation of Figure 3.14 shows that this
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effect is generally less than that of other parameters, such as ionic concentration or
solution pH. However, for very high DNA concentrations, this variation might be

significant enough to cause ambiguity in the determination of the BioFET current.
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Figure 3.14 The effect of polarization of the solution

3.6 The Effect of the DNA Probes

The main parameter that determines the sensitivity of the BioFET is the amount of DNA
probes that attract target molecules and produce an electrical signal. It is intuitively
expected that the higher the DNA probe density, the more hybridization current will be
given by the BioFET. However, the maximum amount of DNA probes that can be
attached is dependent on many factors. First, the dimensionality of the ssSDNA strands
limits the maximum charge density to around 7.35x10*° ¢cm™. In addition, the number of
covalent bonds on the cover layer that allow for ssDNA tethering will be generally less
than the maximum possible ssDNA density. Kinetics of immobilization can lead to an
equilibrium ssDNA density that is less than that of the covalent bonding sites. Finally, the
density of the DNA might be deliberately thinned out to facilitate faster DNA
hybridization [47].

The model presented in chapter 2 is able to relate the expected output current to

the density of immobilized and hybridized DNA charges. Figure 3.15 shows simulation
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results of the BioFET’s response to hybridization for different DNA probe densities. It
can be seen that the sensitivity is indeed increased as the number of receptors is increased.
However, aside from the complications listed above, Figure 3.15 shows that the amount
of gained sensitivity is reduced as the DNA density is increased. It is expected, therefore,
that there will be some optimum density of immobilized ssDNA strands that will allow
maximum sensitivity while not compromising other sensor performance parameters such

as hybridization efficiency and time.
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Figure 3.15 The effect of DNA probe density on the BioFET’s current

In addition to the density of DNA probes, the length of the DNA strands also
affects the solution of the electrostatic model, as this length determines the width of the
DNA membrane area over which the charge perturbed PB equation must be solved.
Although a higher DNA length would result in higher total DNA charge density, the
charge on the DNA membrane edge is mostly shielded by the ionic countercharge within
the membrane. The increase in density due to using higher DNA strand lengths should not
provide the same degree of sensitivity enhancement as when increasing the probe density.
Figure 3.16 shows simulation results obtained by varying the width of the DNA
membrane region of the BioFET. It can be seen that above a certain membrane width, the
response to the amount of DNA becomes almost independent of the strand length. This
would mean that the additional hybridization charge that arises due to the length of the
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DNA strands is effectively screened out. Figure 3.17 allows this effect to be investigated
more thoroughly. With a narrow membrane, the entire potential profile must be calculated
throughout the membrane with sufficient boundary conditions. However, as the
membrane becomes thicker, the potential profile variation becomes quite small in the
middle of the membrane. This is analogous to having an electrochemical cell consisting
of an electrode-electrolyte-electrode structure. If the two electrodes are in close proximity
to each other, the double layers at both interfaces overlap, and the entire potential profile
can only be found by solving the PB equation over the entire electrolyte. However, if the
electrodes are placed sufficiently far from each other, then one can speculate that the
points far from the interface will be neutral, and that will allow for calculation of the
potential profile using two separate PB equations, each applied to a different edge of the

electrochemical cell.
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Figure 3.16 The effect of DNA strand length (membrane width) on the BioFET’s current
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In the case of the DNA membranes, once the flat potential is observed in the
potential profile, that is a sign of charge neutrality within that region. Thus, all the
incremental charges in this region due to hybridization will go unsensed, because an
equivalent amount of screening charge will be able to penetrate this area and neutralize
this incremental charge to keep the potential profile flat within this region. The thicker the
DNA membrane, the wider the flat region will be. This is why the sensitivity of the
B1oFET is not affected as the DNA strand length is increased beyond a certain point.

What is more important in Figure 3.16 is that for short DNA strand lengths, the
sensitivity of the BioFET increases as the width is increased, and at a certain width,
maximum sensitivity is reached. After this point, splitting of the potential profile and
neutralization of the bulk membrane area will cause the sensitivity to degrade and finally
become independent of the DNA strand length. When the width of the DNA is such that
the potential profile does not split, there are two opposing phenomena: the increase of the
DNA fixed charge density due to hybridization and the increase in the amount of ionic
screening charge. At the peak of the BioFET’s current curve, DNA charges overpower
the ionic charges and that causes maximum device sensitivity. This point of maximum
sensitivity is expected to, and indeed does, vary with the charge density and Debye length
within the DNA membrane area. The conclusion is that a longer DNA strand does not
necessarily mean a higher BioFET sensitivity.

A final remark on the length of the DNA probes is that it is expected that longer
strands will require longer times of hybridization. This can be predicted intuitively by
noting that complete hybridization requires a specific positioning and alignment between
the probe and target ssDNA molecules. The longer the DNA molecules, the more
different possibilities of inter-alignments and inter-orientations will exist. This will lead
to longer times required for the hybridized molecules to form. On the other hand,
extremely short hybridized DNA molecules might not be stable. A very small increase in
temperature will cause some hybridized molecules to denature, adding to the uncertainty

in the BioFET’s signal. Finally, short DNA strands can reduce the selectivity of the
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BioFET, as shorter sequences are more likely to be found in the different DNA strands of

various microorganisms.

3.7 Device Biasing and Region of Operation

The biasing conditions of the BioFET are very crucial in determining the operational
sensitivity of the sensor. Since the structure is essentially that of a MOS transistor, with
hybridization charge being equivalent to that of some incremental potential applied to the
reference electrode, and since the signal taken here is the DC drain current, it is expected
that the best biasing point would be where the device’s transconductance is maximum.
For the MOSFET, this would imply saturated operation of the transistor. In order to fairly
assess the biasing effects, it is important to incorporate the effect of mobility degradation
into the expression for the drain current.

Mobility degradation in MOS transistors occurs at operation regions of higher
inversion. The effective surface mobility of the carriers degrades as the carrier is
subjected to higher vertical electric fields by virtue of the gate (reference electrode)
potential. The degradation can be attributed to many different phenomena, including
surface state scattering, and overlap of the carrier wave function with the insulator. To
account for this effect, a common analytic expression for this dependence is the following

inverse relationship:

Hy
1+0(Vys —Vy)’

Hy = 3.9

where 6 is the mobility degradation factor (V') and V7 is the threshold voltage of the
BioFET (V). The threshold voltage for the BioFET is given by the following equation:

ds (2¢F )

Co

VT=VFBC'W0,T+2¢F" 3.10

where ¥ 7 is the electrolyte surface potential at threshold bias. This has to be calculated
numerically using the simulator. In addition, equation 3.9 is only valid at reference
electrode potentials higher than the threshold voltage, while the nominal surface mobility

1s used for lower biases. This result causes a non-smooth transition in the current curve
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as the mobility regime is changed. To remedy this, a smoothing Gaussian curve was used
to join the two pieces of mobility behavior. The parameters for this “joining” function
were chosen so as to maintain the continuity and differentiability of the mobility curve
throughout this transition region. Figure 3.18 shows simulation results for the BioFET’s
hybridization current as a function of the applied gate bias. The optimum biasing point for
sensitivity can be seen to be the point of maximum transconductance in the BioFET.

Higher inversion levels cause a reduction in sensitivity due to mobility degradation.
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Figure 3.18 Effect of inversion level on the sensitivity of the BioFET

In addition to the gate bias, the region of operation of the FET structure (linear vs.
saturation) will affect the amount of hybridization current. Figure 3.19 shows curves
obtained by changing the drain-to-source bias with a fixed gate potential. It can be seen
that the highest sensitivity values are achieved when the BioFET is saturated. In this
simulation, velocity saturation effects have been neglected. The fact that the saturated
BioFET offers the highest incremental current lends itself to the design of BioFET-based

amplifiers, which require saturated transconductance FET devices.
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Figure 3.19 BioFET hybridization current vs, drain bias

3.8 Temperature Effects

Of all the parameters that affect the operation of the BioFET, temperature is the one
which affects all the different phenomena that occur in the device. A change in the
temperature can cause changes to the potential profile in the diffuse layer, the DNA
membrane layer, and the proton adsorption and pH sensitivity. On the semiconductor
side, changes in temperature can change the Fermi level of the semiconductor, the
diffusion current, and to a lower degree the band gap and the mobility. For the parameters
that are included in the model, Figure 3.20 shows the results of simulating the BioFET
structure at different temperatures. It can be seen that the temperature sensitivity is higher

for higher values of immobilized DNA strands.
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Figure 3.20 Temperature sensitivity of the BioFET

3.9 Other Effects

So far, the sensitivity of the BioFET was quantitatively assessed in light of the model
presented. It is important, however, to realize that there are some effects that have not
been included in this model. This section attempts to identify some of these effects and
establish the mathematical equations that will be used to modify the model to take these
effects into account.

One of the assumptions in this model was that the functionalization layer (cover
layer) was impermeable to ions. This assumption allowed us to treat this layer as an
insulator and adding it in series to the FET insulator. However, this will only be true for a
fully dense array of the functionalization molecules. The binding sites of the insulator
might not be dense enough to allow such a high density of self-assembled monolayer
(SAM) molecules to be realized. In this case, ions will be able to permeate this layer. This
can severely reduce the sensitivity of the BioFET because any ions in this region will
screen the DNA charges more effectively than those in the double layer. Figure 3.21
shows a potential diagram of the BioFET with an ion-permeable functionalization layer.
The effect of allowing ions in this region on the model is twofold: Firstly, the potential

profile cannot be assumed linear within the functionalization layer anymore, but must
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rather follow that of a solution of the PB equation with appropriate boundary conditions.
Secondly, the Stern layer will no longer be at the electrolyte-cover layer interface, but
rather at the cover layer-insulator interface. If the total charge density within the cover
layer is denoted by o, and the potential at the cover-layer-insulator interface with respect
to the bulk electrolyte is denoted by ¥, then the model equations have to be modified.
The expression for the total electrolyte charge (equation 2.52) becomes:
o,=0,+0,,+0,, 3.11

the expression for potential balance (equation 2.28) becomes:

uw uc O-J -t O—f
Vs = Bos = Uy~ Mgpat iy, _(—)"H//w 3.12
q q ms
and the expression for the electrolyte surface potential (equation 2.51) is redefined as
follows:
(O-md gié O-cl )
. o/ SaNe s 3.13
(//0 WLI CSlern
£ @
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Figure 3.21 Illustration of desensitization due to cover layer permeability to ions

The quantity #;; will no longer be given by equation 2.27. It would have to be found by

solving the PB equation:
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d’y(x) 2qzn, .
T, Lsinh (z8y(x)), 3.14

cl

with boundary conditions:

w(0) =y,
V'(0) = Cpa - 3.15

cl
Finally, the procedure that was represented by equation 2.53 would require an additional
step, which is the calculation of ¥, from ¥,; using equations 3.14 and 3.15. This new
system of equations will allow the additional effects of DNA screening due to ions in the
cover layer to be incorporated into the model, allowing for a more realistic assessment of
the BioFET’s sensitivity.

