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(57) ABSTRACT 
Methods and apparatuses relating to large scale FET arrays 
for analyte detection and measurement are provided. Chem 
FET (e.g., ISFET) arrays may be fabricated using conven 
tional CMOS processing techniques based on improved FET 
pixel and array designs that increase measurement sensitivity 
and accuracy, and at the same time facilitate significantly 
Small pixel sizes and dense arrays. Improved array control 
techniques provide for rapid data acquisition from large and 
dense arrays. Such arrays may be employed to detect a pres 
ence and/or concentration changes of various analyte types in 
a wide variety of chemical and/or biological processes. 
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METHODS AND APPARATUS FOR 
DETECTING MOLECULAR INTERACTIONS 

USING FET ARRAYS 

RELATED APPLICATIONS 

0001. This application claims priority to U.S. provisional 
application 61/133,204 filed Jun. 26, 2008 and claims priority 
to and is a continuation-in-part of U.S. non-provisional appli 
cation Ser. No. 12/002,291 filed Dec. 14, 2007, the entire 
contents of both of which are incorporated by reference. 

FIELD OF THE DISCLOSURE 

0002 The present disclosure is directed generally to 
inventive methods and apparatus relating to detection and 
measurement of one or more analytes. 

BACKGROUND OF THE INVENTION 

0003 Electronic devices and components have found 
numerous applications in chemistry and biology (more gen 
erally, “life sciences”), especially for detection and measure 
ment of various chemical and biological reactions and iden 
tification, detection and measurement of various compounds. 
One such electronic device is referred to as an ion-sensitive 
field effect transistor, often denoted in the relevant literature 
as ISFET (or pHFET). ISFETs conventionally have been 
explored, primarily in the academic and research community, 
to facilitate measurement of the hydrogen ion concentration 
of a solution (commonly denoted as “pH). 
0004 More specifically, an ISFET is an impedance trans 
formation device that operates in a manner similar to that of a 
MOSFET (Metal Oxide Semiconductor Field Effect Transis 
tor), and is particularly configured to selectively measure ion 
activity in a solution (e.g., hydrogen ions in the solution are 
the “analytes). A detailed theory of operation of an ISFET is 
given in “Thirty years of ISFETOLOGY: what happened in 
the past 30 years and what may happen in the next 30 years.” 
P. Bergveld, Sens. Actuators, 88 (2003), pp. 1-20, which 
publication is hereby incorporated herein by reference (here 
inafter referred to as “Bergveld'). 
0005 FIG. 1 illustrates across-section of a p-type (p-chan 
nel) ISFET 50 fabricated using a conventional CMOS (Com 
plimentary Metal Oxide Semiconductor) process. However, 
biCMOS (i.e., bipolar and CMOS) processing may also be 
used, such as a process that would include a PMOSFET array 
with bipolar structures on the periphery. Taking the CMOS 
example, P-type ISFET fabrication is based on a p-type sili 
con substrate 52, in which an n-type well 54 forming a tran 
sistor “body' is formed. Highly doped p-type (p+) regions S 
and D, constituting a source 56 and a drain 58 of the ISFET, 
are formed within the n-type well 54. A highly doped n-type 
(n+) region B is also formed within the n-type well to provide 
a conductive body (or “bulk”) connection 62 to the n-type 
well. An oxide layer 65 is disposed above the source, drain 
and body connection regions, through which openings are 
made to provide electrical connections (via electrical conduc 
tors) to these regions; for example, metal contact 66 serves as 
a conductor to provide an electrical connection to the drain 
58, and metal contact 68 serves as a conductor to provide a 
common connection to the source 56 and n-type well 54, via 
the highly conductive body connection 62. A polysilicon gate 
64 is formed above the oxide layer at a location above a region 
60 of the n-type well 54, between the source 56 and the drain 
58. Because it is disposed between the polysilicon gate 64 and 

Oct. 24, 2013 

the transistor body (i.e., the n-type well), the oxide layer 65 
often is referred to as the “gate oxide.” 
0006. Like a MOSFET, the operation of an ISFET is based 
on the modulation of charge concentration caused by a MOS 
(Metal-Oxide-Semiconductor) capacitance constituted by 
the polysilicon gate 64, the gate oxide 65 and the region 60 of 
the n-type well 54 between the source and the drain. When a 
negative Voltage is applied across the gate and source regions 
(V-OVolts), a “p-channel 63 is created at the interface of 
the region 60 and the gate oxide 65 by depleting this area of 
electrons. This p-channel 63 extends between the source and 
the drain, and electric current is conducted through the 
p-channel when the gate-source potential Vs is negative 
enough to attract holes from the source into the channel. The 
gate-source potential at which the channel 63 begins to con 
duct current is referred to as the transistors threshold voltage 
V (the transistor conducts when Vs has an absolute value 
greater than the threshold voltage V). The source is so 
named because it is the source of the charge carriers (holes for 
a p-channel) that flow through the channel 63; similarly, the 
drain is where the charge carriers leave the channel 63. 
0007. In the ISFET 50 of FIG. 1, the n-type well 54 (tran 
sistor body), via the body connection 62, is forced to be biased 
at a same potential as the source 56 (i.e., Vs OVolts), as seen 
by the metal contact 68 connected to both the source 56 and 
the body connection 62. This connection prevents forward 
biasing of the p-- source region and the n-type well, and 
thereby facilitates confinement of charge carriers to the area 
of the region 60 in which the channel 63 may beformed. Any 
potential difference between the source 56 and the body/n- 
type well 54 (a non-zero Source-to-body Voltage Vs) affects 
the threshold voltage V of the ISFET according to a non 
linear relationship, and is commonly referred to as the “body 
effect, which in many applications is undesirable. 
0008. As also shown in FIG. 1, the polysilicon gate 64 of 
the ISFET 50 is coupled to multiple metal layers disposed 
within one or more additional oxide layers 75 disposed above 
the gate oxide 65 to form a “floating gate' structure 70. The 
floating gate structure is so named because it is electrically 
isolated from other conductors associated with the ISFET 
namely, it is sandwiched between the gate oxide 65 and a 
passivation layer 72. In the ISFET 50, the passivation layer 72 
constitutes an ion-sensitive membrane that gives rise to the 
ion-sensitivity of the device; i.e., the presence of analytes 
Such as ions in an “analyte Solution 74 (i.e., a solution 
containing analytes (including ions) of interest or being tested 
for the presence of analytes of interest) in contact with the 
passivation layer 72, particularly in a sensitive area 78 above 
the floating gate structure 70, alters the electrical character 
istics of the ISFET so as to modulate a current flowing 
through the p-channel 63 between the source 56 and the drain 
58. The passivation layer 72 may comprise any one of a 
variety of different materials to facilitate sensitivity to par 
ticular ions; for example, passivation layers comprising sili 
con nitride or silicon oxynitride, as well as metal oxides Such 
as silicon, aluminum or tantalum oxides, generally provide 
sensitivity to hydrogen ion concentration (pH) in the analyte 
Solution 74, whereas passivation layers comprising polyvinyl 
chloride containing valinomycin provide sensitivity to potas 
sium ion concentration in the analyte solution 74. Materials 
Suitable for passivation layers and sensitive to other ions such 
as sodium, silver, iron, bromine, iodine, calcium, and nitrate, 
for example, are known. 
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0009. With respect to ion sensitivity, an electric potential 
difference, commonly referred to as a “surface potential.” 
arises at the solid/liquid interface of the passivation layer 72 
and the analyte Solution 74 as a function of the ion concen 
tration in the sensitive area 78 due to a chemical reaction (e.g., 
usually involving the dissociation of oxide Surface groups by 
the ions in the analyte solution 74 in proximity to the sensitive 
area 78). This surface potential in turn affects the threshold 
voltage V of the ISFET; thus, it is the threshold voltage V, 
of the ISFET that varies with changes in ion concentration in 
the analyte solution 74 in proximity to the sensitive area 78. 
0010 FIG. 2 illustrates an electric circuit representation of 
the p-channel ISFET 50 shown in FIG. 1. With reference 
again to FIG. 1, a reference electrode 76 (a conventional 
Ag/AgCl electrode) in the analyte solution 74 determines the 
electric potential of the bulk of the analyte solution 74 itself 
and is analogous to the gate terminal of a conventional MOS 
FET, as shown in FIG. 2. In a linear or non-saturated operat 
ing region of the ISFET, the drain current I is given as: 

where Vs is the Voltage between the drain and the source, 
and B is a transconductance parameter (in units of AmpS/ 
Volts) given by: 

B = AC () (2) 

where LL represents the carrier mobility, C is the gate oxide 
capacitance per unit area, and the ratio W/L is the width to 
length ratio of the channel 63. If the reference electrode 76 
provides an electrical reference or ground (VOVolts), and 
the drain current I, and the drain-to-source Voltage Vs are 
kept constant, variations of the Source Voltage Vs of the 
ISFET directly track variations of the threshold voltage V, 
according to Eq. (1); this may be observed by rearranging Eq. 
(1) as: 

ID VDs (3) 
Vs = - WTH - (V, -- '). 

0011 Since the threshold voltage V of the ISFET is 
sensitive to ion concentration as discussed above, according 
to Eq. (3) the source Voltage Vs provides a signal that is 
directly related to the ion concentration in the analyte Solution 
74 in proximity to the sensitive area 78 of the ISFET. More 
specifically, the threshold Voltage V is given by: 

O (4) 
WTH = WFB - +2d F. 

where V is the flatband Voltage, Q, is the depletion charge 
in the silicon and p is the Fermi-potential. The flatband 
Voltage in turn is related to material properties such as work 
functions and charge accumulation. In the case of an ISFET, 
with reference to FIGS. 1 and 2, the flatband voltage contains 
terms that reflect interfaces between 1) the reference elec 
trode 76 (acting as the transistor gate G) and the analyte 
solution 74; and 2) the analyte solution 74 and the passivation 
layer 72 in the sensitive area 78 (which in turn mimics the 
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interface between the polysilicon gate 64 of the floating gate 
structure 70 and the gate oxide 65). The flatband voltage V, 
is thus given by: 

ds; Qss + Qo (5) 
VfB = Eef - Po + soi - - - - FB f 0 soil i Co. 

where E, is the reference electrode potential relative to 
vacuum, Io is the surface potential that results from chemical 
reactions at the analyte Solution/passivation layer interface 
(e.g., dissociation of surface groups in the passivation layer), 
and X is the Surface dipole potential of the analyte Solution 
74. The fourth term in Eq. (5) relates to the silicon workfunc 
tion (q is the electron charge), and the last term relates to 
charge densities at the silicon Surface and in the gate oxide. 
The only term in Eq. (5) sensitive to ion concentration in the 
analyte solution 74 is I, as the ion concentration in the 
analyte solution 74 controls the chemical reactions (dissocia 
tion of Surface groups) at the analyte Solution/passivation 
layer interface. Thus, Substituting Eq. (5) into Eq. (4), it may 
be readily observed that it is the surface potential Po that 
renders the threshold voltage V. sensitive to ion concentra 
tion in the analyte solution 74. 
0012 Regarding the chemical reactions at the analyte 
Solution/passivation layer interface, the Surface of a given 
material employed for the passivation layer 72 may include 
chemical groups that may donate protons to or accept protons 
from the analyte solution 74, leaving at any given time nega 
tively charged, positively charged, and neutral sites on the 
surface of the passivation layer 72 at the interface with the 
analyte Solution 74. A model for this proton donation/accep 
tance process at the analyte Solution/passivation layer inter 
face is referred to in the relevant literature as the “Site-Dis 
sociation Model” or the “Site-Binding Model.” and the 
concepts underlying Such a process may be applied generally 
to characterize Surface activity of passivation layers compris 
ing various materials (e.g., metal oxides, metal nitrides, metal 
oxynitrides). 
0013 Using the example of a metal oxide for purposes of 
illustration, the Surface of any metal oxide contains hydroxyl 
groups that may donate a proton to or accepta proton from the 
analyte to leave negatively or positively charged sites, respec 
tively, on the surface. The equilibrium reactions at these sites 
may be described by: 

AOH al AO +H." (6) 

AOH, a AOH+H." (7) 

where A denotes an exemplary metal, H, represents a proton 
in the analyte solution 74, Eq. (6) describes proton donation 
by a surface group, and Eq. (7) describes proton acceptance 
by a surface group. It should be appreciated that the reactions 
given in Eqs. (6) and (7) also are present and need to be 
considered in the analysis of a passivation layer comprising 
metal nitrides, together with the equilibrium reaction: 

ANH' al ANH+H", (7b) 

wherein Eq. (7b) describes another proton acceptance equi 
librium reaction. For purposes of the present discussion how 
ever, again only the proton donation and acceptance reactions 
given in Eqs. (6) and (7) are initially considered to illustrate 
the relevant concepts. 
0014 Based on the respective forward and backward reac 
tion rate constants for each equilibrium reaction, intrinsic 
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dissociation constants K (for the reaction of Eq. (6)) and K, 
(for the reaction of Eq. (7)) may be calculated that describe 
the equilibrium reactions. These intrinsic dissociation con 
stants in turn may be used to determine a surface charge 
density O (in units of CoulombS/unit area) of the passivation 
layer 72 according to: 

Oo-q B, (8) 

where the term B denotes the number of negatively charged 
Surface groups minus the number of positively charged Sur 
face groups per unit area, which in turn depends on the total 
number of proton donor/acceptor sites per unit area Ns on the 
passivation layer Surface, multiplied by a factor relating to the 
intrinsic dissociation constants K, and K, of the respective 
proton donation and acceptance equilibrium reactions and the 
Surface proton activity (or pHs). The effect of a small change 
in surface proton activity (pH) on the surface charge density 
is given by: 

doo B (9) = -qfin, ÖpH, “a pH, 

where f3, is referred to as the “intrinsic buffering capacity” of 
the surface. It should be appreciated that since the values of 
Ns, K, and K, are material dependent, the intrinsic buffering 
capacity B of the Surface similarly is material dependent. 
0015 The fact that ionic species in the analyte solution 74 
have a finite size and cannot approach the passivation layer 
Surface any closer than the ionic radius results in a phenom 
enon referred to as a “double layer capacitance' proximate to 
the analyte solution/passivation layer interface. In the Gouy 
Chapman-Stern model for the double layer capacitance as 
described in Bergveld, the surface charge density O is bal 
anced by an equal but opposite charge density in the analyte 
solution 74 at some position from the surface of the passiva 
tion layer 72. These two parallel opposite charges form a 
so-called “double layer capacitance” C (per unit area), and 
the potential difference across the capacitance C is defined 
as the Surface potential Io, according to: 

where O is the charge density on the analyte Solution side of 
the double layer capacitance. This charge density O, in turnis 
a function of the concentration of all ion species or other 
analyte species (i.e., not just protons) in the bulk analyte 
Solution 74; in particular, the Surface charge density can be 
balanced not only by hydrogen ions but other ion species 
(e.g., Na', K) in the bulk analyte solution. 
0016. In the regime of relatively lower ionic strengths 
(e.g., <1 mole/liter), the Debye theory may be used to 
describe the double layer capacitance C according to: 

keo (11) 
Ci = - - d = 

where k is the dielectric constant e/e (for relatively lower 
ionic strengths, the dielectric constant of water may be used), 
and w is the Debye Screening length (i.e., the distance over 
which significant charge separation can occur). The Debye 
length w is in turn inversely proportional to the square root of 
the strength of the ionic species in the analyte solution, and in 
water at room temperature is given by: 
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0.3 nm. (12) 

The ionic strength I of the bulk analyte is a function of the 
concentration of all ionic species present, and is given by: 

where Z is the charge number of ionic species S and c is the 
molar concentration of ionic species S. Accordingly, from 
Eqs. (10) through (13), it may be observed that the surface 
potential is larger for larger Debye screening lengths (i.e., 
Smaller ionic strengths). 
0017. The relation between pH values present at the ana 
lyte solution/passivation layer interface and in the bulk solu 
tion is expressed in the relevant literature by Boltzman statis 
tics with the surface potential I as a parameter: 

go (14) H - pH) = - . (pH - pH) kT 

From Eqs. (9), (10) and (14), the sensitivity of the surface 
potential I particularly to changes in the bulk pH of the 
analyte solution (i.e., “pH sensitivity') is given by: 

A. kT 15 = -2.3a. (15) 
ApH i 

where the parameter C. is a dimensionless sensitivity factor 
that varies between Zero and one and depends on the double 
layer capacitance C and the intrinsic buffering capacity of 
the Surface B, as discussed above in connection with Eq. (9). 
In general, passivation layer materials with a high intrinsic 
buffering capacity B, render the Surface potential Po less 
sensitive to concentration in the analyte solution 74 of ionic 
species other than protons (e.g., a is maximized by a large 
B). From Eq. (15), at a temperature T of 298 degrees Kelvin, 
it may be appreciated that a theoretical maximum pH sensi 
tivity of 59.2 mV/pH may be achieved at C-1. From Eqs. (4) 
and (5), as noted above, changes in the ISFET threshold 
Voltage V directly track changes in the Surface potential 
I; accordingly, the pH sensitivity of an ISFET given by Eq. 
(15) also may be denoted and referred to herein as AV for 
convenience. In exemplary conventional ISFETs employing a 
silicon nitride or silicon oxynitride passivation layer 72 for 
pH-sensitivity, pH sensitivities AV (i.e., a change in thresh 
old voltage with change in pH of the analyte solution 74) over 
a range of approximately 30 mV/pH to 60 mV/pH have been 
observed experimentally. 
0018. Another noteworthy metric in connection with 
ISFET pH sensitivity relates to the bulk pH of the analyte 
Solution 74 at which there is no net Surface charge density Oo 
and, accordingly, a surface potential I of zero volts. This pH 
is referred to as the “point of Zero charge” and denoted as 
pH. With reference again to Eqs. (8) and (9), like the 
intrinsic buffering capacity f, pH is a material dependent 
parameter. From the foregoing, it may be appreciated that the 
Surface potential at any given bulk pH of the analyte Solution 
74 may be calculated according to: 
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Ao (16) 
'o (pH) = (pH - Phoe) Anti 

Table 1 below lists various metal oxides and metal nitrides 
and their corresponding points of Zero charge (pH), pH 
sensitivities (AV), and theoretical maximum surface poten 
tial at a pH of 9: 

TABLE 1. 

Oxide? Theoretical Io 
Metal Nitride pHeze AV (mV/pH) (mV) (a) pH = 9 

Al Al2O3 9.2 54.5 (35° C.) -11 
Zr ZrO, S.1 50 150 
T TiO2 5.5 574-62.3 2O1 

(32° C., pH 3 
11) 

Tal Ta2O5 2.9, 2.8 62.87 (35° C.) 384 
Si SiN 4.6, 6-7 56.94 (25° C.) 251 
Si SiO2 2.1 43 297 
Mo MoO. 1.8-2.1 48-59 396 
W WO, 0.3, 0.43, 0.5 50 435 

0019 Prior research efforts to fabricate ISFETs for pH 
measurements based on conventional CMOS processing 
techniques typically have aimed to achieve high signal lin 
earity over a pH range from 1-14. Using an exemplary thresh 
old sensitivity of approximately 50 mV/pH, and considering 
Eq. (3) above, this requires a linear operating range of 
approximately 700 mV for the source voltage Vs. As dis 
cussed above in connection with FIG.1, the threshold voltage 
V of ISFETs (as well as MOSFETs) is affected by any 
voltage Vs between the source and the body (n-type well 54). 
More specifically, the threshold voltage V is a nonlinear 
function of a nonzero Source-to-body Voltage Vs. Accord 
ingly, so as to avoid compromising linearity due to a differ 
ence between the source and body Voltage potentials (i.e., to 
mitigate the “body effect”), as shown in FIG. 1 the source 56 
and body connection 62 of the ISFET 50 often are coupled to 
a common potential via the metal contact 68. This body 
Source coupling also is shown in the electric circuit represen 
tation of the ISFET 50 shown in FIG. 2. 
0020 While the foregoing discussion relates primarily to a 
steady state analysis of ISFET response based on the equilib 
rium reactions given in Eqs. (6) and (7), the transient or 
dynamic response of a conventional ISFET to an essentially 
instantaneous change in ionic strength of the analyte Solution 
74 (e.g., a stepwise change in proton or other ionic species 
concentration) has been explored in some research efforts. 
One exemplary treatment of ISFET transient or dynamic 
response is found in “ISFET responses on a stepwise change 
in electrolyte concentration at constant pH. J. C. van Kerkof, 
J. C.T. Eijkeland P. Bergveld, Sensors and Actuators 8, 18-19 
(1994), pp. 56-59, which is incorporated herein by reference. 
0021 For ISFET transient response, a stepwise change in 
the concentration of one or more ionic species in the analyte 
Solution in turn essentially instantaneously changes the 
charge density O, on the analyte solution side of the double 
layer capacitance C. Because the instantaneous change in 
charge density O is faster than the reaction kinetics at the 
Surface of the passivation layer 72, the Surface charge density 
Oo initially remains constant, and the change in ion concen 
tration effectively results in a sudden change in the double 
layer capacitance C. From Eq. (10), it may be appreciated 
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that such a Sudden change in the capacitance C at a constant 
surface charge density O, results in a corresponding sudden 
change in the surface potential Po. FIG. 2A illustrates this 
phenomenon, in which an essentially instantaneous or step 
wise increase in ion concentration in the analyte Solution, as 
shown in the top graph, results in a corresponding change in 
the surface potential, as shown in the bottom graph of FIG. 
2A. After Some time, as the passivation layer Surface groups 
react to the stimulus (i.e., as the Surface charge density 
adjusts), the system returns to Some equilibrium point, as 
illustrated by the decay of the ISFET response “pulse' 79 
shown in the bottom graph of FIG. 2A. The foregoing phe 
nomenon is referred to in the relevant literature (and hereafter 
in this disclosure) as an “ion-step’ response. 
0022. As indicated in the bottom graph of FIG. 2A, an 
amplitude AI of the ion-step response 79 may be character 
ized by: 

(17) 

where I is an equilibrium surface potential at an initial ion 
concentration in the analyte solution, Cn is the double layer 
capacitance per unit area at the initial ion concentration, is 
the Surface potential corresponding to the ion-step stimulus, 
and C is the double layer capacitance per unit area based on 
the ion-step stimulus. The time decay profile 81 associated 
with the response 79 is determined at least in part by the 
kinetics of the equilibrium reactions at the analyte solution/ 
passivation layer interface (e.g., as given by Eqs. (6) and (7) 
for metal oxides, and also Eq. (7b) for metal nitrides). One 
instructive treatment in this regard is provided by “Modeling 
the short-time response of ISFET sensors. P. Woias et al., 
Sensors and Actuators B, 24-25 (1995) 211-217 (hereinafter 
referred to as “Woias'), which publication is incorporated 
herein by reference. 
0023. In the Woias publication, an exemplary ISFET hav 
ing a silicon nitride passivation layer is considered. A system 
of coupled non-linear differential equations based on the 
equilibrium reactions given by Eqs. (6), (7), and (7a) is for 
mulated to describe the dynamic response of the ISFET to a 
step (essentially instantaneous) change in pH; more specifi 
cally, these equations describe the change in concentration 
over time of the various Surface species involved in the equi 
librium reactions, based on the forward and backward rate 
constants for the involved proton acceptance and proton 
donation reactions and how changes in analyte pH affect one 
or more of the reaction rate constants. Exemplary Solutions, 
Some of which include multiple exponential functions and 
associated time constants, are provided for the concentration 
of each of the Surface ion species as a function of time. In one 
example provided by Woias, it is assumed that the proton 
donation reaction given by Eq. (6) dominates the transient 
response of the silicon nitride passivation layer Surface for 
relatively small step changes in pH, thereby facilitating a 
mono-exponential approximation for the time decay profile 
81 of the response 79 according to: 

Jo(t)=AIoe', (18) 

where the exponential function essentially represents the 
change in Surface charge density as a function of time. In Eq. 
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(16), the time constant t is both a function of the bulk pH and 
material parameters of the passivation layer, according to: 

t-tox1OP2, (19) 

where to denotes a theoretical minimum response time that 
only depends on material parameters. For silicon nitride, 
Woias provides exemplary values for to on the order of 60 
microseconds to 200 microseconds. For purposes of provid 
ing an illustrative example, using to 60 microseconds and a 
bulk pH of 9, the time constant t given by Eq. (19) is 1.9 
seconds. Exemplary values for other types of passivation 
materials may be found in the relevant literature and/or deter 
mined empirically. 
0024 Previous efforts to fabricate two-dimensional arrays 
of ISFETs based on the ISFET design of FIG. 1 have resulted 
in a maximum of 256 ISFET sensor elements (or “pixels’) in 
an array (i.e., a 16 pixel by 16 pixel array). Exemplary 
research in ISFET array fabrication is reported in the publi 
cations "A large transistor-based sensor array chip for direct 
extracellular imaging. M. J. Milgrew, M. O. Riehle, and D. 
R. S. Cumming, Sensors and Actuators, B. Chemical, 111 
112, (2005), pp. 347-353, and “The development of scalable 
sensor arrays using standard CMOS technology. M. J. 
Milgrew, P. A. Hammond, and D. R. S. Cumming, Sensors 
and Actuators, B. Chemical, 103, (2004), pp. 37-42, which 
publications are incorporated herein by reference and collec 
tively referred to hereafter as “Milgrew et al.” Other research 
efforts relating to the realization of ISFET arrays are reported 
in the publications “A very large integrated pH-ISFET sensor 
array chip compatible with standard CMOS processes.” T. C. 
W. Yeow, M. R. Haskard, D. E. Mulcahy, H. I. Seo and D. H. 
Kwon, Sensors and Actuators B. Chemical, 44, (1997), pp. 
434-440 and “Fabrication of a two-dimensional pH image 
sensor using a charge transfer technique.” Hizawa, T., 
Sawada, K., Takao, H., Ishida, M., Sensors and Actuators, B. 
Chemical 117 (2), 2006, pp. 509-515, which publications also 
are incorporated herein by reference. 
(0025 FIG. 3 illustrates one column 85, of a two-dimen 
sional ISFET array according to the design of Milgrew et al. 
The column 85, includes sixteen (16) pixels 80, through 80, 
and, as discussed further below in connection with FIG. 7, a 
complete two-dimensional array includes sixteen (16) Such 
columns 85, G=1,2,3,... 16) arranged side by side. As shown 
in FIG. 3, a given column 85, includes a current source 
Isorce, that is shared by all pixels of the column, and ISFET 
bias/readout circuitry 82, (including current sink Istve) that is 
also shared by all pixels of the column. Each ISFET pixel 80 
through 80 includes a p-channel ISFET 50 having an elec 
trically coupled source and body (as shown in FIGS. 1 and 2), 
plus two switches S1 and S2 that are responsive to one of 
sixteen row select signals (RSEL through RSEL, and their 
complements). As discussed below in connection with FIG.7. 
a row select signal and its complement are generated simul 
taneously to “enable” or select a given pixel of the column 85, 
and Such signal pairs are generated in some sequence to 
successively enable different pixels of the column one at a 
time. 

0026. As shown in FIG.3, the switch S2 of each pixel 80 
in the design of Milgrew et al. is implemented as a conven 
tional n-channel MOSFET that couples the current source 
Isorce, to the source of the ISFET 50 upon receipt of the 
corresponding row select signal. The Switch S1 of each pixel 
80 is implemented as a transmission gate, i.e., a CMOS pair 
including an n-channel MOSFET and a p-channel MOSFET, 
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that couples the source of the ISFET 50 to the bias/readout 
circuitry 82, upon receipt of the corresponding row select 
signal and its complement. An example of the Switch S1 of 
the pixel 80 is shown in FIG. 4, in which the p-channel 
MOSFET of the transmission gate is indicated as S1 and the 
re-channel MOSFET is indicated as S1. In the design of 
Milgrew et al., a transmission gate is employed for the Switch 
S1 of each pixel so that, for an enabled pixel, any ISFET 
source Voltage within the power Supply range V, to Vss may 
be applied to the bias/readout circuitry 82, and output by the 
column as the signal Vs. From the foregoing, it should be 
appreciated that each pixel 80 in the ISFET sensor array 
design of Milgrew et al. includes four transistors, i.e., a 
p-channel ISFET, a CMOS-pair transmission gate including 
an re-channel MOSFET and ap-channel MOSFET for switch 
S1, and an n-channel MOSFET for switch S2. 
0027. As also shown in FIG. 3, the bias/readout circuitry 
82, employs a source-drain follower configuration in the form 
ofa Kelvin bridge to maintain a constant drain-source Voltage 
Vos, and isolate the measurement of the source voltage Vs. 
from the constant drain current Isoe, for the ISFET of an 
enabled pixel in the column 85. To this end, the bias/readout 
circuitry 82, includes two operational amplifiers A1 and A2, a 
current sink Istvk, and a resistor Rs. The Voltage developed 
across the resistor Rs, due to the current Isry, flowing 
through the resistor is forced by the operational amplifiers to 
appear across the drain and source of the ISFET of an enabled 
pixel as a constant drain-source voltage V,s. Thus, with 
reference again to Eq. (3), due to the constant Vos, and the 
constant Isorce, the source voltage Vs, of the ISFET of the 
enabled pixel provides a signal corresponding to the ISFETs 
threshold Voltage V, and hence a measurement of pH in 
proximity to the ISFETs sensitive area (see FIG. 1). The wide 
dynamic range for the source Voltage Vs, provided by the 
transmission gate S1 ensures that a full range of pH values 
from 1-14 may be measured, and the source-body connection 
of each ISFET ensures sufficient linearity of the ISFETs 
threshold voltage over the full pH measurement range. 
0028. In the column design of Milgrew etal. shown in FIG. 
3, it should be appreciated that for the Kelvin bridge configu 
ration of the column bias/readout circuitry 82, to function 
properly, a p-channel ISFET 50 as shown in FIG. 1 must be 
employed in each pixel; more specifically, an alternative 
implementation based on the Kelvin bridge configuration is 
not possible using an n-channel ISFET. With reference again 
to FIG. 1, for an n-channel ISFET based on a conventional 
CMOS process, the n-type well 54 would not be required, and 
highly doped n-type regions for the drain and source would be 
formed directly in the p-type silicon substrate 52 (which 
would constitute the transistor body). For n-channel FET 
devices, the transistor body typically is coupled to electrical 
ground. Given the requirement that the Source and body of an 
ISFET in the design of Milgrew etal. are electrically coupled 
together to mitigate nonlinear performance due to the body 
effect, this would result in the source of an n-channel ISFET 
also being connected to electrical ground (i.e., Vs, V-0 
Volts), thereby precluding any useful output signal from an 
enabled pixel. Accordingly, the column design of Milgrew et 
al. shown in FIG. 3 requires p-channel ISFETs for proper 
operation. 
0029. It should also be appreciated that in the column 
design of Milgrew et al. shown in FIG. 3, the two n-channel 
MOSFETs required to implement the switches S1 and S2 in 
each pixel cannot be formed in the n-type well 54 shown in 
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FIG. 1, in which the p-channel ISFET for the pixel is formed: 
rather, the n-channel MOSFETs are formed directly in the 
p-type silicon substrate 52, beyond the confines of the n-type 
well 54 for the ISFET FIG. 5 is a diagram similar to FIG. 1, 
illustrating a wider cross-section of a portion of the p-type 
silicon substrate 52 corresponding to one pixel 80 of the 
column 85i shown in FIG. 3, in which the n-type well 54 
containing the drain 58, source 56 and body connection 62 of 
the ISFET 50 is shown alongside a first n-channel MOSFET 
corresponding to the switch S2 and a second n-channel MOS 
FETS1 constituting one of the two transistors of the trans 
mission gate S1 shown in FIG. 4. 
0030. Furthermore, in the design of Milgrew et al., the 
p-channel MOSFET required to implement the transmission 
gate S1 in each pixel (e.g., see S1 in FIG. 4) cannot be 
formed in the same n-type well in which the p-channel ISFET 
50 for the pixel is formed. In particular, because the body and 
source of the p-channel ISFET are electrically coupled 
together, implementing the p-channel MOSFETS1 in the 
same n-well as the p-channel ISFET 50 would lead to unpre 
dictable operation of the transmission gate, or preclude opera 
tion entirely. Accordingly, two separate n-type wells are 
required to implement each pixel in the design of Milgrew et 
al. FIG. 6 is a diagram similar to FIG. 5, showing a cross 
section of another portion of the p-type silicon substrate 52 
corresponding to one pixel 80, in which the n-type well 54 
corresponding to the ISFET 50 is shown alongside a second 
n-type well 55 in which is formed the p-channel MOSFET 
S1 constituting one of the two transistors of the transmis 
sion gate S1 shown in FIG. 4. It should be appreciated that 
the drawings in FIGS. 5 and 6 are not to scale and may not 
exactly represent the actual layout of a particular pixel in the 
design of Milgrew et al., rather these figures are conceptual in 
nature and are provided primarily to illustrate the require 
ments of multiple n-wells, and separate n-channel MOSFETs 
fabricated outside of the n-wells, in the design of Milgrew et 
al. 
0031. The array design of Milgrew etal. was implemented 
using a 0.35 micrometer (um) conventional CMOS fabrica 
tion process. In this process, various design rules dictate 
minimum separation distances between features. For 
example, according to the 0.35 um CMOS design rules, with 
reference to FIG. 6, a distance “a” between neighboring 
n-wells must be at least three (3) micrometers. A distance 
“a/2 also is indicated in FIG. 6 to the left of the n-well 54 and 
to the right of the n-well 55 to indicate the minimum distance 
required to separate the pixel 80 shown in FIG. 6 from neigh 
boring pixels in other columns to the left and right, respec 
tively. Additionally, according to typical 0.35 um CMOS 
design rules, a distance “b' shown in FIG. 6 representing the 
width in cross-section of the n-type well 54 and a distance“c” 
representing the width in cross-section of the n-type well 55 
are each on the order of approximately 3 um to 4 um (within 
the n-type well, an allowance of 1.2 um is made between the 
edge of the n-well and each of the source and drain, and the 
source and drain themselves have a width on the order of 0.7 
um). Accordingly, a total distance “d’ shown in FIG. 6 rep 
resenting the width of the pixel 80 in cross-section is on the 
order of approximately 12 um to 14 Jum. In one implementa 
tion, Milgrew etal. reportan array based on the column/pixel 
design shown in FIG. 3 comprising geometrically square 
pixels each having a dimension of 12.8 um by 12.8 Lum. 
0032. In sum, the ISFET pixel design of Milgrew et al. is 
aimed at ensuring accurate hydrogen ion concentration mea 
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Surements over a pH range of 1-14. To ensure measurement 
linearity, the source and body of each pixel’s ISFET are 
electrically coupled together. To ensure a full range of pH 
measurements, a transmission gate S1 is employed in each 
pixel to transmit the source Voltage of an enabled pixel. Thus, 
each pixel of Milgrew's array requires four transistors 
(p-channel ISFET, p-channel MOSFET, and two n-channel 
MOSFETs) and two separate n-wells (FIG. 6). Based on a 
0.35 micrometer conventional CMOS fabrication process and 
corresponding design rules, the pixels of such an array have a 
minimum size appreciably greater than 10 um, i.e., on the 
order of approximately 12 um to 14 um. 
0033 FIG. 7 illustrates a complete two-dimensional pixel 
array 95 according to the design of Milgrew et al., together 
with accompanying row and column decoder circuitry and 
measurement readout circuitry. The array 95 includes sixteen 
columns 85 through 85 of pixels, each column having 
sixteen pixels as discussed above in connection with FIG. 3 
(i.e., a 16 pixel by 16 pixel array). A row decoder 92 provides 
sixteen pairs of complementary row select signals, wherein 
each pair of row select signals simultaneously enables one 
pixel in each column 85 through 85 to provide a set of 
column output signals from the array 95 based on the respec 
tive source Voltages Vs through Vs of the enabled row of 
ISFETs. The row decoder 92 is implemented as a conven 
tional four-to-sixteen decoder (i.e., a four-bit binary input 
ROW-ROW, to select one of 2 outputs). The set of column 
output signals Vs through Vs for an enabled row of the 
array is applied to switching logic 96, which includes sixteen 
transmission gates S1 through S16 (one transmission gate for 
each output signal). As above, each transmission gate of the 
switching logic 96 is implemented using a p-channel MOS 
FET and an n-channel MOSFET to ensure a sufficient 
dynamic range for each of the output signals Vs through 
Vs. The column decoder 94, like the row decoder 92, is 
implemented as a conventional four-to-sixteen decoder and is 
controlled via the four-bit binary input COL-COL to enable 
one of the transmission gates S1 through S16 of the switching 
logic 96 at any given time, so as to provide a single output 
signal Vs from the Switching logic 96. This output signal Vs is 
applied to a 10-bit analog to digital converter (ADC) 98 to 
provide a digital representation D-Do of the output signal 
Vs corresponding to a given pixel of the array. 
0034. As noted earlier, individual ISFETs and arrays of 
ISFETs similar to those discussed above have been employed 
as sensing devices in a variety of chemical and biological 
applications. In particular, ISFETs have been employed as pH 
sensors in the monitoring of various processes involving 
nucleic acids such as DNA. Some examples of employing 
ISFETs in various life-science related applications are given 
in the following publications, each of which is incorporated 
herein by reference: Massimo Barbaro, Annalisa Bonfiglio, 
Luigi Raffo, Andrea Alessandrini, Paolo Facci and Imrich 
Barak, “Fully electronic DNA hybridization detection by a 
standard CMOS biochip. Sensors and Actuators B. Chemi 
cal, Volume 118, Issues 1-2, 2006, pp. 41-46; Toshinari Saku 
rai and Yuzuru Husimi, “Real-time monitoring of DNA poly 
merase reactions by a micro ISFET pH sensor.” Anal. Chem., 
64(17), 1992, pp 1996-1997: S. Purushothaman, C. Touma 
Zou, J. Georgiou, “Towards fast solid state DNA sequencing.” 
Circuits and Systems, vol. 4, 2002, pp. IV-169 to IV-172; S. 
Purushothaman, C. Toumazou, C. P. Ou, “Protons and single 
nucleotide polymorphism detection: A simple use for the Ion 
Sensitive Field Effect Transistor. Sensors and Actuators B. 
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Chemical, Vol. 114, no. 2, 2006, pp.964-968; A. L. Simonian, 
A. W. Flounders, J. R. Wild, “FET-Based Biosensors for The 
Direct Detection of Organophosphate Neurotoxins. Elec 
troanalysis, Vol. 16, No. 22, 2004, pp. 1896-1906; C. Touma 
Zou, S. Purushothaman, “Sensing Apparatus and Method.” 
United States Patent Application 2004-0134798, published 
Jul. 15, 2004; and T. W. Koo, S. Chan, X. Su, Z. Jingwu, M. 
Yamakawa, V. M. Dubin, “Sensor Arrays and Nucleic Acid 
Sequencing Applications.” United States Patent Application 
2006-0199193, published Sep. 7, 2006. 