Another approximation that was considered in the model was that the electrode-
electrolyte interface was in electrochemical equilibrium. This condition will only hold
true in the case of a non-polarizable or partially polarizable electrode. Ideally polarizable
electrodes cannot have electron transfer between the electrode and the redox couple in the
solution. Electrochemical equilibrium cannot be reached in this case, and the potential
drop at this interface will be a function of the applied bias. This will complicate the
modeling of the BioFET since it adds another variable term into the equations. The
charge accumulated in the electrode-electrolyte interface will consist of the constant term
(due to differences in the work functions), and a variable term consistent with the Gouy-
Chapman-Stern theory. In a sense, the electrode-electrolyte and electrolyte-insulator-
semiconductor interfaces can be seen as two nonlinear capacitors in series, and the
equation that couples their respective potential drops is the charge neutrality equation in
the insulator, since there is no possible source of charge being inserted into the
electrolyte, from the electrode or through the insulator. If the accumulated charge density
within the electrode-electrolyte interface is o,., then the following equation must be

added to the BioFET set of equations:

c,,=0,. 3.16
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The fact that the electrode-electrolyte potential difference is now varying will add another
potential variable to equation 3.12. This variable can then relate to the new charge density
0... using the double layer theory. Now, the amount of screening charge due to DNA
hybridization will change because there will be some change in the electrode-electrolyte
interface as well. This will cause the expressions for the sensitivity to become more

involved and the sensitivity is likely to be reduced because of this phenomenon.

3.10 Conclusion

In this chapter, quantitative analysis of the performance of the BioFET was conducted. It
was shown how different parameters can affect the sensitivity of the BioFET’s output
signal to DNA hybridization. Most of the parameters of the sensor, such as the ionic
concentration and the composition of the solution, affect the sensitivity of the BioFET.
Obtaining the maximum sensitivity requires careful selection of all of these parameters.
Table 3.4 gives a summary of the effects of different parameters on the BioFET’s current.
The next chapter presents several approximations that simplify the analysis of the
BioFET, and discusses another phenomenon that can limit the sensitivity of the BioFET:

device noise.

Table 3.4 Summary of the effects of different parameters on the BioFET’s current

Increased parameter BioFET current Remarks
pH Can be increased or decreased Optimum pH exists
Dielectric constant Increases Sublinear
Insulator thickness Decreases -
Amphoteric sites Decreases Reaches a minimum
Ionic concentration Decreases Power law decay
Jonic valence Decreases Power law decay
DNA probe density Increases Sublinear
Probe length Can be increased or decreased Optimum length exists
VREF Can be increased or decreased Mobility dependent
Vps Increases Reaches a maximum
T Increases Scattering effects
neglected, high T can
impair hybridization
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Chapter 4

MODEL APPROXIMATIONS,
EQUIVALENT CIRCUIT, AND
NOISE

4.1 Introduction

The previous two chapters dealt with physical modeling of the BioFET, including
important effects that can influence the sensitivity of the device. The next step would be
to integrate the BioFET with interface circuits to establish an entire microarray cell. The
sensitivity of the BioFET sensor can be enhanced by incorporating various
microelectronic circuit techniques. Unfortunately, the numerical methods involved in
solving the BioFET equations are not suitable for circuit simulator programs. It is
therefore desirable to make some approximations that will allow easier solution of the
equations of the BioFET. In addition, different sources of electronic noise within the
BioFET can severely degrade the sensitivity of the device. This becomes very important
when trying to achieve very high sensitivity values. In this chapter, some approximations
will be carried out to arrive at a more analytic formulation of the BioFET model. The
small-signal low-frequency equivalent circuit model for the BioFET will be shown, and

the expected noise performance and signal-to-noise ratio of this device will be addressed.

4.2 Approximations to the Poisson-Boltzmann Equations

The first approximation that can be made is linearization of the PB equations. The
hyperbolic sine function can be linearized if the potential is to within a few tenths of the

thermal voltage. However, as this is not usually valid, we introduce a factor that allows
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for a bigger range of the potential, while sacrificing some accuracy in the equations.
Figure 4.1 shows the difference between the normal Taylor series linear approximation,
and that with a scaling factor. It can be seen that, although the accuracy is lost in the
intermediate points, the approximation is valid for a higher range of the potential.
Therefore, to get better linear approximations, it is essential to choose the scaling factor
so as to include the potential ranges of interest, while minimizing the linearization errors.
An optimum value of the scaling factor can be chosen such as to minimize the total error
within a range of interest. A technique such as the least squares algorithm might be used

in this case.

Sinh(z*B*potential)

-80 40 0 40 80
Potential (V)

i

Figure 4.1 Different approximations to the nonlinearity of PB equation

If we use a dimensionless variable u=zf%¥ for the potential, the linear

approximation results in the following expression for the PB equation:

d’u(x)

x ~ Kk ou(x), 4.1

where x;, is the Debye-Hiickel parameter for the electrolyte solution (cm™), and « is the
scaling factor discussed above. The solution to equation 4.1, given the boundary

conditions of vanishing electric field and potential at the bulk of the electrolyte, is:
u(x)=ue v, 4.2

The charge stored within this region would be given by:
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o, = —\/Eswxwt//d . 4.3

The next step would be to linearize the charge perturbed PB equation in the DNA

membrane layer. The original equation can be written as follows [37]:

d*u
—_—= K,f, (sinh(u) —sinh(u,,, )) , 4.4

where upp is the normalized Donnan potential, defined as:

—smh']( N, ) 4.5
2zn,

Now, equation 4.4 can be linearized as well. We can also include a scaling factor for
maximum potential range. However, in this case, if the potential along the membrane is
close enough to the Donnan potential (true for wide enough membranes); we can come up

with an expression for the scaling value:

du . .
— =k, (sinhu —sinhu,,)
dz
3 3 5 5
dzu_ ) (u _uDP) (u _uDP)
— =k, | (u—upy )+ + +
dz 3! 5!
, (u2 +uuy, +u12)P) (u“ U, +utus, +uul3)P+uI4)P) 46
=k, (u—up )| 1+ + +... | :
m Dp 3' 5'

\

Zuj 2i-j
:K:)(u_'uDP) Z 21+1)’

i=0

Now, if Ju-upp|<1, we can have any of the following approximations:
J 2 20
Ulpp” =Upp
wurs) ~u* . 4.7
Jy 2= /
wupp’ ~ (uupp)

We choose the first approximation so that we can arrive at an analytic result:
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2%
d*u (‘” Zulz;})
AU e (u— J=0
a7~ Fnle=vor) izzo(zm)z

4.8

du (& uby
g7~ n (4 or) g(zz‘)!

——(652—— = 6K, (u—upp ) cosh(upp)
The parameter 6 was added in equation 4.8 and is analogous to the role played by the
parameter « in equation 4.1. Equation 4.8 can be solved with given boundary conditions.
The general solution is given by:

U= uDP + Ae_cx + Becx

& =K,/ cosh(upp)

To determine the constants 4 and B, we invoke the boundary conditions at the DNA

4.9

membrane edge (x=w). The boundary conditions require that the potential and electric
flux density be continuous. Thus:
u(w) =upp + Ae™" + Bet” = Uy

gu(w)=g,u(w")=zp0,

4.10
¢ Ae* + L BetY =Z—'Bgi
6'”1
Solving for A and B, we get:
PEETRET AR
€,
" 4.11

B=|Ha"%opP zfoy e
2 2¢e,

When these values for A and B are inserted into equation 4.9, and the expression is

evaluated for the potential at the edge of the membrane u,,, we get:
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ug—upp _2Poy oS | ¥ "Upp zfo, e
2 26e 2 2¢e

m m

U, =Upp +(

J—_ . 4.12

U, =upp (1—cosh(Sw))+u, (cosh(g" w)+ [%) sinh(& w)]
gm

Equation 4.12 relates the potentials at the two edges of the DNA membrane without the
need to numerically solve the differential equation. Now, the total charge density at the
DNA membrane edge is given by:

dt//

0+

. 413
o,y = ;lg(iemupp sinh($w) iy (Vaz, x,, cosh(gw)+ ¢z, sinh(¢ W)))

Now, the potential in the electrolyte-insulator region can be given as a function of the

potential u,:

Zug =1u, _2Poms

CStern 4.14
zuy =uppllpp +u,ll,, '
Yo =Wppllpp +yw, 11,

where
HDP — 1 COSh(é’W) M
CStern
4.15

Jas,x, (Vae,x, cosh(¢w) + e, sinh(¢w))”

m

CStem

I1,; = cosh({w) +[ ]smh(;’ w)+

and uy has been defined as f¥)instead of z8'¥).

4.3 Approximations te the Charge Adsorption Equations

The relationship between the potential and adsorbed charge density is highly nonlinear, as
can be seen from the sample curve given in Figure 4.2. If we would like to linearize this
curve, we generally cannot arrive at a single accurate linear model. What we would have

to do instead is define a piecewise linear model for this curve. From Figure 4.2, it is clear
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that there exist two regions of severe pH sensitivity, and a region where the sensitivity is
minimum. We attempt to represent this curve with three linear equations. These lines will
be centered on the point of zero charge (pzc), and the points where the charge density is
half that of the amphoteric sites. The linear model will look like that of Figure 4.3a. We
must also take care of the surface saturation effects at high charge densities so that the
linear model does not predict charge densities that are higher than the density of

amphoteric sites.
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Figure 4.2 Adsorption curve for SiO; surface
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Figure 4.3 Piecewise linear approximation with different slope choices

To identify the center points of the linear curves, we start with the initial equation

describing the nonlinear relationship:
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[H+]0 e—uo _ Kb euo

o, =gqN K L"), 4.16
0_ s + .
1+EIZ—]Qe_"° +—HI—<1—LI’—e"°
a [ ]0

The potential of zero charge (ugy) can be solved, yielding:

\[/ - ( l )
Uy, =1In =0.2303( pH — K, +pK,)|. 4.17
0 [ KK, P 2(p P b)

The potential at which the surface is charged to half its capacity can also be found. The

solution steps are omitted but the results are given below:

Uposs =1n[[—6H—I;]£(,/1+12Kb /K, —1))

b

Uo s =1n([];;]° (V1+12K, /K, +1)J

b

With these center points derived, what remains is to find the slopes of the curves at these

points. After some mathematical manipulations, the results follow:

2K, /K
m(),o:"quNs e L
1+2K, /K,
. 4.19
N 1 1+8K,/K,+1+12K,/K,
m =m _=(qrT -
005+ =005 =452\ 4T V8K, /K, + 21 412K, / K,

Once again, the parameters 7; and 7, were added to provide a more accurate estimate of
the nonlinear adsorption curve, similar to the reason for introducing parameters « and 6.
Changing these two parameters can lead to a higher overall accuracy, as is evident from
Figure 4.3b. For many interfaces, K;>>K}, [37], therefore, the slopes can be approximated
as follows:

My o = 0

N - 4.20
My o5+ =Mygs-. = — 1 4 :
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The three linear equations that describe the pH dependence of the BioFET are
summarized below:

Gy =Mgp (”0 —“oo)

oy = igj‘zvi + My g 51 (”0 —Up g 5+ ) . 2
The limits of applying the different linear equations above can be derived by finding the

intersection points. This results in the following limits:

gN
5+ mygugy — My o s Y,
) 00¥00 ~ M,0.5+%0,0.5+ 422

MO =
Mgy — My g 54+

4.4 Approximate BioFET Model

From the total charge neutrality within the BioFET, the semiconductor charge can be
related to the total charge in the electrolyte. Thus, if we re-write the equations in terms of
absolute potentials instead of the normalized variables, we get:
0,=03+0,,
=00, + fmy, (V’o _V/o,x)+0'md , 423
=00, +Wppl pp + WLy — Bmy W«
where:

I'pp = Bmy 11 pp +CE,, sinh(Sw)

) . 424
I'y=pBmy, I, —\/—G;SWK‘W cosh({w) —Cg,, sinh({w)
The potential balance equation is given by:
VGB=VFBC—f(l//S)_I//O+l//s’ 4.25
off

where f('F,) is given by equation 2.61. From the charge balance equation, we can relate

the semiconductor charge (surface potential) to the quantity ¥
fy)=-o, _(o-Ox Wl pp +Y, Ly “ﬂmo,x‘//o,x)- 4.26

Now, solving equations 4.14, 4.25, and 4.26, we get:
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I1 1
Vs =VFB+('_‘L— Jf('//s)""//s’ 4.27
r, o
where:
I1 Inr
Vis =Vigc +—F—d-(0'f TO, T ﬂm(),xWO,x)_(HI)P - '{_, = )l//DP . 4.28
d d

Equation 4.27 is a single equation involving the semiconductor surface potential
¥s. This equation can be solved numerically by iteration. However, what is more
important is that equation 4.27 is identical to the format of the potential balance equation

for a regular MOSFET structure, which is given by:

Vs =V —%ﬁh W, 4.29
Thus, one can see that the linear approximation of the BioFET is nothing more than a
MOSFET, with the capacitance replaced by a series combination of capacitances, and
with the flatband voltage shifted by an amount that depends on the surface parameters and
the density of DNA molecules. Thus, all the approximate equations of the MOSFET can

be used while maintaining the effect of the DNA probe density on the operation.

4.5 Comparison Between Models

In this section, the results of simulating the linearized model of the BioFET are compared
against those obtained from the physical equations. The label “current” in figures 4.4-4.8 ,
as well as the term “sensitivity” used in this chapter, refer to the hybridization current,
defined as in chapter 3 to be the difference in the drain current of a BioFET with and
without hybridized DNA. The first curve to be compared is the sensitivity of the BioFET
as a function of the density of DNA probes. Figure 4.4 shows simulation results of the
sensitivity curves for both the exact and approximate models, for different amphoteric site
densities. The main features of the curves are similar. However, for some values of
amphoteric site densities, the linear model does not provide a good match with the exact

model. This can be attributed to the poor approximation of the linear curves to the exact
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adsorption curve, which can underestimate or overestimate the amount of shielding,
depending on the scaling value used. This poor approximation can be seen in Figure 4.3a
at the corners of the curve. At certain site densities, the errors due to the approximation of
the pH adsorption curve are compensated by errors in the double layer calculations, due
to the linearization of the hyperbolic sine curve. The compensation results in good
agreement between the exact and approximate curves.

One can rectify the problem of poor pH adsorption curve approximation by scaling the
slopes of the linear approximations, or by shifting them so that the linear approximation
will always overestimate the adsorbed charge, thereby giving a more realistic value for
pH sensitivity. Figure 4.5 shows sensitivity curves obtained by changing scaling values
(e, 6, 77 and ) to fit the exact curve. It is seen that the physical model can be approached
by a careful selection of scaling values. However, it is important to note that the optimum
selection of scaling values would generally change as the bias voltages are changed.
Therefore, the general approach would be to choose constant values for the scaling values

and specify a range of validity for these values.

6
5
4
3 3
= Ng=10"2cm™
g 2
5 N:.=16"%cm™?
O 1 |
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Figure 4.4 Comparison between the exact and approximate BioFET sensitivity curves
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Figure 4.5 The effect of changing scaling values

Figures 4.6, 4.7, and 4.8 show simulation results of the response of the BioFET to
DNA hybridization as the reference electrode, solution pH value, and ionic concentrations
are changed, respectively. In Figure 4.6, the exact and approximate solution curves are
almost identical, illustrating that the semiconductor’s charge equation and I-V
characteristics dominate the behavior of the BioFET, as no approximations were made to
the semiconductor side of the system. The piecewise linear approximation of the
adsorption curve in Figure 4.7, although poor, follows the physical curve and crudely
represents the pH sensitivity of this simplified model. The ionic dependence curves agree
for high enough ionic concentrations. At very low concentrations, different scaling values
should be used to accommodate the change in the physical curves. All these figures
demonstrate that the approximate model presented in this chapter is adequate to describe

the response of the BioFET, without the need to compute integrals numerically.
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Figure 4.6 BioFET current as a function of the reference electrode potential
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Figure 4.7 Exact vs. approximate pH sensitivity curves for the BioFET
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Figure 4.8 Exact vs. approximate effects of ionic concentration on sensitivity

4.6 Equivalent Circuit Model for the BioFET

In order to determine the influence of noise processes on the BioFET, it is essential that a
linearized small-signal model be derived. The BioFET consists of many different regions,
each with its own approximation of small signal equivalent circuit, and each with its own
noise processes that characterize its operation. These regions are as follows:

1. The electrode-electrolyte interface

2. The bulk electrolyte

3. The electrolyte-insulator interface

4. The insulator-semiconductor interface

The equivalent circuit for an electrode-electrolyte circuit depends on the nature of this
interface. In particular, the type of redox reactions that can occur, their reaction rates,
density of reaction sites, ionic strength and work function differences affect the small
signal impedance of this interface. Many different equivalent circuit models are used in
the literature [48-51]. In all cases, however, the interface is characterized by a possible
charge transfer resistance (R.;), a double layer resistance (Ry) and capacitance (Cy), and a
capacitance associated with the Stern layer (C;). The placement of these elements is

dependent on the interface and the type of redox reactions that occur. Figure 4.9 shows a
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possible small-signal equivalent circuit for an electrode-electrolyte interface. The
differential double layer capacitance can be estimated from the Gouy-Chapman model.

Thus, the capacitance per unit area is given by:

Dl g i cosh(ﬂ@). 4.30

P
4

— L
Cs Cdl

Figure 4.9 Equivalent circuit of a2 Faradaic electrode-electrolyte interface

Electrode
Electrolyte

This capacitance has a minimum value equal to that of an ideal capacitor with insulator
thickness equal to the Debye length. However, that capacitance value is only at the
potential of zero charge, and generally the capacitance will be much higher than that,
owing to the nonlinear hyperbolic cosine term in equation 4.30. It is important to realize
that the ideal Gouy-Chapman theory is seldom satisfied for general electrode-electrolyte
interfaces, because specific adsorption causes different capacitance profiles at potentials
far away from the pzc. However, equation 4.30 provides a good approximation of the AC
capacitance over a range of applied bias potentials.

The Stern capacitance C; is usually taken to be a constant [48]. This constant is
interface dependent but the general accepted value is around 10-20 pF/em? [37), [48]. Of
course, the actual value of the Stern capacitance will depend on the interface and
properties of the ions and solvent molecules, since the solvation shell and ionic radius
determine how close the ions can be to the interface, and thus the Stern capacitance.

The double layer resistance Ry is introduced because the ions in the double layer
are mobile and can move under the influence of an applied potential, despite the fact that
these ions are confined to the double layer region. This resistance is important when
conducting AC measurements, as the resistance in the double layer can vary greatly from

that in the bulk electrolyte. On one side, the excessive ionic density is expected to reduce
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the resistance of the double layer. On the other hand, the closely packed structure severely
hinders the mobility of the ions, increasing the resistance. The net result is that the
resistance of the double layer can be very complicated and can be represented by a

differential resistance element that spans the entire double layer length:

dRI)L (x)= —1'
H(X) Py ()
i , 431
ko=
5 H(x)pp, (x)

where u is the mobility of ions within the double layer (cm?/V.s), and Pp, is the local

volumetric charge density (cm™).

The charge transfer resistance is only available for Faradaic electrodes, where
redox operations take place. The differential resistance value depends on the nature of the
I-V relationship due to the redox reactions. For many electrode-electrolyte interfaces, the
I-V relationship follows a Tafel relationship [31], which is defined by the following

equation:

>

J = J,e V=) 432
where J is the current density (A/cm?), a is a constant that depends on the redox reaction
constant, V,, is the potential of the interface at equilibrium (V), and f is the inverse
thermal voltage (V™).

The bulk electrolyte can be seen as a continuum of charge carriers (ions). In a
simple model, this can be seen as a constant resistance (Rp.) that depends on the bulk
concentration of the ions participating in current conduction. However, the simple model
of conductivity for metals cannot be used here except for infinitely dilute solutions. The
reason is that moving ions tend to interact with one another and affect the overall bulk
mobility. An approximation of the dependence of the mobilities on the ionic

concentration is given by Kohlrausch’s law [3]:

A:Am-—A nO’ 4.33
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where A and A, are the molar conductivities at the concentration ny, and at an infinitely
dilute solution, respectively, and A is a constant that depends on the valence of the
conducting ions.

An additional frequency dependent term is often represented by the Warburg
impedance [48]. However, as this dependence does not follow that of a reactive circuit
element, it is not possible to model this impedance by an inductance or capacitance. In
any case, the effect of this impedance is generally negligible at low frequencies [37], [48].
The electrolyte-insulator interface also has a DNA-modified double layer and would
contribute to a variable capacitance. In addition, the adsorption of protons also represents
a capacitance that contributes to the total electrolyte charge, and hence adds in parallel to
the double layer capacitance. Just as in the metal-electrode interface, this interface also
has a double layer resistance and a Stern capacitance. However, there will be no charge
transfer resistance as no redox reactions can take place between the insulator and the
electrolyte.

The final part in the equivalent circuit diagram is the FET structure, which, in
saturation, can be replaced by the usual FET model of two transconductance elements,
and an output resistance that models channel length modulation. Of course, higher
frequency models would include a gate-drain capacitance and channel resistance as well.
However, for biosensors, what is important is the low frequency, low voltage, and low
power operation of the BioFET, and these nonidealities can be ignored. Figure 4.10
shows a complete equivalent circuit diagram of a saturated BioFET, including all of these
effects. Such a circuit is useful in determining the noise contribution of the many different

noise sources in the circuit.
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Figure 4.10 Complete small signal equivalent circuit diagram for the BioFET

4.7 Noise Analysis

So far, the sensitivity of the BioFET was investigated in light of the different possible
phenomena that affect the change in the electrical current due to DNA hybridization.
However, this is not the only limitation in the sensitivity. Random fluctuations can add
uncertainty in the sensed signal. If the magnitude of these fluctuations is comparable to
the change due to DNA hybridization, then the signal might get buried in the random
fluctuations. In this section, the different device noise phenomena in the BioFET will be
investigated, and quantitative analysis of the signal-to-noise ratio (SNR) of the BioFET
will be given.