SUMMARY OF THE INVENTION 

0035. The invention relates in part to the use of chemi 
cally-sensitive FETs (i.e., chemFETs), more particularly 
chemFET arrays, and even more particularly large chemFET 
arrays (e.g., those comprising 256 FETs or sensors) for moni 
toring biological and/or chemical processes or reactions, 
including without limitation molecular interactions for the 
purpose of detecting analytes in a sample. These sensors may 
be used to detect and measure static and/or dynamic levels or 
concentrations of a variety of analytes (e.g., hydrogen or 
other ions, non-ionic molecules or compounds, nucleic acids, 
proteins, polysaccharides, Small chemical compounds Such 
as chemical combinatorial library members, and the like). 
Analytes may be naturally occurring or non-naturally occur 
ring, whether synthesized in Vivo or in vitro. Analytes may be 
used as markers of a reaction or interaction, or progression 
thereof. 
0.036 Reactions, processes or interactions that may be 
monitored according to the invention include without limita 
tion those occurring in cell or tissue cultures, those occurring 
between molecular entities Such as receptor-ligand interac 
tions, antibody-antigen interactions, nucleic acid-nucleic 
acid interactions, neural cell stimulation and/or triggering, 
interactions of cells or tissues with agents such as pharma 
ceutical candidate agents, and the like. 
0037 Samples may also be monitored according to the 
invention for the presence of analytes. Such samples may be 
naturally occurring or non-naturally occurring, including 
without limitation bodily samples to be analyzed for diagnos 
tic, prognostic and/or therapeutic purposes, chemical or bio 
logical libraries to be screened for the presence of agents with 
particular structural or functional attributes, etc. Samples are 
typically liquid (or are dissolved in a liquid) and of Small 
Volume, and therefore are amenable to high-speed, high 
density analysis such as analyte detection. 
0038 Accordingly, various embodiments of the present 
disclosure are directed generally to inventive methods and 
apparatuses that employ chemFETs and chemFET arrays, 
including large chemFET arrays (e.g., those that comprise 
256 FETs or sensors, as the terms are used interchangeably 
herein) for measuring one or more analytes. FET arrays by 
definition include at least two FETs. An ISFET, as discussed 
above, is a particular type of chemFET that is configured for 
ion detection. It is to be understood that ISFETs may be 
employed in various embodiments disclosed herein. Other 
types of chemFETs contemplated by the present disclosure 
include enzyme FETs (EnFETs) which employ enzymes to 
detect analytes. It should be appreciated, however, that the 
present disclosure is not limited to ISFETs and EnFETs, but 
more generally relates to any FET that is configured to detect 
one or more analytes or one or more interactions. Typically, in 
these arrays, one or more chemFET-containing elements or 
'pixels' constituting the sensors are configured to monitor 
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one or more independent biological or chemical reactions or 
events occurring in proximity to the pixels of the array. 
0039. In some exemplary implementations, individual 
chemFETs or chemFET arrays may be coupled to one or more 
microfluidics structures that form one or more reaction cham 
bers, or “wells' or “microwells over individual sensors or 
groups of sensors (in the case of an array), and optionally to an 
apparatus that delivers samples to the reaction chambers and 
removes them from the reaction chambers between measure 
ments. Even when reaction chambers are not employed (and 
therefore the volume above the sensors is continuous), the 
sensor array may be coupled to one or more microfluidics 
structures for the delivery of samples or agents to the pixels 
and for removal of samples, agents and/or analytes between 
measurements. Accordingly, inventive aspects of this disclo 
sure, which are desired to be protected, include the various 
microfluidic structures which may be employed to flow 
samples and where appropriate other agents useful in for 
example the detection and measurement of analytes to and 
from the wells or pixels, methods and structures for coupling 
the arrayed wells with arrayed pixels, and the like. 
0040 Thus, in various aspects, the invention provides an 
apparatus comprising a chemFET array having disposed on 
its surface a biological array or a chemical array. The biologi 
cal array may be a nucleic acid array, a protein array including 
but not limited to an enzyme array, an antibody array and an 
antibody fragment array, a cell array, and the like. The chemi 
cal array may be an organic molecule array, or an inorganic 
molecule array, and the like. The biological array or chemical 
array may be arranged into a plurality of "cells' or spatially 
defined regions, and each of these regions is situated over a 
different sensor in the chemFETarray, in some embodiments. 
0041. In another aspect, the invention provides a method 
for detecting a nucleic acid comprising contacting a nucleic 
acid array disposed on a chemFET array with a sample, and 
detecting binding of a nucleic acid from the sample to one or 
more regions on the nucleic acid array. 
0042. In another aspect, the invention provides a method 
for detecting a protein comprising contacting a protein array 
disposed on a chemFET array with a sample, and detecting 
binding of a protein from the sample to one or more regions on 
the protein array. 
0043. In another aspect, the invention provides a method 
for detecting a nucleic acid comprising contacting a protein 
array disposed on a chemFET array with a sample, and detect 
ing binding of a nucleic acid from the sample to one or more 
regions on the protein array. 
0044. In another aspect, the invention provides a method 
for detecting an antigen comprising contacting an antibody 
array disposed on a chemFET array with a sample, and detect 
ing binding of an antigen from the sample to one or more 
regions on the antibody array. 
0045. In another aspect, the invention provides a method 
for detecting an enzyme substrate or inhibitor comprising 
contacting an enzyme array disposed on a chemFET array 
with a sample, and detecting binding of an entity from the 
sample to one or more regions on the enzyme array. 
0046. In another aspect, the invention provides a method 
for detecting an analyte in a sample comprising contacting a 
sample to a plurality of biological or chemical agents attached 
to a chemFET array, and analyzing electrical output from a 
plurality of chemFET sensors in the chemFET array after 
contact with the sample, wherein electrical output from a 
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chemFET sensor after contact with the sample indicates bind 
ing of an analyte to the biological or chemical agent attached 
to the array. 
0047. As noted above, the sample may be from a naturally 
occurring Source (e.g., a Subject) and optionally it may be a 
bodily fluid. It may comprise cells, nucleic acids, proteins 
(including glycoproteins, antibodies, etc.), polysaccharides, 
and the like. 
0048. In various embodiments, the plurality of biological 
or chemical agents is a plurality of proteins, or a plurality of 
nucleic acids, or it may be a mixture of proteins and nucleic 
acids. The biological or chemical agents may be non-natu 
rally occurring or naturally-occurring, and if naturally-occur 
ring may be synthesized in vivo or in vitro. The plurality of 
biological or chemical agents may be a homogenous plurality 
of biological or chemical agents. In other embodiments, the 
plurality of biological or chemical agents is not homoge 

OUS. 

0049. In one embodiment, the analyte is present in the 
sample. In another embodiment, the analyte is generated fol 
lowing contact of the sample with the chemFET array or with 
other reagents in the solution in contact with the chemFET 
array. 
0050. In still other embodiments, each chemFET sensor in 
the chemFET array is coupled to a reaction chamber. 
0051. In another aspect, the invention provides a method 
for monitoring a biological or chemical process comprising 
exposing a first agent to a second agent in proximity to a 
chemFET sensor, and measuring an electrical output at the 
chemFET sensor after exposure of the first agent to the second 
agent, wherein an electrical output at the chemFET sensor 
after exposure of the first agent to the second agent indicates 
an interaction between the first agent and the second agent, 
and wherein the chemFET sensor is present in a chemFET 
array having at least 2 chemFET sensors. 
0052. In another aspect, the invention provides a method 
for monitoring a biological or chemical process comprising 
exposing a first agent to a second agent in proximity to a 
chemFET sensor, and measuring an electrical output at the 
chemFET sensor after exposure of the first agent to the second 
agent, wherein an electrical output at the chemFET sensor 
after exposure of the first agent to the second agent indicates 
an interaction between the first agent and the second agent, 
wherein the chemFET sensor is present in a chemFET array 
having at least 2 chemFET sensors, and wherein each chem 
FET sensor is coupled to a separate reaction chamber. 
0053. In another aspect, the invention provides an appara 
tus comprising nucleic acids or a plurality of nucleic acids 
attached to a chemFET array comprising 10 chemFETs. 
0054. In another aspect, the invention provides an appara 
tus comprising a protein or a plurality of proteins attached to 
a chemFET comprising 10 chemFETs. 
0055. In another aspect, the invention provides an appara 
tus comprising a peptide or a plurality of peptides attached to 
a chemFET array comprising 10 chemFET sensors. 
0056. In various embodiments, the chemFET is coupled to 
a reaction chamber array. 
0057. In still another aspect, the invention provides an 
apparatus comprising a cell culture disposed on a chemFET 
or a chemFET array. 
0058. In still another aspect, the invention provides an 
apparatus comprising a nucleic acid array disposed on a 
chemFET array, optionally comprising a coupled array of 
reaction chambers. 
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0059. In still another aspect, the invention provides an 
apparatus comprising a nucleic acid array comprising a plu 
rality of nucleic acids bound to physically defined regions of 
a solid Support disposed on a chemFET array. In one embodi 
ment, each of the physically defined regions is associated 
with at least one chemFET in the array. In one embodiment, 
the nucleic acid array comprises a plurality of reaction cham 
bers. In one embodiment, each physically defined region is 
associated with a single reaction chamber. 
0060. It is to be understood that any of the chemFET arrays 
described herein may comprise 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 
13, 14, 15, 16, 17, 18, 19, 20, 50, 100, 200,300,400, 500, 10, 
10, 10, 10, 107, or more chemFET sensors. In some 
embodiments, the chemFET array comprises 104 chemFET 
or more than 104 chemFET. When used, reaction chamber 
arrays that are in contact with or capacitively coupled to 
chemFET arrays similarly may comprise 3, 4, 5, 6,7,8,9, 10. 
11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 50, 100, 200, 300, 400, 
500, 10, 10, 10, 10, 107, or more reaction chambers. It is 
also to be understood that, as used herein particularly with 
respect to arrays, an array that comprises, for example, 5 
elements (such as sensors or reaction chambers) has at least 5 
elements and may have more. An array that comprises more 
than, for example, 5 elements has at least 6 elements and may 
have more. It is further intended that aspects and embodi 
ments described herein that “comprise' elements and/or steps 
also fully Support and embrace aspects and embodiments that 
“consist of or “consist essentially of such elements and/or 
steps. 
0061. In some embodiments, the center-to-center distance 
between adjacent sensors and/or adjacent reaction chambers 
is about 1-10 um, about 1-9 um, or about 2-9 um, about 1 um, 
about 2 Lim, about 3 um, about 4 Lim, about 5um, about 6 um, 
about 7 Lim, about 8 Lim, or about 9 um. 
0062. In one embodiment the plurality of nucleic acids is 
homogeneous, while in another embodiment the plurality of 
nucleic acids is not homogeneous. In one embodiment, the 
nucleic acid has a length of less than 1000 bases in length, or 
the plurality of nucleic acid has an average length of less than 
1000 bases in length. 
0063. In one embodiment, the nucleic acid or the plurality 
of nucleic acids is single stranded. In another embodiment, 
the nucleic acid or the plurality of nucleic acids is double 
Stranded. 

0064. In one embodiment, the nucleic acid or the plurality 
of nucleic acids is DNA, RNA, miRNA, or cDNA. In another 
embodiment, the nucleic acid or the plurality of nucleic acids 
is an aptamer. 
0065. In various embodiments, the protein is an antibody 
or an antigen-binding antibody fragment, a tyrosine kinase 
receptor, a transcription factor, a hormone, or an enzyme. 
0066. In one embodiment, the nucleic acid or the protein is 
attached covalently to the chemFET array. In another embodi 
ment, the nucleic acid or the protein is attached non-co 
valently to the chemFET array. 
0067. In other embodiments, the analyte of interest is 
hydrogen ion, and/or the ISFET arrays are specifically con 
figured to measure changes in H concentration (i.e., changes 
in pH). 
0068. In other embodiments, biological or chemical reac 
tions may be monitored, and the chemFET arrays may be 
specifically configured to measure hydrogen ions and/or one 
or more other analytes that provide relevant information relat 
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ing to the occurrence and/or progress of a particular biologi 
cal or chemical process of interest. 
0069 Various embodiments may be embraced in the vari 
ous foregoing aspects of the invention and these are recited 
below once for convenience and brevity. 
0070. In various embodiments, the chemFET comprises a 
silicon nitride passivation layer. In some embodiments, the 
chemFET comprises a passivation layer attached to inorganic 
pyrophosphate (PPi) receptors. The chemFET may comprise 
a passivation layer that is or is not attached (whether 
covalently or non-covalently) to a nucleic acid or a protein or 
a polysaccharide. 
0071. In some embodiments, each reaction chamber is in 
contact or is capacitively coupled with a single chemFET. 
0072. In some embodiments, the reaction chamber has a 
Volume of equal to or less than about 1 picoliter (pL), includ 
ing less than 0.5 pL, less than 0.1 pI, less than 0.05 pl. less 
than 0.01 pl. less than 0.005 pl. 
0073. In some embodiments, the chemFET array com 
prises equal rows and columns of sensors such as 512 rows 
and 512 columns of sensors, although it it not so limited. 
0074 The reaction chambers may have a square cross 
section, for example at their base or bottom. Examples 
include an 8 Mby 8 um cross section, a 4 um by 4 um cross 
section, or a 1.5 um by 1.5 um cross section. Alternatively, 
they may have a rectangular cross section, for example at their 
base or bottom. Examples include an 8 um by 12 um cross 
section, a 4 um by 6 um cross section, or a 1.5um by 2.25um 
cross section. 
0075. In various aspects, the chemFET arrays may be fab 
ricated using conventional CMOS (or biCMOS or other suit 
able) processing technologies, and are particularly config 
ured to facilitate the rapid acquisition of data from the entire 
array (scanning all of the pixels to obtain corresponding pixel 
output signals). 
0076. With respect to analyte detection and measurement, 

it should be appreciated that in various embodiments dis 
cussed herein, one or more analytes measured by a chemFET 
array according to the present disclosure may include any of 
a variety of biological or chemical Substances that provide 
relevant information regarding a biological or chemical pro 
cess (e.g., binding events such as hybridization of nucleic 
acids to each other, antigen-antibody binding, receptor-ligand 
binding, enzyme-inhibitor binding, enzyme-substrate bind 
ing, and the like). In some aspects, the ability to measure 
absolute or relative as well as static and/or dynamic levels 
and/or concentrations of one or more analytes, in addition to 
merely determining the presence or absence of an analyte, 
provides valuable information in connection with biological 
and chemical processes. In other aspects, mere determination 
of the presence or absence of an analyte or analytes of interest 
may provide valuable information may be sufficient. 
0077. A chemFET array according to various inventive 
embodiments of the present disclosure may be configured for 
sensitivity to any one or more of a variety of analytes. In one 
embodiment, one or more chemFETs of an array may be 
particularly configured for sensitivity to one or more analytes, 
and in other embodiments different chemFETs of a given 
array may be configured for sensitivity to different analytes. 
For example, in one embodiment, one or more sensors (pix 
els) of the array may include a first type of chemFET config 
ured to be sensitive to a first analyte, and one or more other 
sensors of the array may include a second type of chemFET 
configured to be sensitive to a second analyte different from 
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the first analyte. In one embodiment, the first and second 
analytes may be related to each other. As an example, the first 
and second analytes may be byproducts of the same biologi 
cal or chemical reaction/process and therefore they may be 
detected concurrently to confirm the occurrence of a reaction 
(or lack thereof). Such redundancy is preferred in Some ana 
lyte detection methods. Of course, it should be appreciated 
that more than two different types of chemFETs may be 
employed in any given array to detect and/or measure differ 
ent types of analytes, and optionally to monitor biological or 
chemical processes such as binding events. In general, it 
should be appreciated in any of the embodiments of sensor 
arrays discussed herein that a given sensor array may be 
“homogeneous” and thereby consist of chemFETs of sub 
stantially similar or identical type that detect and/or measure 
the same analyte (e.g., pH or other ion concentration), or a 
sensor array may be "heterogeneous” and include chemFETs 
of different types to detect and/or measure different analytes. 
In another embodiment, the sensors in an array may be con 
figured to detect and/or measure a single type (or class) of 
analyte even though the species of that type (or class) detected 
and/or measured may be different between sensors. As an 
example, all the sensors in an array may be configured to 
detect and/or measure nucleic acids, but each sensor detects 
and/or measures a different nucleic acid. 

0078. The invention has specifically improved upon the 
ISFET array design of Milgrew et al. discussed above in 
connection with FIGS. 1-7, as well as other conventional 
ISFET array designs, so as to significantly reduce pixel size, 
and thereby increase the number of pixels of a chemFET array 
for a given semiconductor die size (i.e., increase pixel den 
sity). In various embodiments, this increase in pixel density is 
accomplished while at the same time increasing the signal 
to-noise ratio (SNR) of output signals corresponding to moni 
tored biological and chemical processes, and the speed with 
which Such output signals may be read from the array. In 
particular, it has been recognized and appreciated that by 
relaxing requirements for chemFET linearity and focusing on 
a more limited measurement output signal range (e.g., output 
signals corresponding to a pH range of from approximately 7 
to 9 or Smaller, rather than 1 to 14, as well as output signals 
that do not necessarily relate significantly to pH), individual 
pixel complexity and size may be significantly reduced, 
thereby facilitating the realization of very large scale dense 
chemFET arrays. It has also been recognized and appreciated 
that alternative less complex approaches to pixel selection in 
an chemFET array (e.g., alternatives to the row and column 
decoder approach employed in the design of Milgrew etal. as 
shown in FIG. 7, whose complexity scales with array size), as 
well as various data processing techniques involving ISFET 
response modeling and data extrapolation based on Such 
modeling, facilitate rapid acquisition of data from signifi 
cantly large and dense arrays. 
(0079. With respect to chemFET array fabrication, it has 
been further recognized and appreciated that various tech 
niques employed in a conventional CMOS fabrication pro 
cess, as well as various post-fabrication processing steps (wa 
fer handling, cleaning, dicing, packaging, etc.), may in some 
instances adversely affect performance of the resulting chem 
FET array. For example, with reference again to FIG. 1, one 
potential issue relates to trapped charge that may be induced 
in the gate oxide 65 during etching of metals associated with 
the floating gate structure 70, and how Such trapped charge 
may affect chemFET threshold voltage V. Another poten 
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tial issue relates to the density/porosity of the chemFET pas 
sivation layer (e.g., see ISFET passivation layer 72 in FIG. 1) 
resulting from low-temperature material deposition pro 
cesses commonly employed in aluminum metal-based 
CMOS fabrication. While such low-temperature processes 
generally provide an adequate passivation layer for conven 
tional CMOS devices, they may result in a somewhat low 
density and porous passivation layer which may be poten 
tially problematic for chemFETs in contact with an analyte 
Solution; in particular, a low-density porous passivation layer 
over time may absorb and become saturated with analytes or 
other Substances in the Solution, which may in turn cause an 
undesirable time-varying drift in the chemFETs threshold 
Voltage V. This phenomenon may in turn impede accurate 
measurements of one or more particular analytes of interest. 
In view of the foregoing, other inventive embodiments dis 
closed herein relate to methods and apparatuses which miti 
gate potentially adverse effects on chemFET performance 
that may arise from various aspects of fabrication and post 
fabrication processing/handling of chemFET arrays. 
0080 Accordingly, one embodiment of the present inven 
tion is directed to an apparatus, comprising an array of 
CMOS-fabricated sensors, each sensor comprising one 
chemFET (and in some cases, consisting of one chemFET but 
optionally having other elements) and occupying an area on a 
surface of the array of 10 um or less. 
0081. Another embodiment is directed to a sensor array 
comprising a two-dimensional array of electronic sensors 
including at least 512 rows and at least 512 columns of the 
electronic sensors, each sensor comprising one chemFET 
(and in some cases, consisting of one chemFET but optionally 
having other elements) configured to provide at least one 
output signal representing a presence and/or concentration of 
an analyte proximate to a surface of the two-dimensional 
array. 

0082 Another embodiment is directed to an apparatus 
comprising an array of CMOS-fabricated sensors, each sen 
Sor comprising one chemFET (and in Some cases, consisting 
of one chemFET but optionally having other elements). The 
array of CMOS-fabricated sensors includes more than 256 
sensors, and a collection of chemFET output signals from all 
chemFETs of the array constitutes a frame of data. The appa 
ratus further comprises control circuitry coupled to the array 
and configured to generate at least one array output signal to 
provide multiple frames of data from the array at a frame rate 
of at least 1 frame per second. In one aspect, the frame rate 
may be at least 10 frames per second. In another aspect, the 
frame rate may be at least 20 frames per second. In yet other 
aspects, the frame rate may be at least 30, 40, 50, 70 or up to 
100 frames per second. 
0083. Another embodiment is directed to an apparatus 
comprising an array of CMOS-fabricated sensors, each sen 
Sor comprising a chemFET (and in some cases, consisting of 
one chemFET but optionally having other elements). The 
chemFET comprises a floating gate structure, and a source 
and a drain having a first semiconductor type and fabricated in 
a region having a second semiconductor type, wherein there is 
no electrical conductor that electrically connects the region 
having the second semiconductor type to either the source or 
the drain. 

0084 Another embodiment is directed to an apparatus 
comprising an array of electronic sensors, each sensor con 
sisting of three FETs including one chemFET. 
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I0085. Another embodiment is directed to an apparatus 
comprising an array of electronic sensors, each sensor com 
prising three or fewer FETs, wherein the three or fewer FETs 
includes one chemFET. 
I0086. Another embodiment is directed to an apparatus 
comprising an array of electronic sensors, each sensor com 
prising a plurality of FETs including one chemFET, and a 
plurality of electrical conductors electrically connected to the 
plurality of FETs, wherein the plurality of FETs are arranged 
such that the plurality of electrical conductors includes no 
more than four conductors traversing an area occupied by 
each sensor and interconnecting multiple sensors of the array. 
I0087 Another embodiment is directed to an apparatus 
comprising an array of CMOS-fabricated sensors, each sen 
sor comprising a plurality of FETs including one chemFET, 
wherein all of the FETs in each sensor are of a same channel 
type and are implemented in a single semiconductor region of 
an array Substrate. 
I0088 Another embodiment is directed to a sensor array 
comprising a plurality of electronic sensors arranged in a 
plurality of rows and a plurality of columns. Each sensor 
comprises one chemFET configured to provide at least one 
and in some instances at least two output signals representing 
a presence and/or a concentration of an analyte proximate to 
a surface of the array. For each column of the plurality of 
columns, the array further comprises column circuitry con 
figured to provide a constant drain current and a constant 
drain-to-source voltage to respective chemFETs in the col 
umn, the column circuitry including two operational ampli 
fiers and a diode-connected FET arranged in a Kelvin bridge 
configuration with the respective chemFETs to provide the 
constant drain-to-source Voltage. 
I0089 Another embodiment is directed to a sensor array, 
comprising a plurality of electronic sensors arranged in a 
plurality of rows and a plurality of columns. Each sensor 
comprises one chemFET configured to provide at least one 
output signal and in some instances at least two output signals 
representing a concentration of ions in a solution proximate to 
a surface of the array. The array further comprises at least one 
row select shift register to enable respective rows of the plu 
rality of rows, and at least one column select shift register to 
acquire chemFET output signals from respective columns of 
the plurality of columns. 
0090 Another embodiment is directed to an apparatus, 
comprising an array of CMOS-fabricated sensors, each sen 
sor comprising a chemFET. The chemFET comprises a float 
ing gate structure, and a source and a drain having a first 
semiconductor type and fabricated in a region having a sec 
ond semiconductor type, wherein there is no electrical con 
ductor that electrically connects the region having the second 
semiconductor type to either the source or the drain. The array 
includes a two-dimensional array of at least 512 rows and at 
least 512 columns of the CMOS-fabricated sensors. Each 
sensor consists of three FETs including the chemFET, and 
each sensor includes a plurality of electrical conductors elec 
trically connected to the three FETs. The three FETs are 
arranged such that the plurality of electrical conductors 
includes no more than four conductors traversing an area 
occupied by each sensor and interconnecting multiple sensors 
of the array. All of the FETs in each sensor are of a same 
channel type and implemented in a single semiconductor 
region of an array substrate. A collection of chemFET output 
signals from all chemFETs of the array constitutes a frame of 
data. The apparatus further comprises control circuitry 
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coupled to the array and configured to generate at least one 
array output signal to provide multiple frames of data from 
the array at a frame rate of at least 20 frames per second. 
0.091 Another embodiment is directed to a method for 
processing an array of CMOS-fabricated sensors, each sensor 
comprising a chemFET. The method comprises a) dicing a 
semiconductor wafer including the array to form at least one 
diced portion including the array, and b) performing a form 
ing gas anneal on the at least one diced portion. 
0092 Another embodiment is directed to a method for 
manufacturing an array of chemFETs. The method comprises 
fabricating an array of chemFETs, depositing on the array a 
dielectric material, applying a forming gas anneal to the array 
before a dicing step, dicing the array, and applying a forming 
gas anneal after the dicing step. The method may further 
comprise testing the semiconductor wafer between one or 
more deposition steps. 
0093. Another embodiment is directed to a method for 
processing an array of CMOS-fabricated sensors. Each sen 
Sor comprises a chemFET having a chemically-sensitive pas 
sivation layer of silicon nitride and/or silicon oxynitride 
deposited via plasma enhanced chemical vapor deposition 
(PECVD). The method comprises depositing at least one 
additional passivation material on the chemically-sensitive 
passivation layer so as to reduce a porosity and/or increase a 
density of the passivation layer. 
0094. It should be appreciated that all combinations of the 
foregoing concepts and additional concepts discussed in 
greater detail below (provided such concepts are not mutually 
inconsistent) are contemplated as being part of the inventive 
Subject matter disclosed herein. In particular, all combina 
tions of claimed Subject matter appearing at the end of this 
disclosure are contemplated as being part of the inventive 
subject matter disclosed herein. It should also be appreciated 
that terminology explicitly employed herein that also may 
appear in any disclosure incorporated by reference should be 
accorded a meaning most consistent with the particular con 
cepts disclosed herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0095. In the drawings, like reference characters generally 
refer to the same parts throughout the different views. Also, 
the drawings are not necessarily to Scale, emphasis instead 
being placed upon generally illustrating the various concepts 
discussed herein. 
0096 FIG. 1 illustrates across-section of a p-type (p-chan 
nel) ion-sensitive field effect transistor (ISFET) fabricated 
using a conventional CMOS process. 
0097 FIG. 2 illustrates an electric circuit representation of 
the p-channel ISFET shown in FIG. 1. 
0098 FIG. 2A illustrates an exemplary ISFET transient 
response to a step-change in ion concentration of an analyte. 
0099 FIG. 3 illustrates one column of a two-dimensional 
ISFET array based on the ISFET shown in FIG. 1. 
0100 FIG. 4 illustrates a transmission gate including a 
p-channel MOSFET and an re-channel MOSFET that is 
employed in each pixel of the array column shown in FIG. 3. 
0101 FIG. 5 is a diagram similar to FIG. 1, illustrating a 
wider cross-section of a portion of a Substrate corresponding 
to one pixel of the array column shown in FIG.3, in which the 
ISFET is shown alongside two n-channel MOSFETs also 
included in the pixel. 
0102 FIG. 6 is a diagram similar to FIG. 5, illustrating a 
cross-section of another portion of the Substrate correspond 
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ing to one pixel of the array column shown in FIG.3, in which 
the ISFET is shown alongside the p-channel MOSFET of the 
transmission gate shown in FIG. 4. 
0103 FIG. 7 illustrates an example of a complete two 
dimensional ISFET pixel array based on the column design of 
FIG.3, together with accompanying row and column decoder 
circuitry and measurement readout circuitry. 
0104 FIG. 8 generally illustrates a nucleic acid processing 
system comprising a large scale chemFET array, according to 
one inventive embodiment of the present disclosure. 
0105 FIG. 9 illustrates one column of an chemFET array 
similar to that shown in FIG. 8, according to one inventive 
embodiment of the present disclosure. 
0106 FIG. 9A illustrates a circuit diagram for an exem 
plary amplifier employed in the array column shown in FIG. 
9. 
0107 FIG.9B is a graph of amplifier bias vs. bandwidth, 
according to one inventive embodiment of the present disclo 
SUC. 

0.108 FIG. 10 illustrates a top view of a chip layout design 
for a pixel of the column of an chemFET array shown in FIG. 
9, according to one inventive embodiment of the present 
disclosure. 
0109 FIG. 10A illustrates a top view of a chip layout 
design for a cluster of four neighboring pixels of an chemFET 
array shown in FIG. 9, according to another inventive 
embodiment of the present disclosure. 
0110 FIG. 11A shows a composite cross-sectional view 
along the line I-I of the pixel shown in FIG. 10, including 
additional elements on the right half of FIG. 10 between the 
lines II-II and III-III, illustrating a layer-by-layer view of the 
pixel fabrication according to one inventive embodiment of 
the present disclosure. 
0111 FIG. 11A-1 shows a composite cross-sectional view 
of multiple neighboring pixels, along the line I-I of one of the 
pixels shown in FIG. 10A, including additional elements of 
the pixel between the lines II-II, illustrating a layer-by-layer 
view of pixel fabrication according to another inventive 
embodiment of the present disclosure. 
(O112 FIGS. 11B(1)–(3) provide the chemical structures of 
ten PPi receptors (compounds 1 through 10). 
0113 FIG. 11C(1) is a schematic of a synthesis protocol 
for compound 7 from FIG. 11B(3). 
0114 FIG. 11C(2) is a schematic of a synthesis protocol 
for compound 8 from FIG. 11B(3). 
0115 FIG. 11C(3) is a schematic of a synthesis protocol 
for compound 9 from FIG. 11B(3). 
0116 FIGS. 11D(1) and (2) are schematics illustrating a 
variety of chemistries that can be applied to the passivation 
layer in order to bind molecular recognition compounds (such 
as but not limited to PPi receptors). 
0117 FIG. 11E is a schematic of attachment of compound 
7 from FIG. 11B(3) to a metal oxide surface. 
0118 FIGS. 12A1 through 12A12 provide top views of 
each of the fabrication layers shown in FIG. 11A, according 
to one inventive embodiment of the present disclosure. 
0119 FIGS. 12B1 through 12B12 provide top views of 
each of the fabrication layers shown in FIG. 11A-1, according 
to another inventive embodiment of the present disclosure. 
I0120 FIG. 13 illustrates a block diagram of an exemplary 
CMOS IC chip implementation of an chemFET sensor array 
similar to that shown in FIG. 8, based on the column and pixel 
designs shown in FIGS. 9-12A, according to one inventive 
embodiment of the present disclosure. 
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0121 FIG. 14 illustrates a row select shift register of the 
array shown in FIG. 13, according to one inventive embodi 
ment of the present disclosure. 
0122 FIG. 15 illustrates one of two column select shift 
registers of the array shown in FIG. 13, according to one 
inventive embodiment of the present disclosure. 
0123 FIG. 16 illustrates one of two output drivers of the 
array shown in FIG. 13, according to one inventive embodi 
ment of the present disclosure. 
(0.124 FIG. 17 illustrates a block diagram of the chemFET 
sensor array of FIG. 13 coupled to an array controller, accord 
ing to one inventive embodiment of the present disclosure. 
0.125 FIG. 18 illustrates an exemplary timing diagram for 
various signals provided by the array controller of FIG. 17. 
according to one inventive embodiment of the present disclo 
SU 

0126 FIG. 18A illustrates another exemplary timing dia 
gram for various signals provided by the array controller of 
FIG. 17, according to one inventive embodiment of the 
present disclosure. 
0127 FIG. 18B shows a flow chart illustrating an exem 
plary method for processing and correction of array data 
acquired at high acquisition rates, according to one inventive 
embodiment of the present disclosure. 
0128 FIGS. 18C and 18D illustrate exemplary pixel volt 
ages showing pixel-to-pixel transitions in a given array output 
signal, according to one embodiment of the present disclo 
SUC. 