In physical systems, random noise is dealt with in a statistical framework.
Generally, the analysis assumes that the random noise is a wide-sense stationary (WSS)
process, implying a zero mean, and an autocorrelation function that only depends on the
temporal spacing between two samples [52]. When the noise process satisfies these
criteria, we can speak of a power spectral density for the noise process. As the signal to
be sensed is inherently low-frequency (practically DC), we are mainly interested in the

low-frequency spectrum of the noise spectral density. Components of higher frequency
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can be easily dealt with by low-pass filtering, which is equivalent to signal averaging in
the time domain.

The main sources of noise in the BioFET are the semiconductor’s thermal and
flicker noise, in addition to the bulk electrolyte noise, and the noise due to the redox
reactions within the electrode-electrolyte interface [48]. The source of the
semiconductor’s thermal noise is the random motion of current conducting carriers
throughout the channel. The amount of current noise due to thermal fluctuations is a
function of the total number of charge carriers in the channel. A model that predicts this

fluctuation is given by the following equation [36]:
5,()= 4T (7)), 434

where S is the drain current noise spectral density (A%/Hz), and Oy is the total inversion
charge in the semiconductor channel (C). Although equation 4.34 is quite simple in
formulation, evaluation of the total inversion charge is not a simple task, since the
variation of the inversion charge is not linear along the length of the channel. An
overestimate of the thermal noise can be calculated by assuming that the inversion charge
at the entire channel is equal to that at the source. However, this will provide poor results
in deep saturation and will only be valid under extremely low drain-source biases.

Flicker (or 1/f) noise is common in many different electronic devices. It dominates
the total low-frequency noise power for electronic systems, particularly for analog circuits
[53], [54]. Its origins remain somewhat of a controversy between different schools of
thought. The two theories are the number fluctuation theory (4AN) and the mobility
fluctuation theory (4z) [54], [55]. Both theories predict a noise spectrum that varies
inversely with the frequency, hence the name 1/fnoise [56]. However, they differ in their
interpretation of the origins of the noise. The number fluctuation theory (also known as
the McWhorter theory) postulates that flicker noise is primarily a surface effect, caused
by quantum tunneling of charge carriers into nearby traps within the insulator material.
By assuming a capture time constant that varies inversely with the distance from the

insulator-semiconductor interface, and a trap density that varies exponentially with depth
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and energy, it is possible to arrive at the expected 1/f spectrum [57]. The variation in
noise spectral densities due to hot carrier degradation and irradiation demonstrate that
surface traps do indeed contribute to the flicker noise [55]. On the other hand, the
mobility fluctuation theory attributes the noise behavior to fluctuations in the carriers’
mobilities rather than their numbers. Analysis of this theory [57] leads to a spectrum that
varies inversely with the frequency as well. This model, however, explains the bias
dependence of the noise spectral density, which is observed experimentally.

To accommodate both theories into a single framework, a correlated number-
mobility theory (4AN-4u) for flicker noise is sometimes used. The main reasoning behind
this correlation is the argument that trapped carriers can act as Coulombic scattering
centers for the mobile carriers. Thus, a change in the number of carriers due to capture
will also induce a change in the mobility of the uncaptured carriers [56-59]. A model for
the correlated number-mobility theory is given by:

q*kT AN,
WLCZ f

2
S,(f)= (gn +ausCyl,) 435

where A is the tunneling depth of the carriers onto the insulator’s surface (cm), « is the
scattering coefficient (V.s/C), and N, is the effective trapping density per unit energy
(cm>Jh).

The third source of device noise is the noise coming from the random ionic
motion within the bulk electrolyte. This noise can be significant compared to the thermal
noise of the FET channel, since electrolytes generally have high resistivities. If the
conductivity of the bulk electrolyte is known (from equation 4.33), then the total noise
spectral density is given by the following Johnson-Nyquist white noise formula:

5,00=4L, 436
where R is the total resistance of the bulk electrolyte ().
The electrode-electrolyte interface, which has to be Faradaic for the BioFET [48],
can contribute to the noise in the system. The spectral density of this interface varies,

depending on the relative speed of the redox process with respect to that of the
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surrounding circuit [48]. However, this spectral density is always proportional to the
average amount of current that flows. In a BioFET, since there is no DC current flowing
through the structure, this interface is not expected to contribute any noise to the drain
current.

A final source of noise in BioFETs is that resulting from the random motion of
immobilized oligonucleotides [39]. This random motion of charged macromolecules is
expected to couple to the mobile charges in the semiconductor channel, causing random
fluctuations that appear as noise in the output current. Although a model for this motion
has not been developed, some general characteristics of this noise can be predicted.
Firstly, it is expected that the motion of the DNA molecules is confined to the lateral
dimension, along the length and width axes of the FET channel. This is due to the DNA
immobilization on the insulator surface, which would inhibit their vertical diffusion. This
would mean that the effect of the DNA particles moving is to change the charge
concentration profile in the channel. If the noise spectral density of the DNA molecules is
white, so will be the noise of the semiconductor channel carriers. Moreover, it is expected
that under high enough electrode potentials, the mobility of the DNA molecules will be
lowered, since their mobility will be hindered with the thicker double layer in which they
are immersed. Finally, high electrolytic concentrations can reduce the amount of noise
coupled to the FET, by virtue of the screening charge, which efficiently screens out the
charges at the loose DNA strand ends. This would shield the channel carriers of the
underlying FET from the modulation effects due to the motion of that section of the
DNA.

4.8 Optimum SNR

Given the sources of noise of the BioFET, as well as the model equations for the BioFET
signal, we have all the information needed to numerically calculate the SNR of the

biosensor. The signal to noise ratio is defined by:
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I 2
SNR =10log @L) 437

ZSI,n ’

where Jp is the BioFET hybridization current change, and S;, is the n-th contribution of
noise processes to the drain current. Figure 4.11 shows the simulated SNR value of a
BioFET with a size of (25%1um) as a function of the gate bias. It can be seen that the
SNR value drops below 0dB for low enough DNA concentrations. In addition, it is clear
that there is a bias point at which the SNR is maximized for the BioFET. This point
corresponds to values around moderate inversion. Higher bias values will hinder the
sensitivity because of the mobility degradation. Given that hybridization only changes the
threshold voltage, as given by equation 4.28, the maximum BioFET sensitivity would be
achieved at the point of highest transconductance. However, the point of maximum SNR
can deviate from this, as the noise scales with the transconductance of the device. We can
investigate the optimum noise location by assuming strong inversion and using the
analytic model of a saturated MOSFET, given by:

K

I, = V..-V.Y (1+7V..),
D 2(1+6(VGS“VT))( Gs T) ( + DS) 438

where @ is the bulk mobility degradation factor (V"), V7 is the threshold voltage (V), and
A is the channel length modulation factor (V'l). The SNR of the BioFET will be given by:

2
SNR =10log (%) =~ |, 4.39
Syg| 1+ o ;C —IA)
&n
where:
—— M . 4.40
WLC,, f '
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Figure 4.11 The effect of bias point on the SNR of the BioFET

-

The quantity inside the brackets of equation 4.39 should be maximized with respect to the

gate bias. Differentiating this quantity and equating the result to zero yields:

d | Byl
—(—#” “)=0, 4.41
dx\ &,
and since the transconductance is given by:
— (S’ID
&n = V. 4.42
we can make the appropriate substitutions for equation 4.41, eventually arriving at the
following:
d ( Ho Vs —V7) )=0. 4.43
AV \ R+0(V - V1))

Equation 4.43 has no solution for finite values of Vgs. Thus, the value for
maximum SNR must be below threshold. Determining the exact value analytically
requires using a closed form solution for the subthreshold equation, and will not be
addressed here. However, it will suffice to state that the optimum biasing point for
maximum SNR is expected to be in the subthreshold regime.

The point of maximum SNR is expected to vary with any variation in the

threshold voltage of the device. From equation 4.28, we can see that essentially all the
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different parameters of the BioFET affect the value of the threshold voltage, and therefore
the point of maximum SNR will drift as well. Figure 4.12 and 4.13 show normalized
simulation results of the SNR curve with varying electrolyte concentration and body bias,

respectively, confirming these expectations.
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Figure 4.12 Effect of ionic density on maximum SNR point
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Figure 4.13 The effect of body biasing on maximum SNR point

4.9 Conclusion

The approximations made in this chapter enabled us to arrive at an analytic expression for

the effect of the hybridized DNA molecules on the threshold voltage of the BioFET. Such
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a model can be incorporated into circuit simulators such that the response of the BioFET
can be coupled with different interface circuits to arrive at a sensitive DNA sensing cell,
from which electronic microarrays can be constructed. Noise analysis was performed on
the BioFET, including the bulk electrolyte noise and that of the semiconductor’s channel.
It was seen that an optimum biasing point in moderate inversion will allow for maximum
SNR value to be achieved. This is particularly important when sensing extremely low
density of DNA molecules. The next chapter is concerned with the analysis of different
interface circuits that can be used for constructing sensitive DNA microarray cells, as
well as the design procedure for a fully integrated DNA microarray chip in 0.8pm CMOS
technology.
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Chapter 5

DESIGN OF DNA SENSOR
CIRCUITS

5.1 Introduction

The BioFET presents an excellent candidate for direct electrical sensing of DNA
hybridization. However, its main advantage over other label-free techniques is that it is
readily compatible with CMOS processing. This allows for the implementation of the
sensors, as well as all the needed interface circuitry, on the same chip. The BioFET can
be incorporated into many different kinds of sensor circuits and readout interfaces. As
such, one can interface the BioFET to different amplifier circuits and enhance many
different aspects of the BioFET’s characteristics, including the sensitivity, linearity, noise
immunity, temperature sensitivity, and output resistance.

In this chapter, several different circuit configurations for sensing DNA
hybridization with the BioFET will be given. This will include utilization of the
potentiometric, amperometric and C-V properties of the BioFET. The sensitivity of these
circuits to DNA hybridization will be determined, and possibility of integration into
microarrays will be investigated. The final part of this chapter will describe in detail the
design of a DNA microarray chip in standard CMOS 0.8um technology.

5.2 Methods of Sensing

From the previous chapter, it was secen that DNA hybridization causes a shift in the
threshold voltage of the BioFET. This shift is equivalent to a change in the voltage of the

reference electrode. For constant biasing, the change in the threshold voltage causes a
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change in the amount of drain current, via the transconductance of the BioFET. In

addition, the threshold change in the BioFET causes a shift in the C-V characteristics.

These three characteristics of the BioFET sensor allow us to determine three different

sensor circuit families:

1.

Potentiometric sensors: These sensors aim at sensing the change in the threshold
voltage by maintaining a constant current for the drain of the BioFET, while
measuring the shift in the gate-source voltage (Vgs) directly via a high input
impedance readout circuit, such as an operational amplifier. These sensors can offer
better linearity in measurements, as the output can be fed to linear amplifiers for
sensitivity enhancement. Another characteristic of this type of sensor is that the
sensitivity is only limited by the limits of validity of the one dimensional solution, and
not by the device sizing.