0129 FIGS. 19-20 illustrate block diagrams of alternative 
CMOS IC chip implementations of chemFET sensor arrays, 
according to other inventive embodiments of the present dis 
closure. 
0130 FIG. 20A illustrates a top view of a chip layout 
design for a pixel of the chemFET array shown in FIG. 20. 
according to another inventive embodiment of the present 
disclosure. 
0131 FIGS. 21-23 illustrate block diagrams of additional 
alternative CMOS IC chip implementations of chemFETsen 
sor arrays, according to other inventive embodiments of the 
present disclosure. 
(0132 FIG. 24 illustrates the pixel design of FIG. 9 imple 
mented with an n-channel chemFET and accompanying 
n-channel MOSFETs, according to another inventive 
embodiment of the present disclosure. 
0.133 FIGS. 25-27 illustrate alternative pixel designs and 
associated column circuitry for chemFET arrays according to 
other inventive embodiments of the present disclosure. 
0134 FIGS. 28A and 28B are isometric illustrations of 
portions of microwell arrays as employed herein, showing 
round wells and rectangular wells, to assist three-dimensional 
visualization of the array structures. 
0135 FIG. 29 is a diagrammatic depiction of a top view of 
one corner (i.e., the lower left corner) of the layout of a chip 
showing an array of individual ISFET sensors on a CMOS 
die. 
0.136 FIG. 30 is an illustration of an example of a layout 
for a portion of a (typically chromium) mask for a one-sensor 
per-well embodiment of the above-described sensor array, 
corresponding to the portion of the die shown in FIG. 29. 
0.137 FIG. 31 is a corresponding layout for a mask for a 
4-sensors-per-well embodiment. 
0138 FIG. 32 is an illustration of a second mask used to 
mask an area which Surrounds the array, to build a collar or 
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wall (or basin, using that term in the geological sense) of resist 
which Surrounds the active array of sensors on a Substrate, as 
shown in FIG. 33A. 
I0139 FIG.33 is an illustration of the resulting basin. 
(O140 FIG. 33A is an illustration of a three-layer PCM 
process for making the microwell array. 
0141 FIG. 33B is a diagrammatic cross-section of a 
microwell with a "bump' feature etched into the bottom. 
0.142 FIG. 33B-1 is an image from a scanning electron 
microscope showing in cross-section a portion of an array 
architecture as taught herein, with microwells formed in a 
layer of silicon dioxide over ISFETs. 
0.143 FIG. 33B-2 is a diagrammatic illustration of a 
microwell in cross-section, the microwell being produced as 
taught herein and having sloped sides, and showing how a 
bead of a correspondingly appropriate diameter larger than 
that of the well bottom can be spaced from the well bottom by 
interference with the well sidewalls. 
014.4 FIG. 33B-3 is another diagrammatic illustration of 
such a microwell with beads of different diameters shown, 
and indicating optional use of packing beads below the 
nucleic acid-carrying bead such as a DNA-carrying bead 
(0145 FIGS. 34-37 diagrammatically illustrate a first 
example of a Suitable experiment apparatus incorporating a 
fluidic interface with the sensor array, with FIG.35 providing 
a cross-section through the FIG. 34 apparatus along section 
line 35-35' and FIG.36 expanding part of FIG.35, in perspec 
tive, and FIG. 37 further expanding a portion of the structure 
to make the fluid flow more visible. 
0146 FIG.38 is a diagrammatic illustration of a substrate 
with an etched photoresist layer beginning the formation of an 
example flow cell of a certain configuration. 
0147 FIGS. 39-41 are diagrams of masks suitable for 
producing a first configuration of flow cell consistent with 
FIG 38. 
0148 FIGS. 42-54 (but not includingFIGS. 42A-42L) and 
57-58 are pairs of partly isometric, sectional views of 
example apparatus and enlargements, showing ways of intro 
ducing a reference electrode into, and forming, a flow cell and 
flow chamber, using materials such as plastic and PDMS. 
014.9 FIG. 42A is an illustration of a possible cross-sec 
tional configuration of a non-rectangular flow chamber ante 
chamber (diffuser section) for use to promote laminar flow 
into a flow cell as used in the arrangements shown herein; 
0150 FIGS. 42B-42F are diagrammatic illustrations of 
examples of flow cell structures for unifying fluid flow. 
0151 FIG. 42F1 is a diagrammatic illustration of an 
example of a ceiling baffle arrangement for a flow cell in 
which fluid is introduced at one corner of the chip and exits at 
a diagonal corner, the baffle arrangement facilitating a desired 
fluid flow across the array. 
0152 FIGS. 42F2-42F8 comprise a set of illustrations of 
an exemplary flow cell member that may be manufactured by 
injection molding and may incorporate baffles to facilitate 
fluid flow, as well as a metalized surface for serving as a 
reference electrode, including an illustration of said member 
mounted to a sensor array package overa sensor array, to form 
a flow chamber thereover. 
0153 FIGS. 42G and 42H are diagrammatic illustrations 
of alternative embodiments of flow cells in which fluid flow is 
introduced to the middle of the chip assembly. 
0154 FIGS. 42I and 42J are cross-sectional illustrations 
of the type of flow cell embodiments shown in FIGS. 42G and 
42H, mounted on a chip assembly: 
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0155 FIGS. 42K and 42L are diagrammatic illustrations 
of flow cells in which the fluid is introduced at a corner of the 
chip assembly. 
0156 FIG.42M is a diagrammatic illustration offluid flow 
from one corner of an array on a chip assembly to an opposite 
corner, in apparatus such as that depicted in FIGS. 42K and 
42L. 

O157 FIGS. 55 and 56 are schematic, cross-sectional 
views of two-layer glass (or plastic) arrangements for manu 
facturing fluidic apparatus for mounting onto a chip for use as 
taught herein. 
0158 FIGS. 57 and 58 are schematic embodiments of a 
fluidic assembly. 
0159 FIGS. 59A-59C are illustrations of the pieces for 
two examples of two-piece injection molded parts for form 
ing a flow cell. 
0160 FIG. 60 is a schematic illustration, in cross-section, 
for introducing a stainless steel capillary tube as an electrode, 
into a downstream port of a flow cell such as the flow cells of 
FIGS. 59A-59C, or other flow cells. 

DETAILED DESCRIPTION OF THE INVENTION 

0161 Following below are more detailed descriptions of 
various concepts related to, and embodiments of inventive 
methods and apparatus relating to large scale chemFET 
arrays for detection and/or measurement oranalytes. It should 
be appreciated that various concepts introduced above and 
discussed in greater detail below may be implemented in any 
of numerous ways, as the disclosed concepts are not limited to 
any particular manner of implementation. Examples of spe 
cific implementations and applications are provided prima 
rily for illustrative purposes. 
0162 Various inventive embodiments according to the 
present disclosure are directed at least in part to a semicon 
ductor-based/microfluidic hybrid system that combines the 
power of microelectronics with the biocompatibility of a 
microfluidic system. In some examples below, the microelec 
tronics portion of the hybrid system is implemented in CMOS 
technology for purposes of illustration. It should be appreci 
ated, however, that the disclosure is not intended to be limit 
ing in this respect, as other semiconductor-based technolo 
gies may be utilized to implement various aspects of the 
microelectronics portion of the systems discussed herein. 
0163. One embodiment disclosed herein is directed to a 
large sensor array of chemFETs, wherein the individual 
chemFET sensor elements or “pixels' of the array are con 
figured to detect analyte presence (or absence), analyte levels 
(or amounts), and/or analyte concentration in an unmanipu 
lated Sample, or as a result of chemical and/or biological 
processes (e.g., chemical reactions, cell cultures, neural activ 
ity, nucleic acid sequencing processes, etc.) occurring in 
proximity to the array. Examples of chemFETs contemplated 
by various embodiments discussed in greater detail below 
include, but are not limited to, ISFETs and EnFETs. In one 
exemplary implementation, one or more microfluidic struc 
tures is/are fabricated above the chemFET sensor array to 
provide for containment and/or confinementofa biological or 
chemical reaction in which an analyte of interest may be 
produced or consumed, as the case may be. For example, in 
one implementation, the microfluidic structure(s) may be 
configured as one or more “wells (e.g., Small reaction cham 
bers or “reaction wells') disposed above one or more sensors 
of the array, Such that the one or more sensors over which a 
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given well is disposed detect and measure analyte presence, 
level, and/or concentration in the given well. 
0164. In important aspects and embodiments, the chem 
FET array comprises 104 chemFET and/or the center-to 
center spacing between adjacent chemFETs is 1-10 um. 
0.165. In another exemplary implementation, the invention 
encompasses a system for high-throughput sequencing com 
prising at least one two-dimensional array of reaction cham 
bers, wherein each reaction chamber is coupled to a chemFET 
and each reaction chamber is no greater than 10 Lum (i.e. 1 
pI) in volume. Preferably, each reaction chamber is no 
greater than 0.34 p., and more preferably no greater than 
0.096 pl. or even 0.012 pl. in volume. A reaction chamber can 
optionally be 2, 3, 4, 5, 6, 7, 8°, 9°, or 10° square 
microns in cross-sectional area at the top. Preferably, the 
array has at least 100, 1,000, 10,000, 100,000, or 1,000,000 
reaction chambers. The reaction chambers may be capaci 
tively coupled to the chemFETs, and preferably are capaci 
tively coupled to the chemFETs. 
0166 The device may comprise an array of chemFETs 
with an array of microfluidic reaction chambers and/or a 
semiconductor material coupled to a dielectric material. 
0167. The above-described method may be automated via 
robotics. In addition, the information obtained via the signal 
from the chemFET may be provided to a personal computer, 
a personal digital assistant, a cellular phone, a video game 
system, or a television so that a user can monitor the progress 
of reactions remotely. 
0.168. In some embodiments, such a chemFET array/mi 
crofluidics hybrid structure may be used to analyze solution 
(s)/material(s) of interest potentially containing analytes Such 
as nucleic acids. For example, Such structures may be 
employed to monitor sequencing of nucleic acids. Detection 
and/or sequencing of analytes such as nucleic acids may be 
performed to determine partial or complete nucleotide 
sequence of a nucleic acid, to detect the presence and in some 
instances nature of a single nucleotide polymorphism in a 
nucleic acid, to determine what therapeutic regimen will be 
most effective to treat a Subject having a particular condition 
as can be determined by the Subject's genetic make-up, to 
determine and compare nucleic acid expression profiles of 
two or more states (e.g., comparing expression profiles of 
diseased and normal tissue, or comparing expression profiles 
of untreated tissue and tissue treated with drug, enzymes, 
radiation or chemical treatment), to haplotype a sample (e.g., 
comparing genes or variations in genes on each of the two 
alleles present in a human Subject), to karyotype a sample 
(e.g., analyzing chromosomal make-up of a cell or a tissue 
Such as an embryo, to detect gross chromosomal or other 
genomic abnormalities), and to genotype (e.g., analyzing one 
or more genetic loci to determine for example carrier status 
and/or species-genus relationships). 
0169. The systems described herein can also be used to aid 
in the identification and treatment of disease. For example, 
the system can be used for identifying a sequence associated 
with a particular disease or for identifying a sequence asso 
ciated with a positive response to a particular active ingredi 
ent 