Amperometric sensors: In this regime, the change in the current of the BioFET due to
DNA hybridization is sensed while Vgg is kept constant. If the BioFET is in the linear
region of operation, the sensor works as a resistance sensor, monitoring the change in
the channel resistance as the DNA is immobilized. In saturation, amperometric
sensors would be equivalent to common-source amplifiers, offering a high degree of
sensitivity to hybridization. Higher aspect ratios of the BioFET will, in general, cause
higher sensitivities due to the higher transconductance values. However, the output
resistance can also be lowered by this, and a compromise must be made to maintain a
high sensitivity value.

Capacitance sensors: The change in the small signal capacitance due to a shift in the
threshold voltage can affect the operation of different AC circuits, particularly
amplifiers and oscillators. DNA hybridization can, therefore, change the oscillation
frequency of an oscillator or the gain of an amplifier. The sensitivity of the
capacitance due to the DNA hybridization scales as the area of the BioFET, which
might be somewhat of a disadvantage in terms of miniaturization.

Many different interface circuits have been proposed for the ISFET [60], [61], [62],

which are equally applicable to the BioFET. These include both potentiometric and
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amperometric sensors. However, these circuits are generally concerned with the
interfacing to the BioFET, and not with the actual sensitivity of the device. The following
sections will address some general techniques that can be used to enhance the sensitivity
of a BioFET sensing circuit. The more sensitive a circuit is, the more possible it is to
reduce the density of DNA probes, thereby allowing the sensor to detect very dilute
concentrations of the DNA molecules, perhaps even at the concentrations that are
available in raw samples.

One issue of concern is whether to use a p-type or n-type BioFET. In terms of
sensitivity, it is expected that the n-type BioFETs will provide better sensitivity for a
particular device size, due to the high mobility of the charge carriers (electrons) in the
channel, leading to higher transconductance values. On the other hand, p-type sensors are
known to have better noise performance. In addition, providing negative bias to the
reference electrode of p-type BioFETs can reduce the amount of positive adsorbed
electrolyte ions from the electrolyte-insulator interface [63]. This would cause the
inhibition of secondary charge-screening effects and allow for enhanced sensitivity. Many
of the circuits can be substituted with an equivalent BioFET of the complementary type.
The circuit analysis will not change, but the sensitivity and noise performance might vary

based on the effects of these different phenomena.

5.2.1 Common-source Configurations

The simplest technique for a BioFET sensor is to use a saturated BioFET with a saturated
active load. This is shown schematically in Figure 5.1. This way, the intrinsic
amplification capability of the BioFET is utilized. The output voltage change due to
hybridization is given by:

AV,

out — // ,
A gn(n/11) 5.1

where AVrpns is the change in the threshold voltage of the BioFET due to DNA
hybridization (V), g, is the transconductance of the saturated BioFET (™), and r; and r;

are the output resistances of the BioFET and load transistor, respectively (Q). Equation
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5.1 gives the standard amplification expected from a single stage common-source
amplifier, showing that the amplification, and therefore, sensitivity, of the circuit depends
on the transconductance and the output resistances of both the load and BioFET. It would,
therefore, be desirable to operate the circuit at a point with maximum gain, which is close
to the threshold voltage of MOS transistors. It is important to realize that the point of
maximum transconductance is not necessarily the same point of maximum gain for the
common source amplifier. This is because the output resistances are also bias-dependent.
A simplified calculation, similar to that done in the previous chapter, will show that the
point of optimum gain would occur somewhere below the threshold, meaning that
subthreshold biasing conditions are preferred for higher sensitivity.
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Figure 5.1 Common-source BioFET amplifier

One of the main disadvantages of the circuit of Figure 5.1 is that the high
impedance output node can couple noise easily, and this will be read at the output,
distorting the original intended signal. In addition, the constant bias required for the load
transistor is critical in determining the operation of the circuit and must not drift with
temperature or other factors. This can be accomplished using voltage references, which
require a lot of components and take considerable amount of space in the chip. However,
one method of rectifying this problem is by providing the bias for the load from within
the circuit in a closed loop fashion. Figure 5.2a shows an implementation of this idea

[64]. The small-signal equivalent circuit is given in Figure 5.2b, and the gain is given by:
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AI/aut = gm]A(rl//rz) zgrn]
AV paa l+gm2A(r,//r2) ng,

where A is the open-loop gain of the operational amplifier. Equation 5.2 shows that the
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gain no longer depends on the output load resistances but rather on the transconductance
of the load, whose inverse is generally smaller than that of the load resistances. This will
cause the gain of the device to be lowered. However, the biasing of the load will be set
such that V,;=V},,. This is an example of a case where sensitivity is sacrificed for other
performance parameters, in this case being ease of implementation.
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Figure 5.2 a) Common source with feedback sensor circuit, and b) small-signal equivalent circuit

Variations to the circuit of Figure 5.2 are shown in Figures 5.3a, and 5.3b. In these
figures, the sensitivity of the circuit is enhanced by increasing the output resistance of the
load transistor by stacking, and by weakening the feedback signal, respectively. These
two designs provide controllability over the sensitivity/stability tradeoff of the circuit.
Figure 5.3a is not very suitable for low voltage operations, due to the stacking of the
transistors, while Figure 5.3b can consume a lot of design space, due to the resistors
involved. However, for discrete applications, these topologies can be useful in
investigating the effects of different circuit configurations and tradeoffs in the
performance of the circuits. The small signal equivalent diagrams of the circuits in Figure
5.3 are given in Figure 5.4. The sensitivity for the circuit of Figure 5.3a is given by:

AV:JI!I — ngA(Vl //rZ) ~ Eml [Rl +R2)
AI-/'T,DNA 1+gm2A(rl //6)(R2 /(Rl +R2)) ng RZ ’
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and the sensitivity of the circuit in Figure 5.3b is given by:

AV
— = gmlA(RX // RY // RZ) ~ &i(l + (7;12 /7;11) + (ng + ngb)rnZ) > 5.4
AI/T,DNA m2

where:

R,=r

x =
Ry =1, 40, +(8, + &nap VT2
R — V47, /7,) (80 + &30 )iz
, =
ngA

Voo Vbp
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a) b) A

Vo1 Vrer ( ; ; Vo1 V.
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Figure 5.3 a) Common source with feedback and stacked load, and b) weak feedback circuit
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Figure 5.4 Small-signal equivalent circuits of Figure 5.3

121



Chapter5: Design of DNA Sensor Circuits

Figure 5.5 shows another sensor circuit that uses two complementary BioFET devices,
configured as a CMOS inverter. The effect of DNA hybridization in this sensor would be
similar to that of a push-pull configuration. This would offer higher sensitivity compared
to a single BioFET configuration when both devices are saturated. Essentially, the circuit
has to operate at the point that corresponds to the “forbidden” region of operation for a

digital CMOS inverter. Under this condition, the sensitivity of the circuit is given by:

AV,
. out_ _ // .
A (8m +8m2 ) (1 /1) 56
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Figure 5.5 Complementary BioFET sensor

As with the single common source BioFET configurations, maintaining a constant
bias is critical, since the output of the sensor circuit is at high impedance, and will drift
easily with slight fluctuations in the bias of the reference electrode. A feedback system
can be used to rectify this problem. The circuit is given in Figure 5.6a. The small-signal
equivalent circuit is given by figure 5.6b, and a simple analysis shows that:

AI/O,,, — (gml+ng)A(’i//"Z) ~1.
AVT,DNA 1+(gml +gmz)A(’i //rz)

5.7
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Figure 5.6 a) Complementary biosensor with feedback, and b) small-signal equivalent circuit

Equation 5.7 shows that, although the circuit of Figure 5.6 might be very stable due to the
negative feedback, it does not provide high sensitivity. However, if we provide a weaker

feedback using a voltage divider, then the gain will be given by:

AV, — (gm]_’-ng)A(r]//rz) ~R1+R2

out

AVT,DNA - 1+(gml +gmz)A("1 //rz)(Rz /(R +R2)) h R,

5.8

Thus, unlike the previous cases, the sensitivity of the circuit is now independent of the
transconductances of the BioFETs, which means that now we can use BioFETs of

minimum possible sizing, as long as the 1-D model still applies.

5.2.2 Operational Amplifier Integration

In conventional microarray cells, the brightness of the light is an indication of the degree
of hybridization in a particular cell. It is important for this data to be distortion-free. This
requires the response of the cell to be as linear as possible. In the BioFET, the relationship
between the hybridized DNA density and the response is highly nonlinear. The main
source of nonlinearity comes from the quadratic relationship of the saturation-mode FET
equations. Feedback can be used to provide higher linearity ranges, but the trade-off is a
reduction in the gain. However, if the BioFET were to be part of a high gain circuit, such
as a differential amplifier, or an operational amplifier, then the gain can be traded off for a

bigger dynamic range using resistive negative feedback. This leads to a possible
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realization of a BioFET sensor by replacing the internal differential MOSFET transistors
with BioFETs. This is shown schematically in Figure 5.7, in which a two-stage CMOS
operational amplifier is used as a DNA hybridization sensor. The advantage of this design
is that temperature effects on the operation of the MOSFET transistors are rejected by the
differential pair. In addition, the high gain of the circuit allows negative feedback to be
introduced without losing a lot of sensitivity. The effect of DNA hybridization can be
modeled as an offset voltage that is introduced to an ideal operational amplifier. This is

shown in Figure 5.8. The analysis of this circuit is simple, with the sensitivity given by:

AI/ouI =[1+£]. 509
A VT,DNA RI
VDD VDD VDD vDD

[y g

s T |
> 1o |
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Figure 5.7 BioFET operational amplifier
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Figure 5.8 BioFET op-amp in noninverting configuration
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Although high sensitivities can be achieved from this circuit, there are a few
problems that this circuit may cause. Firstly, the internal offset voltage of the operational
amplifier will be amplified as well, leading to an offset in the output voltage that is not
due to hybridization. If this offset voltage is not known, it cannot be subtracted from the
output signal. There are many techniques for offset cancellation. However, many of them
rely on precharging capacitors with the offset voltage and then subtracting the offset at
measurement time. Such techniques are not useful with DNA detection because of the
large time constants for the signals. Other techniques for offset cancellation use
cancellation resistors placed at the differential stage. Although these techniques are
suitable for discrete implementations, they are not practical for microarrays with
thousands of amplifiers.

One more issue that arises with the direct use of operational amplifiers is that both
input transistors must be replaced by BioFETs. This will allow for the reduction of
temperature effects on the response of the electrolytic phase (for example, proton
adsorption). In addition, replacing the transistor with a BioFET will change its threshold
voltage. This change must be balanced by equal change in the mirror transistor;
otherwise, significant offset voltage will appear even in absence of DNA hybridization.
Both transistors must be DNA functionalized. However, only one of them should be
subject to target DNA. This requires two separate electrolytic compartments and

reference electrodes, which makes the design of DNA microarrays much more complex.

5.2.3 Positive Feedback

In the examples above, the maximum possible sensitivity for a single stage BioFET
circuit is limited by the transconductance of the BioFET, and its saturated output
impedance. However, if a positive feedback were incorporated into the operation of the
circuit, but in a way that does not lead to a saturated output, then the sensitivity of the
circuit can be enhanced. Figure 5.9 shows a block diagram of a system with positive
feedback. The transfer function of this system is given by:
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Figure 5.9 Block diagram of a positive feedback system

Thus, if the product A4S is positive and less than unity, the sensitivity of the circuit can be
enhanced. A simple circuit that illustrates the use of positive feedback is given in Figure
5.10a. In this circuit, the positive feedback is implemented via a connection to the body of
the BioFET, utilizing the body effect. Transistor My, must operate in deep linear region.
This would enhance the linearity of the response, and guard against forward-biasing the
body-source junction of the BioFET. The small-signal analysis of this sensor circuit is
given with the aid of Figure 5.10b. The gain is given by:
AV _ g (r /1)

= ’ 5.11
AVionae 1= 8,a8(ry 111 )(1 /1)
with the condition for stable and sensitive operation given by:
0<8,.8,(r, /1 r)n 1/r)<1. 5.12
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Figure 5.10 a) Positive feedback biosensor, b) small-signal equivalent cireuit, and ¢) medium

frequency equivalent circuit
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Due to the existence of a positive feedback in this circuit, we need to investigate the
possibility of oscillation. To do this, we consider the frequency-dependent equivalent
circuit of Figure 5.10c. The capacitances consist of the lumped equivalent capacitance at
the specific node, including parasitic capacitances from all connected devices. The

Barkhausen condition for oscillation of this circuit is given by:

a8 Ty /1)1 I 1)
[1+sC (5 /1 ) |[1+ 5C, (7 I'n)]

=1. 5.13

The phase criteria of equation 5.13 cannot be satisfied at any nonzero frequency. We
therefore conclude that this circuit will not oscillate.

Another technique that derives from the concept of positive feedback is realized
through negative resistances. Figure 5.11 shows a diagram of the Ip-Vps curve for a
BioFET, as well as that for a nonlinear load with a range of negative resistance. If the
slope of the saturated part of the BioFET is parallel to the slope of the negative resistance,
we will have a circuit that produces practically infinite gain over some region of
operation. An example of a circuit which can provide a load curve as shown in Figure
5.11 is a cross-coupled saturated MOS transistor pair. Given the proper sizing and
operating conditions, we can achieve very high sensitivities with very few devices. A

global negative feedback can be used to trade some of this gain for better stability.

IDA

Vps

Figure 5.11 Plot of the I,-V,s relationship for a FET transistor and a negative resistance load

Figure 5.12a shows a schematic diagram of a cross-coupled negative resistance based

DNA sensor circuit. Biasing of the negative resistance pair is provided by the BioFET
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and transistor My;. If all the devices are saturated, circuit analysis of the small-signal
mode] of Figure 5.12b yields:
AVoul — gm4(r2 //74)
AViona 1= 8m&m (/1 1)1y 117,)

which is very similar to the format of equation 5.11. In this case, however, care should be

5.14

taken that Q-point of the output must lie in the negative part of the load curve and must be
stable at that point. If the curves intersect in more than one point, as shown in Figure
5.13, then it is not possible to determine at which point the output will be. We might have
to introduce a parallel resistance to the BioFET to force its curve to intersect with only
one point of the load curve, such that the operation of the circuit is stable. Finally,
negative feedback can be introduced at the reference electrode, or at the gate of the

biasing transistor My, for enhanced stability of biasing voltages.
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Figure 5.12 a) BioFET sensor circuit with negative resistance load, and b) small-signal equivalent

circuit
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Figure 5.13 Example of unstable configuration for the circuit of Figure 5.12

5.2.4 Impedance Based Techniques

As hybridization of the DNA causes a shift in the threshold voltage of the BioFET, it is
expected that the gate-source capacitance will be affected as well. This effect will be very
clear around weak and moderate inversion regions, and less effective in strong inversion,
where the capacitance approaches that of the gate insulator. The small-signal capacitance
can vary different properties of AC circuits, such as the cutoff frequency of filters, or the
frequency of oscillation for oscillators. The change in the oscillation frequency is
appealing for DNA hybridization, as the signal to be sensed is very low in frequency
(practically DC). Thus, extremely small changes in frequency, due to changes in the
capacitance, can be monitored over a long period of time using digital counters. The
number of pulses recorded in a fixed period of time will be an indication of the amount of
DNA hybridization. This technique requires a lot of auxiliary circuits, including counters,
signal conditioning circuits, and precision timer circuits. However, the sensitivity of this
type of sensor can be very high, because the signal information is transferred to
information in time, which can be sensed efficiently, given a long enough sampling
period.

An example of an oscillator that can be used is the ring oscillator. Shown in

Figure 5.14, the ring oscillator consists of an odd number of digital inverters, connected
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in series. The propagation delay in these logic gates, which comes about due to the
parasitic capacitances and resistances of the circuit, cause the circuit to behave in a
bistable manner, oscillating between the rail voltages. Such large signal behavior will not
be very useful for detecting changes in the small-signal capacitances. However, if we
operate the ring oscillator as a small-signal oscillator, and we read the output using a
thresholding operational amplifier, we will be able to sense the changes in the small-

signal capacitance, and hence the amount of DNA hybridization.

P in

Figure 5.14 Ring oscillator circuit

The sensor circuit is given in Figure 5.15a. One stage of the ring oscillator is
loaded with the BioFET. The bias of the body of the BioFET is allowed to change such
that the point of maximum capacitance change can be set. The output of the ring oscillator
is connected to an operational amplifier, which compares the voltage from the ring
oscillator to the stable Q-point of the ring oscillator, which is set by an inverter with the
input and output terminals shorted together. In essence, the operational amplifier converts
any small-signal oscillation in the ring oscillator to a digital output.

The supply voltage must be chosen such that the ring oscillator will not oscillate
in a rail-to-rail large-signal mode, but rather as small-signal oscillations about the stable
Q-point. For this, the Barkhausen criteria must be satisfied, with the loop gain being equal
to unity, and zero phase shift around the loop. If the loop gain is larger than unity, then
the ring oscillator will oscillate in a rail-to-rail mode. Assuming saturated transistors, and
assuming that the capacitance of the BioFET is much larger than the capacitances of the
other transistors at node A, we can derive the equation for the loop gain with the aid of

Figure 5.15b. The expression is given by:

(8 + &) /1Y

=1. 5.16
(1+sC(n //rz))z(l"‘scb(”l 1))

130



M. Waleed Shinwari McMaster University-Electrical and Computer Engineering

a)

Vbp Vbpp Vop

‘I‘ rl Vour
T

GND

Figure 5.15 a) Ring oscillator based biosensor, and b) Small signal equivalent circuit
The frequency of oscillation is given by @, , such that:
2tan™ (1+@,Cy (1 1)) + tan” (1+@,C, (1 // r,)) =7 . 5.17

Despite the high sensitivity of this circuit, it suffers from high nonlinearity. Figure
5.16 shows a sample plot of the frequency as a function of the capacitance where
Cy=10C,. A quasi-inverse relationship links the two quantities. If the quantity on the left
hand side of equation 5.17 is negligible, then the relationship will be a perfect inverse
law, which demonstrates high nonlinearity. Thus, it will be important to compensate for

this nonlinearity in software.

131



Chapter5: Design of DNA Sensor Circuits

12
S 10
0
T
i
s 8
oy
3 6
=
o
o
[T

4

60 80 100 120 140
Capacitance {fF)

Figure 5.16 Dependence of oscillation frequency on the capacitance of the BioFET
A variation to the circuit of Figure 5.15 is to replace one of the transistors in an inverter
stage with a BioFET. The circuit that implements this idea is shown in Figure 5.17. This
placement of the BioFET would place an added constraint on the design of the circuit.
The quiescent voltage of the ring oscillator now must be around the BioFET’s threshold
voltage (moderate inversion), such that the maximum capacitive sensitivity is achieved.
Now, hybridization will not only change the input capacitance at this stage, but will also
affect the channel resistance at the subsequent stage. If the NMOS is replaced by a
BioFET, then hybridization will decrease the capacitance, but will increase the resistance
of the channel. On the other hand, if the BioFET replaces the PMOS, then hybridization
will increase the capacitance but reduce the channel resistance. Therefore, the net effect is
that hybridization will speed up one stage, but will slow down the subsequent stage. If

these rates are not equal, then a net change in the frequency of oscillation can be sensed.
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Figure 5.17 Ring oscillator with a BioFET replacing an NMOS

5.2.5 Floating Node Method

A technique that also depends on the capacitance of the BioFET utilizes the charge-
sharing of two capacitors at a floating node. This is shown schematically in Figure 5.18.
The BioFET is biased from the body with a fixed potential, and a fixed capacitor is
connected between the reference electrode and the ground, through a switch. If this
capacitance is precharged with a very small voltage V; while disconnecting the BioFET, a
certain amount of charge will appear across the capacitance. After the precharging
process, the capacitor is connected to the BioFET, and the voltage source V; is
disconnected. This allows the reference electrode to be floating. The initial stored charge
in the capacitor will now be shared with the BioFET. The steady-state voltage of the
reference electrode will be given by:

Cl
C+C,

Vour =(V1+V3) 5.18
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Figure 5.18 Floating node BioFET sensor

This voltage can be sampled using an operational amplifier with extremely low
input capacitance. From equation 5.18, it is evident that the response of this circuit will
also be nonlinear. In addition, capacitance leakage will cause the floating node voltage to
degrade with time. Thus, it would be required to repeat the precharging and sampling

process many times to get accurate readings out of this circuit.

5.3 Design of a DNA Microarray Chip in CMOS 0.8um Technology

In this section, the analysis and design of a microarray chip in standard CMOS 0.8um
technology is presented. At the Institute of Microstructural Sciences, National Research
Council (NRC), Ottawa, the quantity, sizing, and geometry of the structures were of
prime importance, as this chip would have to be subject to post-processing steps that
require adherence to geometry that is compatible with the available equipment. The
number of arrays, sizes and spacing of the transistors, and circuits are affected by these

requirements.

5.3.1 Fabrication Facility and Technology

The chip was to be designed using DALSA’s 0.8§um 3 metal layer, 2 poly CMOS process.

Processing of the submitted design was arranged by the Canadian Microelectronics
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Corporation (CMC). DALSA’s 0.8um process comes in three flavors: CMOSPSC,
CMOSP8E, and CMOSP8G. These three processes are similar, but their main difference
is the range of voltages that they support. The CMOSPS8C is designed for low-voltage
mixed signal applications (3-5V). The CMOSPSE process target medium voltage ranges
(5-20V), which include MEMS actuation devices. The CMOSP8G process includes high
voltage support (300V), in addition to its normal 5V support. This process is useful for
microfluidic device control, and high voltage integrated circuit (HVIC) control and power
systems [65].

The DALSA process does not allow twin wells. Therefore, depending on the type
of starting material, the body contacts of either the NMOS or PMOS devices would be
electrically connected. For the process run that included this design, the starting material
was N’ substrate. This would mean that all PMOS devices would share a common body
connection. However, in order to verify the operation of the BioFET, and to maintain full
controllability over all possible bias voltages, it was necessary to have both NMOS and
PMOS devices with separate body connections [63]. As directed by CMC [66], the
CMOSP8G process could help accomplish this task. Specifically, certain high voltage
definition layers can be used to electrically separate different regions of the N-substrate.
Thus, all the PMOS devices which share a body connection could be isolated from the
global substrate. The NMOS transistors can be separated by placing each one in a
separate P-well. Therefore, the flavor of choice for this design was the CMOSP8G

process.