0170 In one embodiment, the invention encompasses a 
method for identifying a sequence associated with a condition 
comprising delivering nucleic acids from a plurality of Sub 
jects having the condition to a sequencing apparatus compris 
ing a two-dimensional array of reaction chambers, wherein 
each of the reaction chambers is capacitively coupled to a 
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chemFET, determining sequences of the nucleic acids from 
signal from said chemFETs, and identifying a common 
sequence between the DNA from the plurality of subjects. 
Preferably, the subject is a mammal, and more preferably a 
human. Preferably, the condition is cancer, an immunosup 
pressant condition, a neurological condition, or a viral infec 
tion. 
0171 In another embodiment, the invention encompasses 
a method for identifying a sequence associated with a positive 
response to a particular active agent, comprising sequencing 
DNA from a plurality of subjects that have exhibited a posi 
tive response and from a plurality of Subjects having a nega 
tive response to an active agent using one or more sequencing 
apparatuses, wherein each sequencing apparatus comprises 
an array of chemFETs; and identifying a common DNA 
sequence in the plurality of subjects that have exhibited a 
positive response or from the subjects that have exhibited a 
negative response that is not present in the other plurality of 
Subjects. Preferably, the Subject is a mammal, and more pref 
erably a human. 
0172. It should be appreciated, however, that while some 
illustrative examples of the concepts disclosed herein focus 
on nucleic acid processing, the invention contemplates a 
broader application of these concepts and is not intended to be 
limited to these examples. 
0173 FIG.8 generally illustrates a nucleic acid processing 
system 1000 comprising a large scale chemFET array, 
according to one inventive embodiment of the present disclo 
Sure. An example of a nucleic acid processing System is a 
nucleic acid sequencing system. In the discussion that fol 
lows, the chemFET sensors of the array are described for 
purposes of illustration as ISFETs configured for sensitivity 
to static and/or dynamic ion concentration, including but not 
limited to hydrogen ion concentration and/or concentration of 
other ionic species involved in nucleic acid processing. How 
ever, it should be appreciated that the present disclosure is not 
limited in this respect, and that in any of the embodiments 
discussed herein in which ISFETs are employed as an illus 
trative example, other types of chemFETs may be similarly 
employed in alternative embodiments, as discussed in further 
detail below. Similarly it should be appreciated that various 
aspects and embodiments of the invention may employ 
ISFETs as sensors yet detect one or more ionic species that 
are not hydrogen ions. 
0.174. The system 1000 includes a semiconductor/microf 
luidics hybrid structure 300 comprising an ISFET sensor 
array 100 and a microfluidics flow cell 200. In one aspect, the 
flow cell 200 may comprise a number of wells (not shown in 
FIG. 8) disposed above corresponding sensors of the ISFET 
array 100. In another aspect, the flow cell 200 is configured to 
facilitate the sequencing of one or more identical template 
nucleic acids disposed in the flow cell via the controlled and 
ordered admission (or introduction) to the flow cell of a 
number of sequencing reagents 272 (e.g., bases dATP, dCTP, 
dGTP, dTTP, generically referred to herein as dNTP, divalent 
cations such as but not limited to Mg", wash solutions, and 
the like). 
(0175. As illustrated in FIG. 8, the admission of the 
sequencing reagents to the flow cell 200 may be accom 
plished via one or more valves 270 and one or more pumps 
274 that are controlled by computer 260. A number of tech 
niques may be used to admit (i.e., introduce) the various 
processing materials (i.e., solutions, samples, reaction 
reagents, wash Solutions, and the like) to the wells of Such a 
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flow cell. As illustrated in FIG. 8, reagents including bases 
may be admitted to the flow cell (e.g., via the computer 
controlled valve 270 and pumps 274) from which they diffuse 
into the wells, or reagents may be added to the flow cell by 
other means such as an inkjet. In yet another example, the 
flow cell 200 may not contain any wells, and diffusion prop 
erties of the reagents may be exploited to limit cross-talk 
between respective sensors of the ISFET array 100. 
(0176). In still other embodiments, the wells can be coated 
with one or more nucleic acids, including for example a pair 
of primer nucleic acids, and a nucleic acid having adaptor 
nucleotide sequences complementary to the primer nucle 
otide sequence may be introduced into the wells. These and 
other agents useful in immobilizing nucleic acids may be 
provided to the sensor array, to individual dies as part of the 
chip packaging, or to wells immediately before the process 
ing of a sample. Other methods involving Solgels may be used 
to immobilize agents such as nucleic acids near the Surface of 
the ISFET array. 
0177. As will be discussed in greater detail herein, in some 
aspects contemplated by the invention, nucleic acids may be 
amplified prior to or after placement in the well. Various 
methods exist to amplify nucleic acids. Thus, in one aspect, 
once a nucleic acid is loaded into a well, amplification may be 
performed in the well, and the resulting amplified product 
may be further analyzed. Amplification methods include but 
are not limited to bridge amplification, rolling circle amplifi 
cation, or other strategies using isothermal or non-isothermal 
amplification techniques. 
(0178. In sum, the flow cell 200 in the system of FIG.8 may 
be configured in a variety of manners to provide one or more 
analytes (or one or more reaction Solutions) in proximity to 
the ISFET array 100. For example, a nucleic acid may be 
directly attached or applied in suitable proximity to one or 
more pixels of the sensor array 100, or on a support material 
(e.g., one or more “beads') located above the sensor array. 
Processing reagents (e.g., enzymes such as polymerases) can 
also be placed on the sensors directly, or on one or more solid 
Supports in proximity to the sensors. It is to be understood that 
the device may be used without wells or beads for a number of 
biosensor applications involving the detection and/or mea 
Surement of at least one sensor-detectable product (e.g., ion 
concentration change). 
(0179. In the system 1000 of FIG. 8, according to one 
embodiment the ISFET sensor array 100 monitors ionic spe 
cies, and in particular, changes in the levels/amounts and/or 
concentration of ionic species. In some embodiments, the 
species are those that result from a nucleic acid synthesis or 
sequencing reaction. One particularly importantionic species 
is the PPi that is released as a result of nucleotide incorpora 
tion. Another important species is excess nucleotides added to 
and remaining in the reaction chamber once a nucleic acid 
synthesis or sequencing reaction is complete. Such nucle 
otides are referred to herein as “unincorporated nucleotides.” 
0180. As will be discussed in greater detail herein, various 
embodiments of the present invention may relate to monitor 
ing/measurement techniques that involve the static and/or 
dynamic responses of an ISFET. In one embodiment relating 
to detection of nucleotide incorporation during a nucleic acid 
synthesis or sequencing reaction, detection/measurement 
techniques particularly rely on the transient or dynamic 
response of an ISFET (ion-step response, or “ion pulse' out 
put), as discussed above in connection with FIG. 2A, to detect 
concentration changes of various ionic species relating to a 
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nucleic acid synthesis or sequencing reaction. Although the 
particular example of a nucleic acid synthesis or sequencing 
reaction is provided to illustrate the transient or dynamic 
response of an ISFET, it should be appreciated that according 
to other embodiments, the transient or dynamic response of 
an ISFET as discussed below may be exploited for monitor 
ing/sensing other types of chemical and/or biological activity 
beyond the specific example of a nucleic acid synthesis or 
sequencing reaction. 
0181. In one exemplary implementation, beyond the step 
wise or essentially instantaneous pH changes in the analyte 
solution contemplated by prior research efforts, detection/ 
measurement techniques relying on the dynamic response of 
an ISFET according to some embodiments of the present 
invention are based at least in part on the differential diffusion 
of various ionic species proximate to the analyte/passivation 
layer interface of the ISFET(s) (e.g., at the bottom of a reac 
tion well over an ISFET). In particular, it has been recognized 
and appreciated that if a given stimulus constituted by a 
change in ionic strength proximate to the analyte/passivation 
layer interface, due to the appropriate diffusion of respective 
species of interest, occurs at a rate that is significantly faster 
than the ability of the passivation layer to adjust its surface 
charge density in response to the stimulus of the concentra 
tion change (e.g., faster than a characteristic response time 
constant r associated with the passivation layer Surface), a 
step-wise or essentially instantaneous change in ionic 
strength is not necessarily required to observe an ion pulse 
output from the ISFET. This principle is applicable not only to 
the example of DNA sequencing, but also to other types of 
chemical and chemical reaction sensing, as well. 
0182. As noted above, the ISFET may be employed to 
measure steady state pH values, since in Some embodiments 
pH change is proportional to the number of nucleotides incor 
porated into the newly synthesized nucleic acid strand. In 
other embodiments discussed in greater detail below, the FET 
sensor array may be particularly configured for sensitivity to 
other analytes that may provide relevant information about 
the chemical reactions of interest. An example of Such a 
modification or configuration is the use of analyte-specific 
receptors to bind the analytes of interest, as discussed in 
greater detail herein. 
0183) Via an array controller 250 (also under operation of 
the computer 260), the ISFET array may be controlled so as to 
acquire data (e.g., output signals of respective ISFETs of the 
array) relating to analyte detection and/or measurements, and 
collected data may be processed by the computer 260 to yield 
meaningful information associated with the processing (in 
cluding sequencing) of the template nucleic acid. 
0184 With respect to the ISFET array 100 of the system 
1000 shown in FIG. 8, in one embodiment the array 100 is 
implemented as an integrated circuit designed and fabricated 
using standard CMOS processes (e.g., 0.35 micrometer pro 
cess, 0.18 micrometer process), comprising all the sensors 
and electronics needed to monitor/measure one or more ana 
lytes and/or reactions. With reference again to FIG. 1, one or 
more reference electrodes 76 to be employed in connection 
with the ISFET array 100 may be placed in the flow cell 200 
(e.g., disposed in “unused wells of the flow cell) or otherwise 
exposed to a reference (e.g., one or more of the sequencing 
reagents 172) to establishabase line against which changes in 
analyte concentration proximate to respective ISFETs of the 
array 100 are compared. The reference electrode(s) 76 may be 
electrically coupled to the array 100, the array controller 250 
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or directly to the computer 260 to facilitate analyte measure 
ments based on voltage signals obtained from the array 100: 
in some implementations, the reference electrode(s) may be 
coupled to an electric ground or other predetermined poten 
tial, or the reference electrode voltage may be measured with 
respect to ground, to establish an electric reference for ISFET 
output signal measurements, as discussed further below. 
0185. The ISFET array 100 is not limited to any particular 
size, as one- or two-dimensional arrays, including but not 
limited to as few as two to 256 pixels (e.g., 16 by 16 pixels in 
a two-dimensional implementation) or as many as 54 mega 
pixels (e.g., 7400 by 7400 pixels in a two-dimensional imple 
mentation) or even greater may be fabricated and employed 
for various chemical/biological analysis purposes pursuant to 
the concepts disclosed herein. In one embodiment of the 
exemplary system shown in FIG. 8, the individual ISFET 
sensors of the array may be configured for sensitivity to PPi, 
unincorporated nucleotides, hydrogen ions, and the like; 
however, it should also be appreciated that the present disclo 
Sure is not limited in this respect, as individual sensors of an 
ISFET sensor array may be particularly configured for sensi 
tivity to other types of ion concentrations for a variety of 
applications (materials sensitive to other ions such as Sodium, 
silver, iron, bromine, iodine, calcium, and nitrate, for 
example, are known). 
0186 More generally, a chemFET array according to vari 
ous embodiments of the present disclosure may be configured 
for sensitivity to any one or more of a variety of analytes. In 
one embodiment, one or more chemFETs of an array may be 
particularly configured for sensitivity to one or more analytes 
and/or one or more binding events, and in other embodiments 
different chemFETs of a given array may be configured for 
sensitivity to different analytes. For example, in one embodi 
ment, one or more sensors (pixels) of the array may include a 
first type of chemFET configured to be sensitive to a first 
analyte, and one or more other sensors of the array may 
include a second type of chemFET configured to be sensitive 
to a second analyte different from the first analyte. In one 
exemplary implementation, both a first and a second analyte 
may indicate a particular reaction Such as for example nucle 
otide incorporation in a sequencing-by-synthesis method. Of 
course, it should be appreciated that more than two different 
types of chemFETs may be employed in any given array to 
detect and/or measure different types of analytes and/or other 
reactions. In general, it should be appreciated in any of the 
embodiments of sensor arrays discussed herein that a given 
sensor array may be “homogeneous” and include chemFETs 
of substantially similar or identical types to detect and/or 
measure a same type of analyte (e.g., pH or other ion concen 
tration), or a sensor array may be "heterogeneous” and 
include chemFETs of different types to detect and/or measure 
different analytes. For simplicity of discussion, again the 
example of an ISFET is discussed below in various embodi 
ments of sensor arrays, but the present disclosure is not lim 
ited in this respect, and several other options for analyte 
sensitivity are discussed in further detail below (e.g., in con 
nection with FIG. 11A). 
0187. The chemFET arrays configured for sensitivity to 
any one or more of a variety of analytes may be disposed in 
electronic chips, and each chip may be configured to perform 
one or more different biological reactions. The electronic 
chips can be connected to the portions of the above-described 
system which read the array output by means of pins coded in 
a manner Such that the pins convey information to the system 
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as to characteristics of the array and/or what kind of biologi 
cal reaction(s) is(are) to be performed on the particular chip. 
0188 In one embodiment, the invention encompasses an 
electronic chip configured for conducting biological reac 
tions thereon, comprising one or more pins for delivering 
information to a circuitry identifying a characteristic of the 
chip and/or a type of reaction to be performed on the chip. 
Sucht may include, but are not limited to, a short nucleotide 
polymorphism detection, short tandem repeat detection, or 
sequencing. 
0189 In another embodiment, the invention encompasses 
a system adapted to performing more than one biological 
reaction on a chip comprising: a chip receiving module 
adapted for receiving the chip; and a receiver for detecting 
information from the electronic chip, wherein the informa 
tion determines a biological reaction to be performed on the 
chip. Typically, the system further comprises one or more 
reagents to perform the selected biological reaction. 
0190. In another embodiment, the invention encompasses 
an apparatus for sequencing a polymer template comprising: 
at least one integrated circuit that is configured to relay infor 
mation about spatial location of a reaction chamber, type of 
monomer added to the spatial location, time required to com 
plete reaction of a reagent comprising a plurality of the mono 
mers with an elongating polymer. 
0191 In exemplary implementations based on 0.35 
micrometer CMOS processing techniques (or CMOS pro 
cessing techniques capable of Smaller feature sizes), each 
pixel of the ISFET array 100 may include an ISFET and 
accompanying enable/select components, and may occupy an 
area on a surface of the array of approximately ten microme 
ters by ten micrometers (i.e., 100 micrometers’) or less; stated 
differently, arrays having a pitch (center of pixel-to-center of 
pixel spacing) on the order of 10 micrometers or less may be 
realized. An array pitch on the order of 10 micrometers or less 
using a 0.35 micrometer CMOS processing technique consti 
tutes a significant improvement in terms of size reduction 
with respect to prior attempts to fabricate ISFET arrays, 
which resulted in pixel sizes on the order of at least 12 
micrometers or greater. 
0.192 More specifically, in some embodiments discussed 
further below based on the inventive concepts disclosed 
herein, an array pitch of approximately nine (9) micrometers 
allows an ISFET array including over 256,000 pixels (e.g., a 
512 by 512 array), together with associated row and column 
select and bias/readout electronics, to be fabricated on a 7 
millimeter by 7 millimeter semiconductor die, and a similar 
sensor array including over four million pixels (e.g., a 2048 
by 2048 array yielding over 4 Mega-pixels) to be fabricated 
on a 21 millimeter by 21 millimeter die. In other examples, an 
array pitch of approximately 5 micrometers allows an ISFET 
array including approximately 1.55 Mega-pixels (e.g., a 1348 
by 1152 array) and associated electronics to be fabricated on 
a 9 millimeter by 9 millimeter die, and an ISFET sensor array 
including over 14 Mega-pixels and associated electronics on 
a 22 millimeter by 20 millimeter die. In yet other implemen 
tations, using a CMOS fabrication process in which feature 
sizes of less than 0.35 micrometers are possible (e.g., 0.18 
micrometer CMOS processing techniques), ISFET sensor 
arrays with a pitch significantly below 5 micrometers may be 
fabricated (e.g., array pitch of 2.6 micrometers or pixel area of 
less than 8 or 9 micrometers), providing for significantly 
dense ISFET arrays. Of course, it should be appreciated that 
pixel sizes greater than 10 micrometers (e.g., on the order of 
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approximately 20, 50, 100 micrometers or greater) may be 
implemented in various embodiments of chemFET arrays 
according to the present disclosure also. 
0193 As will be understood by those of skill in the art, the 
ability to miniaturize sequencing reactions reduces the time, 
cost and labor involved in sequencing of large genomes (such 
as the human genome). 
0194 In other aspects of the system shown in FIG. 8, one 
or more array controllers 250 may be employed to operate the 
ISFET array 100 (e.g., selecting/enabling respective pixels of 
the array to obtain output signals representing analyte mea 
Surements). In various implementations, one or more compo 
nents constituting one or more array controllers may be 
implemented together with pixel elements of the arrays them 
selves, on the same integrated circuit (IC) chip as the array but 
in a different portion of the IC chip, or off-chip. In connection 
with array control, analog-to-digital conversion of ISFET 
output signals may be performed by circuitry implemented on 
the same integrated circuit chip as the ISFET array, but 
located outside of the sensor array region (locating the analog 
to digital conversion circuitry outside of the sensor array 
region allows for Smaller pitch and hence a larger number of 
sensors, as well as reduced noise). In various exemplary 
implementations discussed further below, analog-to-digital 
conversion can be 4-bit, 8-bit, 12-bit, 16-bit or other bit reso 
lutions depending on the signal dynamic range required. 
0.195 As used herein, an array is planar arrangement of 
elements such as sensors or wells. The array may be one or 
two dimensional. A one dimensional array is an array having 
one column (or row) of elements in the first dimension and a 
plurality of columns (or rows) in the second dimension. An 
example of a one dimensional array is a 1x5 array. A two 
dimensional array is an array having a plurality of columns 
(or rows) in both the first and the second dimension. The 
number of columns (or rows) in the first and second dimen 
sions may or may not be the same. An example of a two 
dimensional array is a 5x10 array. 
0196. Having provided a general overview of the role of a 
chemFET (e.g., ISFET) array 100 in an exemplary system 
1000 for measuring one or more analytes, following below 
are more detailed descriptions of exemplary chemFET arrays 
according to various inventive embodiments of the present 
disclosure that may be employed in a variety of applications. 
Again, for purposes of illustration, chemFET arrays accord 
ing to the present disclosure are discussed below using the 
particular example of an ISFET array, but other types of 
chemFETs may be employed in alternative embodiments. 
Also, again, for purposes of illustration, chemFET arrays are 
discussed in the context of nucleic acid sequencing applica 
tions, however, the invention is not so limited and rather 
contemplates a variety of applications for the chemFET 
arrays described herein. 
0.197 As noted above, various inventive embodiments dis 
closed herein specifically improve upon the ISFET array 
design of Milgrew et al. discussed above in connection with 
FIGS. 1-7, as well as other prior ISFET array designs, so as to 
significantly reduce pixel size and array pitch, and thereby 
increase the number of pixels of an ISFET array for a given 
semiconductor die size (i.e., increase pixel density). In some 
implementations, an increase in pixel density is accomplished 
while at the same time increasing the signal-to-noise ratio 
(SNR) of output signals corresponding to respective measure 
ments relating to one or more analytes and the speed with 
which Such output signals may be read from the array. In 
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particular, Applicants have recognized and appreciated that 
by relaxing requirements for ISFET linearity and focusing on 
a more limited signal output/measurement range (e.g., signal 
outputs corresponding to a pH range of from approximately 7 
to 9 or Smaller rather than 1 to 14, as well as output signals that 
may not necessarily relate significantly to pH changes in 
sample), individual pixel complexity and size may be signifi 
cantly reduced, thereby facilitating the realization of very 
large scale dense ISFET arrays. 
(0198 To this end, FIG.9 illustrates one column 102, of an 
ISFET array 100, according to one inventive embodiment of 
the present disclosure, in which ISFET pixel design is appre 
ciably simplified to facilitate small pixel size. The column 
102, includes n pixels, the first and last of which are shown in 
FIG.9 as the pixels 105, and 105. As discussed further below 
in connection with FIG. 13, a complete two-dimensional 
ISFET array 100 based on the column design shown in FIG. 
9 includes m such columns 102, G=1, 2, 3, . . . m) with 
Successive columns of pixels generally arranged side by side. 
Of course, the ISFETs may be arrayed in other than a row 
column grid, Such as in a honeycomb pattern. 
(0199. In one aspect of the embodiment shown in FIG. 9, 
each pixel 105, through 105, of the column 102, includes only 
three components, namely, an ISFET 150 (also labeled as Q1) 
and two MOSFET switches Q2 and Q3. The MOSFET 
switches Q2 and Q3 are both responsive to one of n row select 
signals (RowSel, through RowSel, logic low active) so as to 
enable or select a given pixel of the column 102. Using pixel 
105 as an example that applies to all pixels of the column, the 
transistor switch Q3 couples a controllable current source 
106, via the line 112, to the source of the ISFET 150 upon 
receipt of the corresponding row select signal via the line 
118. The transistor switch Q2 couples the source of the 
ISFET 150 to column bias/readout circuitry 110, via the line 
114 upon receipt of the corresponding row select signal. The 
drain of the ISFET 150 is directly coupled via the line 116 to 
the bias/readout circuitry 110. Thus, only four signal lines 
per pixel, namely the lines 112, 114, 116 and 118, are 
required to operate the three components of the pixel 105. In 
an array of m columns, a given row select signal is applied 
simultaneously to one pixel of each column (e.g., at same 
positions in respective columns). 
0200. As illustrated in FIG. 9, the design for the column 
102, according to one embodiment is based on general prin 
ciples similar to those discussed above in connection with the 
column design of Milgrew et al. shown FIG. 3. In particular, 
the ISFET of each pixel, when enabled, is configured with a 
constant drain current I, and a constant drain-to-source Volt 
age V,s, to obtain an output signal Vs, from an enabled pixel 
according to Eq. (3) above. To this end, the column 102, 
includes a controllable current source 106, coupled to an 
analog circuitry positive Supply Voltage VDDA and respon 
sive to a bias voltage VB1, that is shared by all pixels of the 
column to provide a constant drain current I, to the ISFET of 
an enabled pixel. In one aspect, the current source 106, is 
implemented as a current mirror including two long-channel 
length and high output impedance MOSFETs. The column 
also includes bias/readout circuitry 110, that is also shared by 
all pixels of the column to provide a constant drain-to-source 
voltage to the ISFET of an enabled pixel. The bias/readout 
circuitry 110, is based on a Kelvin Bridge configuration and 
includes two operational amplifiers 107A (A1) and 107B 
(A2) configured as buffer amplifiers and coupled to analog 
circuitry positive Supply Voltage VDDA and the analog Sup 
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ply voltage ground VSSA. The bias/readout circuitry also 
includes a controllable current sink 108, (similar to the cur 
rent source 106j) coupled to the analog ground VSSA and 
responsive to a bias Voltage VB2, and a diode-connected 
MOSFET Q6. The bias voltages VB1 and VB2 are set/con 
trolled in tandem to provide a complimentary source and sink 
current. The Voltage developed across the diode-connected 
MOSFET Q6 as a result of the current drawn by the current 
sink 108; is forced by the operational amplifiers to appear 
across the drain and source of the ISFET of an enabled pixel 
as a constant drain-source Voltage V,s. 
0201 By employing the diode-connected MOSFET Q6 in 
the bias/readout circuitry 110, of FIG.9, rather than the resis 
tor Rs, as shown in the design of Milgrew et al. illustrated in 
FIG. 3, a significant advantage is provided in a CMOS fabri 
cation process; specifically, matching resistors can be fabri 
cated with error tolerances generally on the order of +20%. 
whereas MOSFET matching in a CMOS fabrication process 
is on the order of +1% or better. The degree to which the 
component responsible for providing a constant ISFET drain 
to-source voltage V, can be matched from column to col 
umn significantly affects measurement accuracy (e.g., offset) 
from column to column. Thus, employing the MOSFET Q6 
rather than a resistor appreciably mitigates measurement off 
sets from column-to-column. Furthermore, whereas the ther 
mal drift characteristics of a resistor and an ISFET may be 
appreciably different, the thermal drift characteristics of a 
MOSFET and ISFET are substantially similar, if not virtually 
identical; hence, any thermal drift in MOSFET Q6 virtually 
cancels any thermal drift from ISFET Q1, resulting in greater 
measurement stability with changes in array temperature. 
(0202) In FIG. 9, the column bias/readout circuitry 110i 
also includes sample/hold and buffer circuitry to provide an 
output signal Vol from the column. In particular, after one 
of the pixels 105 through 105, is enabled or selected via the 
transistors Q2 and Q3 in each pixel, the output of the amplifier 
107A (A1), i.e., a buffered Vs is stored on a column sample 
and hold capacitor C, via operation of a switch (e.g., a trans 
mission gate) responsive to a column sample and hold signal 
COL SH. Examples of suitable capacitances for the sample 
and hold capacitor include, but are not limited to, a range of 
from approximately 500 f to 2 pF. The sampled voltage is 
buffered via a column output buffer amplifier 111j (BUF) and 
provided as the column output signal Vol. As also shown in 
FIG.9, a reference voltageVREF may be applied to the buffer 
amplifier 111j, via a Switch responsive to a control signal 
CAL, to facilitate characterization of column-to-column non 
uniformities due to the buffer amplifier 111j and thus allow 
post-read data correction. 
0203 FIG.9A illustrates an exemplary circuit diagram for 
one of the amplifiers 107A of the bias/readout circuitry 110i 
(the amplifier 107B is implemented identically), and FIG.9B 
is a graph of amplifier bias vs. bandwidth for the amplifiers 
107A and 107B. As shown in FIG.9A, the amplifier 107A 
employs an arrangement of multiple current mirrors based on 
nine MOSFETs (M1 through M9) and is configured as a unity 
gain buffer, in which the amplifiers inputs and outputs are 
labeled for generality as IN+ and VOUT, respectively. The 
bias Voltage VB4 (representing a corresponding bias current) 
controls the transimpedance of the amplifier and serves as a 
bandwidth control (i.e., increased bandwidth with increased 
current). With reference again to FIG.9, due to the sample and 
hold capacitor C, the output of the amplifier 107A essen 
tially drives a filter when the sample and hold switch is closed. 
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Accordingly, to achieve appreciably high data rates, the bias 
voltage VB4 may be adjusted to provide higher bias currents 
and increased amplifier bandwidth. From FIG.9B, it may be 
observed that in some exemplary implementations, amplifier 
bandwidths of at least 40 MHz and significantly greater may 
be realized. In some implementations, amplifier bandwidths 
as high as 100 MHZ may be appropriate to facilitate high data 
acquisition rates and relatively lower pixel sample or "dwell 
times (e.g., on the order of 10 to 20 microseconds). 
0204. In another aspect of the embodiment shown in FIG. 
9, unlike the pixel design of Milgrew et al. shown in FIG. 3, 
the pixels 105 through 105, do not include any transmission 
gates or other devices that require both n-channel and p-chan 
nel FET components; in particular, the pixels 105 through 
105, of this embodiment include only FET devices of a same 
type (i.e., only n-channel or only p-channel). For purposes of 
illustration, the pixels 105, and 105, illustrated in FIG. 9 are 
shown as comprising only p-channel components, i.e., two 
p-channel MOSFETs Q2 and Q3 and ap-channel ISFET 150. 
By not employing a transmission gate to couple the source of 
the ISFET to the bias/readout circuitry 110, some dynamic 
range for the ISFET output signal (i.e., the ISFET source 
Voltage Vs) may be sacrificed. However, Applicants have 
recognized and appreciated that by potentially foregoing 
Some output signal dynamic range (and thereby potentially 
limiting measurement range for a given static and/or dynamic 
chemical property, such as pH or concentration changes of 
other ion species), the requirement of different type FET 
devices (both n-channel and p-channel) in each pixel may be 
eliminated and the pixel component count reduced. As dis 
cussed further below in connection with FIGS. 10-12A, this 
significantly facilitates pixel size reduction. Thus, in one 
aspect, there is a beneficial tradeoff between reduced 
dynamic range and Smaller pixel size. 
0205. In yet another aspect of the embodiment shown in 
FIG. 9, unlike the pixel design of Milgrew et al., the ISFET 
150 of each pixel 105 through 105, does not have its body 
connection tied to its source (i.e., there is no electrical con 
ductor coupling the body connection and source of the ISFET 
such that they are forced to be at the same electric potential 
during operation). Rather, the body connections of all ISFETs 
of the array are tied to each other and to a body bias voltage 
V. While not shown explicitly in FIG.9, the body con 
nections for the MOSFETs Q2 and Q3 likewise are not tied to 
their respective sources, but rather to the body bias voltage 
V. In one exemplary implementation based on pixels 
having all p-channel components, the body bias Voltage 
Vis coupled to the highest Voltage potential available to 
the array (e.g., VDDA), as discussed further below in connec 
tion with FIG. 17. 

0206 By not tying the body connection of each ISFET to 
its source, the possibility of Some non-Zero Source-to-body 
Voltage Vs may give rise to the “body effect, as discussed 
above in connection with FIG. 1, which affects the threshold 
Voltage V of the ISFET according to a nonlinear relation 
ship (and thus, according to Eqs. (3), (4) and (5) may affect 
detection and/or measurement of analyte activity giving rise 
to Surface potential changes at the analyte/passivation layer 
interface). However, Applicants have recognized and appre 
ciated that by focusing on a reduced ISFET output signal 
dynamic range, any body effect that may arise in the ISFET 
from a non-zero Source-to-body Voltage may be relatively 
minimal. Thus, any measurement nonlinearity that may result 
over the reduced dynamic range may be ignored as insignifi 
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cant or taken into consideration and compensated (e.g., via 
array calibration and data processing techniques, as discussed 
further below in connection with FIG. 17). Applicants have 
also recognized and appreciated that by not tying each ISFET 
source to its body connection, all of the FETs constituting the 
pixel may share a common body connection, thereby further 
facilitating pixel size reduction, as discussed further below in 
connection with FIGS. 10-12A. Accordingly, in another 
aspect, there is a beneficial tradeoffbetween reduced linearity 
and Smaller pixel size. 
0207 FIG. 10 illustrates a top view of a chip layout design 
for the pixel 105 shown in FIG.9, according to one inventive 
embodiment of the present disclosure. FIG. 11A shows a 
composite cross-sectional view along the line I-I of the pixel 
shown in FIG. 10, including additional elements on the right 
half of FIG. 10 between the lines II-II and III-III, illustrating 
a layer-by-layer view of the pixel fabrication, and FIGS. 
12A1 through 12A12 provide top views of each of the fabri 
cation layers shown in FIG. 11A (the respective images of 
FIGS. 12A1 through 12A12 are superimposed one on top of 
another to create the pixel chip layout design shown in FIG. 
10). In one exemplary implementation, the pixel design illus 
trated in FIGS. 10-12A may be realized using a standard 
4-metal, 2-poly, 0.35 micrometer CMOS process to provide a 
geometrically square pixel having a dimension 'e' as shown 
in FIG. 10 of approximately 9 micrometers, and a dimension 
“f corresponding to the ISFET sensitive area of approxi 
mately 7 micrometers. 
0208. In the top view of FIG. 10, the ISFET 150 (labeled as 
Q1 in FIG. 10) generally occupies the right center portion of 
the pixel illustration, and the respective locations of the gate, 
source and drain of the ISFET are indicated as Q1, Q1s and 
Q1. The MOSFETs Q2 and Q3 generally occupy the left 
center portion of the pixel illustration; the gate and Source of 
the MOSFET Q2 are indicated as Q2 and Q2s, and the gate 
and source of the MOSFET Q3 are indicated as Q3 and Q3s. 
In one aspect of the layout shown in FIG. 10, the MOSFETs 
Q2 and Q3 share a drain, indicated as Q2/3. In another 
aspect, it may be observed generally from the top view of FIG. 
10 that the ISFET is formed such that its channel lies along a 
first axis of the pixel (e.g., parallel to the line I-I), while the 
MOSFETs Q2 and Q3 are formed such that their channels lie 
along a second axis perpendicular to the first axis. FIG. 10 
also shows the four lines required to operate the pixel, namely, 
the line 112 coupled to the source of Q3, the line 114 
coupled to the source of Q2, the line 116 coupled to the drain 
of the ISFET, and the row select line 118 coupled to the gates 
of Q2 and Q3. With reference to FIG.9, it may be appreciated 
that all pixels in a given column share the lines 112, 114 and 
116 (e.g., running vertically across the pixel in FIG. 10), and 
that all pixels in a given row share the line 118 (e.g., running 
horizontally across the pixel in FIG. 10); thus, based on the 
pixel design of FIG. 9 and the layout shown in FIG. 10, only 
four metal lines need to traverse each pixel. 
0209. With reference now to the cross-sectional view of 
FIG. 11A, highly doped p-type regions 156 and 158 (lying 
along the line I-I in FIG. 10) in n-well 154 constitute the 
source (S) and drain (D) of the ISFET, between which lies a 
region 160 of the n-well in which the ISFETs p-channel is 
formed below the ISFETs polysilicon gate 164 and a gate 
oxide 165. According to one aspect of the inventive embodi 
ment shown in FIGS. 10 and 11, all of the FET components of 
the pixel 105 are fabricated as p-channel FETs in the single 
n-type well 154 formed in a p-type semiconductor substrate 
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152. This is possible because, unlike the design of Milgrew et 
al., 1) there is no requirement for a transmission gate in the 
pixel; and 2) the ISFETs source is not tied to the n-well's body 
connection. More specifically, highly doped n-type regions 
162 provide a body connection (B) to the n-well 154 and, as 
shown in FIG.10, the body connection B is coupled to a metal 
conductor 322 around the perimeter of the pixel 105. How 
ever, the body connection is not directly electrically coupled 
to the source region 156 of the ISFET (i.e., there is no elec 
trical conductor coupling the body connection and Source 
such that they are forced to be at the same electric potential 
during operation), nor is the body connection directly elec 
trically coupled to the gate, source or drain of any component 
in the pixel. Thus, the other p-channel FET components of the 
pixel, namely Q2 and Q3, may be fabricated in the same 
n-well 154. 

0210. In the composite cross-sectional view of FIG. 11A, 
a highly doped p-type region 159 is also visible (lying along 
the line I-I in FIG. 10), corresponding to the shared drain (D) 
of the MOSFETs Q2 and Q3. For purposes of illustration, a 
polysilicon gate 166 of the MOSFET Q3 also is visible in 
FIG. 11A, although this gate does not lie along the line I-I in 
FIG. 10, but rather “behind the plane' of the cross-section 
along the line I-I. However, for simplicity, the respective 
sources of the MOSFETs Q2 and Q3 shown in FIG. 10, as 
well as the gate of Q2, are not visible in FIG. 11A, as they lie 
along the same axis (i.e., perpendicular to the plane of the 
figure) as the shared drain (if shown in FIG. 11A, these 
elements would unduly complicate the composite cross-sec 
tional view of FIG. 11A). 
0211. Above the substrate, gate oxide, and polysilicon 
layers shown in FIG. 11A, a number of additional layers are 
provided to establish electrical connections to the various 
pixel components, including alternating metal layers and 
oxide layers through which conductive vias are formed. Pur 
suant to the example of a 4-Metal CMOS process, these layers 
are labeled in FIG. 11A as “Contact,” “Metal 1,” “Via1. 
“Metal2,” “Via2..” “Metal3.” “Via3, and “Metal4.” (Note that 
more or fewer metal layers may be employed.) To facilitate an 
understanding particularly of the ISFET electrical connec 
tions, the composite cross-sectional view of FIG. 11A shows 
additional elements of the pixel fabrication on the right side of 
the top view of FIG. 10 between the lines II-II and III-III. With 
respect to the ISFET electrical connections, the topmost 
metal layer 304 corresponds to the ISFETs sensitive area 178, 
above which is disposed an analyte-sensitive passivation 
layer 172. The topmost metal layer 304, together with the 
ISFET polysilicon gate 164 and the intervening conductors 
306, 308, 312, 316, 320, 326 and 338, form the ISFETs 
“floating gate' structure 170, in a manner similar to that 
discussed above in connection with a conventional ISFET 
design shown in FIG. 1. An electrical connection to the 
ISFETs drain is provided by the conductors 340, 328, 318, 
314 and 310 coupled to the line 116. The ISFETs source is 
coupled to the shared drain of the MOSFETs Q2 and Q3 via 
the conductors 334 and 336 and the conductor 324 (which lies 
along the line I-I in FIG.10). The body connections 162 to the 
n-well 154 are electrically coupled to a metal conductor 322 
around the perimeter of the pixel on the “Metall layer via the 
conductors 330 and 332. 