5.3.2 Software Design Kits

All circuit simulations were conducted using Spectre simulation software supplied by
Cadence Design Systems, Inc. All layouts were built using Virtuoso custom design
platform. The models for the transistors and the design layers were included in the design
kit (DK08G) and technology file for the DALSA process, and provided by CMC. The
transistor models were based on the BSIMv3.3 architecture. The only components to be

simulated were the operational amplifiers. The BioFET transistors were simulated once
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with a gate contact to verify normal transistor operation and proper construction, but the
gate contact was subsequently removed to facilitate direct exposure of the polysilicon,

which would be etched during post-processing.

5.3.3 Architecture

Several different microarrays were required in this project. For each microarray cell, the
BioFET transistor was expected to occupy a square area of 50umx50um. This size is
needed to accommodate the array spotter requirements. The spotter resolution limitations
also required that the spacing between the cells be set at 200um, edge to edge. Such
spacing would allow a lot of unused space between the cells that would be sufficient to
incorporate any auxiliary circuits. Therefore, all operational amplifiers and differential
circuits were placed within these spaces.

Several different microarrays were implemented in the design. Each of these
microarrays was required to be electrically isolated from all others. The arrays
constructed were the following:

1. A 7x7 array of 50umx50um P-type BioFETs, with separate drain connections but
shared source and body connections.

2. A 7x7 array of 50umx50um N-type BioFETs, with separate drain connections but
shared source and body connections.

3. A 7x7 array of 50umx50um P-type BioFETs, with separate drain connections but
shared source and body connections. Each BioFET is connected in a common-source
fashion to a high-impedance active load. The output is read using an operational
amplifier configured as a unity gain buffer.

4. A 7x7 array of 50umx1umx21 P-type multi-fingered BioFETs, with separate drain
connections but shared source and body connections. Each BioFET is connected in a
common-source fashion to a high-impedance active load. The output is read using an
operational amplifier configured as a unity gain buffer.

5. A 14x7 array, consisting of 7x7 pairs of BioFETs. Each BioFET is connected in

common source mode, and the outputs of each pair are passed to differential
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amplifiers. The output of the differential amplifier is read by a unity gain buffer. Only
one of the two BioFETs will undergo hybridization. This array is designed to reject
any signal fluctuations that are common to both BioFET devices, such as temperature

and pH variations.

Figure 5.19 shows schematic diagrams of the circuits that were implemented in these
arrays. In addition, a large square area of 2.5mmx2.5mm was required for monitoring the
etch process during post-processing. This region consists of bare polysilicon deposited on
top of the substrate, with the insulator in between. A connection was provided to the
periphery of this area to drain away any charges that might leak into the substrate during

the etch process. Etch monitoring is important to ensure that the insulator underneath the

polysilicon is not damaged during the etching process.
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Figure 5.19 Circuits implemented on the microarray chip

The layout of the final chip is given in Figure 5.20. The chip has a size of
10mmx10mm, and is surrounded by 260 pads, in addition to two pads that are placed
closer to the center of the chip. These two pads are introduced to serve as reference
electrodes when the electrolyte is applied to the surface of the chip. The number of pads
was not sufficient for all different arrays and some of them had to be shared by two
different arrays. Specifically, the drain connections of each of the BioFETs in arrays 1

and 2 share a single pad.
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Figure 5.20 Layout of designed microarray chip

To facilitate post processing, several alignment marks were placed on the chip.
These consisted of squares of the top metal layer, located in different areas around the
chip. These marks provide landmarks that are used for aligning the etch mask with the
chip during post-processing. Finally, it is important that there be clearance spacing
between the outermost pads and the sliced edge of the chip. A clearance of 0.75mm was
required to guard against edge bead formation during the deposition of
polydimethylsiloxane (PDMS) onto the chip during post-processing. As this extra space
was guaranteed by CMC, there was no need to take this into account when designing the

layout.
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5.3.4 Operational Amplifier Design

The main circuit component that required proper design in this chip was the operational
amplifier. Many different topologies for CMOS operational amplifiers exist [67], [68].
The topology chosen was that of a folded cascode op-amp. This would allow for higher
gains to be achieved from a single stage. The body effect in the cascode transistor will
enhance the gain performance of the amplifier, contrary to the case of cascaded
amplifiers. Finally, compensation capacitors in a cascade transistor need not be as large as
that for a regular two stage op-amp. This is because the capacitance can be placed across
two stages, which are the output node and the cascode stage, as opposed to one stage in
the cascaded two stage amplifier case. The main disadvantage of using this topology is
that it allows for some common-mode gain, even with perfectly matched differential
transistors and current sources.

Figure 5.21 shows the schematic diagram of the operational amplifier. Transistors
M; and M; form the input differential pair, with M3 and M, as active loads. Transistors
Ms and Mg form the cascode pair, and a feedback connection to the gates of the active
load provide the differential to single-ended conversion. The single ended output is
applied to an output common source stage, which provides the final output pin of the
amplifier. Using a common source output stage instead of a common-drain mode is
justified because the operational amplifier will operate in unity feedback mode. Thus, its
output resistance will be roughly divided by the open-loop gain, which will be quite high.
The reason for using an amplifying stage at the output is that we want to have a high
output dynamic range, which will be limited only by the onset of linear operation of the
output transistors. If this last stage were a common-drain stage, then the factor that would
determine the dynamic range would be the overdrive voltage of the output transistor,
which would be determined by the gate bias. If high dynamic range is required, then the
gate bias of the output PMOS would have to be quite high, necessitating a higher gate

bias for the cascode transistors to keep them saturated. However, it was desired to have a
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cascode bias of zero volts so that we do not need to come up with extra circuitry for bias

voltage generation.
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Figure 5.21 Folded cascode operational amplifier

The current driving requirement for the operational amplifier was chosen at
100pA. Given the large number of op-amps in the chip, higher output drive capabilities
might heat up the chip and cause undesirable effects to the BioFET sensors. To find the
required gate bias voltage of the output PMOS transistor, we use the value of 100pA as
the quiescent drain current, and set the output voltage to zero. This will minimize the
offset voltage of the op-amp. Recognizing the presence of large-signal variations at the
output, the calculated bias was adjusted to keep the output transistor in saturation under
the harshest signal swings (chosen here as 1 volt). From hereon, the analysis continues
backwards, with the cascode transistors, active loads, and finally the input differential
pair. In each step, we impose conditions that guarantee that the device stays saturated,
determine appropriate voltage values, and calculate the sizes based on the currents that
flow in these branches. The total current consumption in the internal stages of the op-amp
was also chosen as 100pA, divided equally among the different conduction paths. Based
on these current values and the DC voltages on the nodes that would guarantee saturation,
the sizing of the different devices can be deduced [69].

The current sources in Figure 5.21 were implemented using a stacked transistor

pair. This would have the effect of increasing the output resistance and would make the
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circuit behave more like an ideal current source. The biasing of these transistors was
chosen so as to maintain the saturation region of operation. The biasing was kept as low
as possible so that the current source has a higher range of operation. This would further
enhance the dynarhic range of the device.

Figures 5.22a and 5.22b show the simulated frequency response and the voltage
transfer characteristics of the designed op-amp, respectively. The dynamic range spans
around 4 volts, and the low frequency gain is simulated at 83dB. The bandwidth for the
uncompensated op-amp is shown to be around 35kHz. However, to guarantee stability of
the op-amp with unity feedback, a Miller compensation capacitor was added at the
terminals shown in Figure 5.23. The cascode configuration allows us to place the
capacitor over a large inverting gain, consisting of the output stage and the cascode stage.
This results in a smaller capacitance value and higher stability. The compensated op-amp
has a bandwidth of 8kHz, a gain margin of 7.633dB, and a phase margin of 35°. Figure
5.24 shows a compact layout of the op-amp, in which it is clear that the compensating
capacitor occupies a considerable area of the design. Table 5.1 shows the performance
parameters of the simulated operational amplifier, compared with typical values of

general purpose CMOS op-amps [67-69].
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Figure 5.22 a) Frequency response of the operational amplifier, and b) Voltage transfer

characteristics
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Figure 5.23 Placement of the compensating capacitor

Figure 5.24 Layout of the designed operational amplifier
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Table 5.1 Performance parameters of the designed operational amplifier

Parameter Simulation Typical

Open-loop gain 83dB 74dB

Common-mode rejection ratio 124dB 80dB

(CMRR)

Open-loop bandwidth 35kHz (5kHz with 100Hz-100kHz
compensation)

Output resistance 7.8k 300Q-10kQ

Slew rate 12.5V/ps (9.5V/ps with 10pF  2-20V/ps
load)

Offset voltage -0.58mV 0.1-lmV

Gain margin 7.63dB -

Phase margin 353° >60°

Power consumption ImW 0.5-10mW

Power supply rejection ratio (PSRR) 74dB 80dB

5.4 Conclusion

In this chapter, several circuit designs that can aid in enhancing the sensitivity of the
BioFET were discussed. The main design criteria of these circuits are DNA sensitivity,
linearity, temperature sensitivity, and power consumption. Different feedback
mechanisms were analyzed in order to arrive at circuits that offer better performance. In
addition, techniques that exploit the variation in the capacitance of the BioFET were
presented. As a general trend, it can be seen that higher sensitivities are generally
accompanied by severe nonlinearities.

The design of a DNA microarray chip in CMOS 0.8um was presented. The chip
uses the standard CMOS process, but requires post-processing to make the BioFET
structures. Specifically, the polysilicon has to be removed, a hydrophobic coating has to
be applied to the processed chip, and probes have to be immobilized on the insulator
surface. The BioFET microarray chip illustrates the possibility of fabricating cost-

effective biosensors, with all signal processing circuitry integrated on the same chip.
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Chapter 6

SUMMARY, CONCLUSIONS,
AND FUTURE WORK

6.1 Thesis Summary and Main Contributions

The work presented in this thesis comprises a comprehensive study of the physics
involved in sensing DNA hybridization by means of its intrinsic charge using FET
devices. Successful characterization of such a device will ultimately lead to highly
sensitive DNA microsensors that operate with very low power, and can be incorporated
into handheld devices for direct detection of pathogens from environmental samples.
The main accomplishment of this work is combining the physical and chemical modeling
of the electrolyte/DNA system with the theory of semiconductors to establish a physical
model that relates the change in current due to DNA hybridization to the density of DNA
probes [3], [37], [70], [71], [72]. This measure gives quantitative characterization of the
sensitivity of the BioFET and can be used to compare BioFET-based sensing to other
mainstream methods, such as optical DNA microarrays. The ultimate aim is to be able to
use these BioFETs to identify pathogens without the need for DNA amplification.
Another major accomplishment of this work is the global simplification and
linearization of the entire physical model of the BioFET [39]. This linearization gives
good approximations to the response of the BioFET to DNA hybridization. Moreover, the
simplification shows that the response to DNA hybridization can be quantified as a shift
in the threshold potential, the amount of which can be given in closed form, as a function
of the ionic strength, DNA strand length, DNA probe density, degree of hybridization,
adsorption affinity of the insulator surface, and permittivity of the electrolyte and

membrane areas. Such a simplified derivation allows the approximate model to be
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integrated directly into circuit simulators, as additional components to the already existing
MOSFET model. The additions would be compensating voltage sources for the work
function differences, as well as for DNA hybridization shifts in the threshold voltage.

This thesis has presented, for the first time, practical guidelines for designing
electronic biosensors with emphasis on the noise performance of such systems [39].
Although the noise performance might not be crucial for high density DNA sensing, when
working with small geometries, and very sparsely located DNA probes, the signal due to
hybridization can be quite weak, and can be easily buried under the random fluctuations
of the electrolyte’s ionic motion or the random motion of charge carriers in the channel of
the FET. This work used the model for the BioFET’s sensitivity and the noise theory of
MOSFET devices to arrive at an assessment of the SNR performance of such devices. It
was seen that the best SNR performance was achieved under low power, low voltage
operation mode. This optimum biasing condition lends itself greatly to the design of low-
power portable biosensor systems.

The final contribution of this work was to identify and investigate several different
circuit techniques that can be utilized to enhance the sensitivity of the BioFET sensor, and
which are suitable for implementation in DNA microarrays. The use of feedback systems,
both positive and negative, was addressed. Using non-conventional techniques, such as
floating nodes and clocked circuits, was presented. The ultimate goal of a circuit interface
system to the BioFET is to produce linear, temperature-insensitive, and environment-

insensitive, biosensors that are highly sensitive to DNA charges.

6.2 Prospects for Future Work

The model used in this work is simplified so that it is easily understood and translated
into understanding of the operation of the sensor. However, the sensitivity of biosensors
is only one of many issues that have to be considered when designing state-of-the-art
microsystems for DNA detection.

As was presented in this thesis, many different parameters affect the sensitivity of

the BioFET. These include, but are not limited to, the electrolyte strength, probe density,
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pH of the solution, temperature, bias point and adsorption affinity. The effect of varying
each one of these different parameters on the sensitivity was given. However, one can
jointly take into account all of these effects, and employ optimization techniques to arrive
at an optimum set of parameters, which will guarantee the best sensitivity attainable from
a BioFET. Of course, a brute force method would be to optimize the sensitivity with
respect to a single variable, and then cycle this optimization process to all other variables.
One would continue to cycle until an optimum set of variables has been reached.
However, this technique can only find a local point of maximum sensitivity, which
depends on the initial set of parameters chosen. Other sophisticated numerical techniques
for optimization have to be employed to arrive at a global set of parameters that maximize
the sensitivity.

The physical model presented in this thesis was based on a 1-D model that treats
the DNA charges as a smeared out continuum of negative charges. In reality, however,
the charges are highly localized, and this approximation is justified only for highly dense
probes. With a 2-D model, the internal structure of the DNA charges will be exposed, and
more accurate measures of sensitivity can be attained. The work of [70] attempts to
accomplish this task by solving the 2-D electrostatic problem in the electrolyte, while
treating the underlying semiconductor as 1-D, so that the FET equations still apply.
However, in the real BioFET, the 2-D effects will manifest in the channel, altering its
conductivity in a different manner. In order to quantify the response of extremely small
BioFETs, with extremely thin concentrations of probe DNA molecules, these effects have
to be considered. Generally, analytic solutions will not be attainable to describe the
response of the BioFET under these considerations. However, commercial PB solvers and
semiconductor modeling software may be integrated to accomplish this task. Otherwise,
custom 2-D numerical solver programs can be written that will use numerical techniques,
such as the finite difference method, to characterize these devices.

One of the main tasks required to realize fast and sensitive biosensors is that the
targets should diffuse towards the probes as fast as possible. With the effects of gravity
ignored, the temporal evolution of the diffusion of DNA macromolecules within the bulk
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electrolyte is only dependent on the temperature and diffusivity of the particles which, in
turn, depend on the solution and molecule properties. Modeling of this diffusion can be
accomplished via Fick’s laws of diffusion. In the bulk of the electrolyte, no forces will
retard the diffusion of the DNA molecules. However, as the DNA molecules get closer to
entering the potential barrier of the probe layer (shown in Figure 6.1), a drift force will
tend to prevent diffusion of the molecules into the probe region. Thus, higher probe
density has two effects: Firstly, it causes more electrostatic repulsion that inhibits proper
diffusion of the DNA, and secondly, it reduces the diffusivity of the targets so that even in

the absence of electrostatic repulsion, diffusivity of targets towards the probes is limited.
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Figure 6.1 Repelling drift force due to probe charges limits the diffusion of targets

In all the work presented in this thesis, it was assumed that full DNA
hybridization will be attained in the steady state. However, this is not necessarily true.
The actual hybridization yield will be a function of the constants of reaction between the
two strands. The constants are governed by a lot of parameters, including the solution
ionic concentration, strand lengths (longer strands can take much longer time to fully
inter-orient and hybridize), and mobility of targets. Thus, even though particular values
" can be chosen for the environment such that the sensitivity is maximized, these
parameters might cause the hybridization yield to be very low, reducing the sensitivity
again. It is, therefore, important to include the kinetics of association-dissociation of

DNA molecules into the picture when discussing the performance of BioFETs. Figure 6.2
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shows a sample figure for a published work on the dynamic dependence of the
hybridization yield on the probe density [71].

A particular model that can be used to characterize the kinetics of operation of the
BioFET is the diffusion-reaction model. This model is used extensively to model
chemical reactions in confined environments, and in characterization of microfabrication
and etching processes [72]. If this model is integrated with the electrostatic model
presented in this thesis, then we can arrive at a universal model that would capture the
effects of DNA target diffusion, affinity of hybridization and denaturation, and
concentration on the speed and sensitivity of the biosensor. A simplified discrete version
of this model was previously used to characterize the speed of response in biosensors

[73].
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Figure 6.2 Time evolutions of the hybridization efficiency for different probe densities |71]

In terms of measurement setup and methodology, several different techniques can
be incorporated. One interesting technique to be investigated is to sense the DNA
hybridization by monitoring the change in the device noise characteristics. Low-
frequency noise is very sensitive to the amount of current flow and can therefore allow
very good sensitivity to be gained from the BioFET. However, it would be quite difficult
to integrate such systems into small handheld devices as a lot of circuitry and signal

processing systems are required to get the noise spectral density.
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In terms of operation, different techniques can be investigated for their effect on
the performance of the BioFET. One of these techniques has been identified as
continuous pulsing of the BioFET structure. Continuously cycling the FET from
accumulation to inversion has been demonstrated to reduce the low-frequency noise of
MOSFETs [74]. However, in the case of BioFETs, continuous pulsing may serve yet
another purpose. As the DNA targets are electrically charged, they will drift under the
influence of the electric field. Thus, pulsing can help these DNA molecules get closer to
the probes and can aid in faster hybridization. The procedure of pulsing is shown in
Figure 6.3. Thus, using pulsing, we might be able to increase the speed of the biosensor,
as well as its signal-to-noise ratio.
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Figure 6.3 Pulsing the BioFET for reduced noise and increased hybridization speed

Modeling the motion of DNA molecules under an applied electric field is quite
complicated. This is mainly because the electric field along the electrolyte varies as a
function of time. At steady state, the MOS capacitor is fully charged and no current flows.
Thus, the electric field in the bulk of the electrolyte will vanish. However, if we somehow
maintain the electric field in the bulk electrolyte, the DNA molecules might be able to
move under this field and get closer to the probes. The capability of charging the BioFET
depends on the ionic conductivity of the solution, as well as the characteristics of the
electrode-electrolyte interface. It is clear that very dilute ionic densities will allow a

longer manifestation of the electric field within the bulk electrolyte, due to the long time
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constants needed for the BioFET to charge. This would allow the DNA molecules to react
to the electric field more rapidly. In addition, the counterion screening around the DNA
would not be able to fully shield the DNA charge, allowing it to be affected more by the
electric field lines.

Modeling of the DNA motion under applied bias is further complicated by the fact
that the DNA molecules cannot, in general, be treated as point particles. This means that
not all of the energy given to the DNA molecule will manifest as translational kinetic
energy that would subsequently lead to electric current in the form of DNA charge
migration (electrophoresis). Instead, some of the energy might go into rotational or
vibrational motion of the molecule and will not contribute to any current across the
BioFET structure. Such complications can sometimes be abstracted away as dependences
of DNA mobility on the applied potential. However, this leads to severe nonlinearities
and complications in the modeling equations. Much work can be done in modeling DNA
motion under applied bias. Such modeling will prove crucial when discussing the effects
of pulsing on the speed of hybridization.

The BioFET structure itself might be altered so as to increase the sensitivity, and
other novel device geometries might be able to provide much better performance in terms
of sensitivity. Two sample devices have been identified here as the junction field-effect
transistor (JFET) structure, and the BioFET without the insulator.

In a JFET, the amount of current that flows through the device is modulated by the
amount of reverse bias applied to the gate terminals, which causes a depletion region that
“chokes” the channel and controls the amount of current flow. A cross section of the
JFET is shown schematically in Figure 6.4. The JFET has the advantage that the drain
current flows in the bulk of the semiconductor, thereby reducing the low frequency noise
contribution of the device. If the DNA molecules were hybridized onto the JFET, the
change in the depletion region due to this hybridization will be sensed as a reduction in
current flow. However, for this change to be significant, the initial channel of the JFET

must be extremely narrow. Current CMOS processes are not suitable for creating

150



M. Waleed Shinwari McMaster University-Electrical and Computer Engineering

integrated JFET transistors. However, such a device, if realized, can produce higher

sensitivity and SNR values.
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Figure 6.4 JFET based DNA biosensor

A BioFET without an insulating surface can significantly increase the sensitivity
of the device. In essence, the structure will be that of an electrolyte/semiconductor
interface. Direct coupling has the advantage of a very high capacitance, indicating a large
degree of inversion due to hybridization. However, if the electrolyte/semiconductor
interface is Faradaic, then a lot of power will be consumed as current will leak between
the electrolyte and the semiconductor. This will render such a circuit impractical for
portable devices. On the other hand, if the interface is biased such that it acts in an
ideally-polarized manner, then we can retain the low power operation capability, while
enhancing the sensitivity. In addition, the effects of proton adsorption might be eliminated
in the process, since the adsorption sites have been removed along with the dielectric.

On the level of final products, future work can target the integration of CMOS
biosensors with state-of-the art MEMS and microfluidic devices on the same chip. This
chip can have several subsystems for the acquisition, processing, and detection of
pathogens within sample analytes. In essence, micro-reaction chambers can be

constructed that will conduct the familiar processes of cell lysing, gel electrophoresis,
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PCR, purification, filtration and detection, all in microscale. MEMS-based micropumps
can be used to guide the transport of the analyte through these various steps. Microscale-
based processing can significantly reduce the time required for the detection process. This
can be very useful for early detection of pathogens based on their gene signatures. The
ultimate goal of this research would be to arrive at a realization of a complete lab-on-chip
device that achieves ultra-high sensitivity, down to the resolutions that will eliminate the
need for amplification and analyte enhancement, and has all the microelectronics, readout
sensors, digital signal processors, microfluidic components and channels, integrated on

the same chip.
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