0212. As indicated above, FIGS. 12A1 through 12A12 
provide top views of each of the fabrication layers shown in 
FIG. 11A (the respective images of FIGS. 12A1 through 
12A12 are superimposed one on top of another to create the 
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pixel chip layout design shown in FIG. 10). In FIG. 12A, the 
correspondence between the lettered top views of respective 
layers and the cross-sectional view of FIG. 11A is as follows: 
A) n-type well 154; B) Implant; C) Diffusion; D) polysilicon 
gates 164 (ISFET) and 166 (MOSFETs Q2 and Q3); E) con 
tacts; F) Metal 1: G) Via1; H) Metal2: I) Via2: J) Metal3: K) 
Via3; L) Metal4 (top electrode contacting ISFET gate). The 
various reference numerals indicated in FIGS. 12A1 through 
12A12 correspond to the identical features that are present in 
the composite cross-sectional view of FIG. 11A. 
0213 Applicants have recognized and appreciated that, at 
least in Some applications, pixel capacitance may be a salient 
parameter for Some type of analyte measurements. Accord 
ingly, in another embodiment related to pixel layout and 
design, various via and metal layers may be reconfigured so as 
to at least partially mitigate the potential for parasitic capaci 
tances to arise during pixel operation. For example, in one 
Such embodiment, pixels are designed Such that there is a 
greater vertical distance between the signal lines 112, 114, 
116 and 118, and the topmost metal layer 304 constituting 
the floating gate structure 170. 
0214. In the embodiment described immediately above, 
with reference again to FIG. 11A, it may be readily observed 
that the topmost metal layer 304 is formed in the Metal4 layer 
(also see FIG. 12A12), and the signal lines 112, 114, and 
116 are formed in the Metal3 layer (also see FIG. 12A10). 
Also, while not visible in the view of FIG. 11A, it may be 
observed from FIG. 12A8 that the signal line 118 is formed 
in the Metal2 layer. As one or more of these signals may be 
grounded from time to time during array operation, aparasitic 
capacitance may arise between any one or more of these 
signal lines and metal layer 304. By increasing a distance 
between these signal lines and the metal layer 304, such 
parasitic capacitance may be reduced. 
0215. To this end, in another embodiment some via and 
metal layers are reconfigured such that the signal lines 112, 
114, 116 and 118 are implemented in the Metall and 
Metal2 layers, and the Metal3 layer is used only as a jumper 
between the Metal2 layer component of the floating gate 
structure 170 and the topmost metal layer 304, thereby ensur 
ing a greater distance between the signal lines and the metal 
layer 304. FIG. 10A illustrates a top view of a such a chip 
layout design for a cluster of four neighboring pixels of an 
chemFET array shown in FIG. 9, with one particular pixel 
105 identified and labeled. FIG. 11A-1 shows a composite 
cross-sectional view of neighboring pixels, along the line I-I 
of the pixel 105 shown in FIG. 10A, including additional 
elements between the lines II-II, illustrating a layer-by-layer 
view of the pixel fabrication, and FIGS. 12B1 through 12B12 
provide top views of each of the fabrication layers shown in 
FIG. 11A-1 (the respective images of FIGS. 12B1 through 
12B12 are superimposed one on top of another to create the 
pixel chip layout design shown in FIG. 10A). 
0216. In FIG. 10A, it may be observed that the pixel top 
view layout is generally similar to that shown in FIG. 10. For 
example, in the top view, the ISFET 150 generally occupies 
the right center portion of each pixel, and the MOSFETs Q2 
and Q3 generally occupy the left center portion of the pixel 
illustration. Many of the component labels included in FIG. 
10 are omitted from FIG. 10A for clarity, although the ISFET 
polysilicon gate 164 is indicated in the pixel 105 for orien 
tation. FIG. 10A also shows the four lines (112, 114, 116 
and 118) required to operate the pixel. One noteworthy dif 
ference between FIG. 10 and FIG. 10A relates to the metal 
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conductor 322 (located on the Metall layer) which provides 
an electrical connection to the body region 162; namely, in 
FIG. 10, the conductor 322 surrounds a perimeter of the pixel, 
whereas in FIG. 10A, the conductor 322 does not completely 
surround a perimeter of the pixel but includes discontinuities 
727. These discontinuities 727 permit the line 118 to also be 
fabricated on the Metall layer and traverse the pixel to con 
nect to neighboring pixels of a row. 
0217. With reference now to the cross-sectional view of 
FIG. 11 A-1, three adjacent pixels are shown in cross-section, 
with the center pixel corresponding to the pixel 105 in FIG. 
10A for purposes of discussion. As in the embodiment of FIG. 
11A, all of the FET components of the pixel 105 are fabri 
cated as p-channel FETs in the single n-type well 154. Addi 
tionally, as in FIG. 11A, in the composite cross-sectional 
view of FIG.11A-1 the highly doped p-type region 159 is also 
visible (lying along the line I-I in FIG.10A), corresponding to 
the shared drain (D) of the MOSFETs Q2 and Q3. For pur 
poses of illustration, the polysilicon gate 166 of the MOSFET 
Q3 also is visible in FIG. 11 A-1, although this gate does not 
lie along the line I-I in FIG.10A, but rather “behind the plane' 
of the cross-section along the line I-I. However, for simplicity, 
the respective sources of the MOSFETs Q2 and Q3 shown in 
FIG. 10A, as well as the gate of Q2, are not visible in FIG. 
11A-1, as they lie along the same axis (i.e., perpendicular to 
the plane of the figure) as the shared drain. Furthermore, to 
facilitate an understanding of the ISFET floating gate electri 
cal connections, the composite cross-sectional view of FIG. 
11A-1 shows additional elements of the pixel fabrication 
between the lines II-II of FIG. 10A. 

0218 More specifically, as in the embodiment of FIG. 
11A, the topmost metal layer 304 corresponds to the ISFETs 
sensitive area 178, above which is disposed an analyte-sen 
sitive passivation layer 172. The topmost metal layer 304, 
together with the ISFET polysilicon gate 164 and the inter 
vening conductors 306,308,312,316,320,326 and 338, form 
the ISFETs floating gate structure 170. However, unlike the 
embodiment of FIG. 11A, an electrical connection to the 
ISFETs drain is provided by the conductors 340, 328, and 
318, coupled to the line 116 which is formed in the Metal2 
layer rather than the Metal3 layer. Additionally, the lines 112 
and 114 also are shown in FIG. 11 A-1 as formed in the 
Metal2 layer rather than the Metal3 layer. The configuration 
of these lines, as well as the line 118, may be further appre 
ciated from the respective images of FIGS. 12B1 through 
12B12 (in which the correspondence between the lettered top 
views of respective layers and the cross-sectional view of 
FIG. 11 A-1 is the same as that described in connection with 
FIGS. 12A1-12A12); in particular, it may be observed in FIG. 
12B6 that the line 118, together with the metal conductor 
322, is formed in the Metall layer, and it may be observed that 
the lines 112, 114 and 116 are formed in the Metal2 layer, 
leaving only the jumper 308 of the floating gate structure 170 
in the Metal3 layer shown in FIG. 12B10. 
0219. Accordingly, by consolidating the signal lines 112, 
114, 116 and 118 to the Metal 1 and Metal2 layers and 
thereby increasing the distance between these signal lines and 
the topmost layer 304 of the floating gate structure 170 in the 
Metal4 layer, parasitic capacitances in the ISFET may be at 
least partially mitigated. It should be appreciated that this 
general concept (e.g., including one or more intervening 
metal layers between signal lines and topmost layer of the 
floating gate structure) may be implemented in other fabrica 
tion processes involving greater numbers of metal layers. For 
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example, distance between pixel signal lines and the topmost 
metal layer may be increased by adding additional metal 
layers (more than four total metal layers) in which only jump 
ers to the topmost metal layer are formed in the additional 
metal layers. In particular, a six-metal-layer fabrication pro 
cess may be employed, in which the signal lines are fabricated 
using the Metall and Metal2 layers, the topmost metal layer 
of the floating gate structure is formed in the Metal6 layer, and 
jumpers to the topmost metal layer are formed in the Metal3, 
Metal4 and MetalSlayers, respectively (with associated vias 
between the metal layers). In another exemplary implemen 
tation based on a six-metal-layer fabrication process, the gen 
eral pixel configuration shown in FIGS. 10, 11A, and 12A1 
12A12 may be employed (signal lines on Metal2 and Metal 3 
layers), in which the topmost metal layer is formed in the 
Metal6 layer and jumpers are formed in the Metal4 and 
MetalSlayers, respectively. 
0220. In yet another aspect relating to reduced capaci 
tance, a dimension “f” of the topmost metal layer 304 (and 
thus the ISFET sensitive area 178) may be reduced so as to 
reduce cross-capacitance between neighboring pixels. As 
may be observed in FIG. 11A-1 (and as discussed further 
below in connection with other embodiments directed to well 
fabrication above an ISFET array), the well 725 may be 
fabricated so as to have a tapered shape. Such that a dimension 
“g at the top of the well is smaller than the pixel pitch 'e' but 
yet larger than a dimension “f” at the bottom of the well. 
Based on Such tapering, the topmost metal layer 304 also may 
be designed with the dimension “f” rather than the dimension 
“g so as to provide for additional space between the top 
metal layers of neighboring pixels. In some illustrative non 
limiting implementations, for pixels having a dimension 'e' 
on the order of 9 micrometers the dimension “f” may be on the 
order of 6 micrometers (as opposed to 7 micrometers, as 
discussed above), and for pixels having a dimension 'c' on 
the order of 5 micrometers the dimension “f” may be on the 
order of 3.5 micrometers. 
0221) Thus, the pixel chip layout designs respectively 
shown in FIGS. 10, 11A, and 12A1 through 12A12, and 
FIGS. 10A, 11A-1, and 12B1 through 12B12, illustrate that 
according to various embodiments FET devices of a same 
type may be employed for all components of a pixel, and that 
all components may be implemented in a single well. This 
dramatically reduces the area required for the pixel, thereby 
facilitating increased pixel density in a given area. 
0222. In one exemplary implementation, the gate oxide 
165 for the ISFET may be fabricated to have a thickness on 
the order of approximately 75 Angstroms, giving rise to a gate 
oxide capacitance per unit area C of 4.5 fF/um. Addition 
ally, the polysilicon gate 164 may be fabricated with dimen 
sions corresponding to a channel width W of 1.2 um and a 
channel length L of from 0.35 to 0.6 um (i.e., W/L ranging 
from approximately 2 to 3.5), and the doping of the region 
160 may be selected such that the carrier mobility for the 
p-channel is 190 cm/Vs (i.e., 1.9E10um/Vs). From Eq.(2) 
above, this results in an ISFET transconductance parameter B 
on the order of approximately 170 to 300 LA/V. In other 
aspects of this exemplary implementation, the analog Supply 
voltage VDDA is 3.3 Volts, and VB1 and VB2 are biased so as 
to provide a constant ISFET drain current I, on the order of 
5 LA (in some implementations, VB1 and VB2 may be 
adjusted to provide drain currents from approximately 1 LA to 
20 LA). Additionally, the MOSFET Q6 (see bias/readout 
circuitry 110i in FIG. 9) is sized to have a channel width to 
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length ratio (e.g., W/L of approximately 50) such that the 
voltage across Q6, given I, of 5 LA, is 800 mV (i.e., 
V,800 mV). From Eq. (3), based on these exemplary 
parameters, this provides for pixel output voltages Vs. Over a 
range of approximately 0.5 to 2.5 Volts for ISFET threshold 
Voltage changes over a range of approximately 0 to 2 Volts. 
0223. With respect to the analyte-sensitive passivation 
layer 172 shown in FIG. 11A, in exemplary CMOS imple 
mentations the passivation layer may be significantly sensi 
tive to the concentration of various ion species, including 
hydrogen, and may include silicon nitride (SiNa) and/or 
silicon oxynitride (SiNO). In conventional CMOS pro 
cesses, a passivation layer may be formed by one or more 
Successive depositions of these materials, and is employed 
generally to treat or coat devices so as to protect against 
contamination and increase electrical stability. The material 
properties of silicon nitride and silicon oxynitride are Such 
that a passivation layer comprising these materials provides 
scratch protection and serves as a significant barrier to the 
diffusion of water and sodium, which can cause device met 
allization to corrode and/or device operation to become 
unstable. A passivation layer including silicon nitride and/or 
silicon oxynitride also provides ion-sensitivity in ISFET 
devices, in that the passivation layer contains surface groups 
that may donate or accept protons from an analyte Solution 
with which they are in contact, thereby altering the surface 
potential and the device threshold Voltage V, as discussed 
above in connection with FIGS. 1 and 2A. 

0224 For CMOS processes involving aluminum as the 
metal (which has a melting point of approximately 650 
degrees Celsius), a silicon nitride and/or silicon oxynitride 
passivation layer generally is formed via plasma-enhanced 
chemical vapor deposition (PECVD), in which a glow dis 
charge at 250-350 degrees Celsius ionizes the constituent 
gases that form silicon nitride or silicon oxynitride, creating 
active species that react at the wafer Surface to form a lami 
nate of the respective materials. In one exemplary process, a 
passivation layer having a thickness on the order of approxi 
mately 1.0 to 1.5 um may be formed by an initial deposition 
of a thin layer of silicon oxynitride (on the order of 0.2 to 0.4 
um) followed by a slighting thicker deposition of silicon 
oxynitride (on the order of 0.5um) and a final deposition of 
silicon nitride (on the order of 0.5 Lm). Because of the low 
deposition temperature involved in the PECVD process, the 
aluminum metallization is not adversely affected. 
0225. However, Applicants have recognized and appreci 
ated that while a low-temperature PECVD process provides 
adequate passivation for conventional CMOS devices, the 
low-temperature process results in a generally low-density 
and somewhat porous passivation layer, which in some cases 
may adversely affect ISFET threshold voltage stability. In 
particular, during ISFET device operation, a low-density 
porous passivation layer over time may absorb and become 
saturated with ions from the solution, which may in turn cause 
an undesirable time-varying drift in the ISFETs threshold 
Voltage V, making accurate measurements challenging. 
0226. In view of the foregoing, in one embodiment a 
CMOS process that uses tungsten metal instead of aluminum 
may be employed to fabricate ISFET arrays according to the 
present disclosure. The high melting temperature of Tungsten 
(above 3400 degrees Celsius) permits the use of a higher 
temperature low pressure chemical vapor deposition 
(LPCVD) process (e.g., approximately 700 to 800 degrees 
Celsius) for a silicon nitride or silicon oxynitride passivation 
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layer. The LPCVD process typically results in significantly 
more dense and less porous films for the passivation layer, 
thereby mitigating the potentially adverse effects of ion 
absorption from the analyte solution leading to ISFET thresh 
old voltage drift. 

0227. In yet another embodiment in which an aluminum 
based CMOS process is employed to fabricate ISFET arrays 
according to the present disclosure, the passivation layer 172 
shown in FIG. 11A may comprise additional depositions 
and/or materials beyond those typically employed in a con 
ventional CMOS process. For example, the passivation layer 
172 may include initial low-temperature plasma-assisted 
depositions (PECVD) of silicon nitride and/or silicon oxyni 
tride as discussed above; for purposes of the present discus 
sion, these conventional depositions are illustrated in FIG. 
11A as a first portion 172A of the passivation layer 172. In one 
embodiment, following the first portion 172A, one or more 
additional passivation materials are disposed to form at least 
a second portion 172B to increase density and reduce porosity 
of (and absorption by) the overall passivation layer 172. 
While one additional portion 172B is shown primarily for 
purposes of illustration in FIG. 11A, it should be appreciated 
that the disclosure is not limited in this respect, as the overall 
passivation layer 172 may comprise two or more constituent 
portions, in which each portion may comprise one or more 
layers/depositions of same or different materials, and respec 
tive portions may be configured similarly or differently. 
0228. Examples of materials suitable for the second por 
tion 172B (or other additional portions) of the passivation 
layer 172 include, but are not limited to, silicon nitride, silicon 
oxynitride, aluminum oxide (Al2O), tantalum oxide 
(TaOs), tin oxide (SnO) and silicon dioxide (SiO2). In one 
aspect, the second portion 172B (or other additional portions) 
may be deposited via a variety of relatively low-temperature 
processes including, but not limited to, RF sputtering, DC 
magnetron sputtering, thermal or e-beam evaporation, and 
ion-assisted depositions. In another aspect, a pre-sputtering 
etch process may be employed, prior to deposition of the 
second portion 172B, to remove any native oxide residing on 
the first portion 172A (alternatively, a reducing environment, 
Such as an elevated temperature hydrogen environment, may 
be employed to remove native oxide residing on the first 
portion 172A). In yet another aspect, a thickness of the second 
portion 172B may be on the order of approximately 0.04 um 
to 0.06 um (400 to 600 Angstroms) and a thickness of the first 
portion may be on the order of 1.0 to 1.5um, as discussed 
above. In some exemplary implementations, the first portion 
172A may include multiple layers of silicon oxynitride and 
silicon nitride having a combined thickness of 1.0 to 1.5um, 
and the second portion 172B may include a single layer of 
either aluminum oxide or tantalum oxide having a thickness 
of approximately 400 to 600 Angstroms. Again, it should be 
appreciated that the foregoing exemplary thicknesses are pro 
vided primarily for purposes of illustration, and that the dis 
closure is not limited in these respects. 
0229. It has been found according to the invention that 
hydrogen ion sensitive passivation layers are also sensitive to 
other analytes including but not limited to PPi and unincor 
porated nucleotide triphosphates. As an example, a silicon 
nitride passivation layer is able to detect changes in the con 
centration of PPi and nucleotide triphosphates. The ability to 
measure the concentration change of these analytes using the 
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same chemFET greatly facilitates the ability to sequence a 
nucleic acid using a single array, thereby simplifying the 
sequencing method. 
0230. Thus it is to be understood that the chemFET arrays 
described herein may be used to detect and/or measure vari 
ous analytes and, by doing so, may monitor a variety of 
reactions and/or interactions. It is also to be understood that 
the discussion herein relating to hydrogen ion detection (in 
the form of a pH change) is for the sake of convenience and 
brevity and that static or dynamic levels/concentrations of 
other analytes (including other ions) can be substituted for 
hydrogen in these descriptions. In particular, Sufficiently fast 
concentration changes of any one or more of various ion 
species present in the analyte may be detected via the tran 
sient or dynamic response of a chemFET, as discussed above 
in connection with FIG. 2A. As also discussed above in con 
nection with the Site-Dissociation (or Site-Binding) model 
for the analyte/passivation layer interface, it should be appre 
ciated that various parameters relating to the equilibrium 
reactions at the analyte/passivation layer interface (e.g., rate 
constants for forward and backward equilibrium reactions, 
total number of proton donor/acceptor sites per unit area on 
the passivation layer Surface, intrinsic buffering capacity, pH 
at point of Zero charge) are material dependent properties and 
thus are affected by the choice of materials employed for the 
passivation layer. 
0231. The chemFETs, including ISFETs, described herein 
are capable of detecting any analyte that is itself capable of 
inducing a change in electric field when in contact with or 
otherwise sensed or detected by the chemFET surface. The 
analyte need not be charged in order to be detected by the 
sensor. For example, depending on the embodiment, the ana 
lyte may be positively charged (i.e., a cation), negatively 
charged (i.e., an anion), Zwitterionic (i.e., capable of having 
two equal and opposite charges but being neutral overall), and 
polar yet neutral. This list is not intended as exhaustive as 
other analyte classes as well as species within each class will 
be readily contemplated by those of ordinary skill in the art 
based on the disclosure provided herein. 
0232. In the broadest sense of the invention, the passiva 
tion layer may or may not be coated and the analyte may or 
may not interact directly with the passivation layer. As an 
example, the passivation layer may be comprised of silicon 
nitride and the analyte may be something other than hydrogen 
ions. As a specific example, the passivation layer may be 
comprised of silicon nitride and the analyte may be PPi. In 
these instances, PPi is detected directly (i.e., in the absence of 
PPi receptors attached to the passivation layer either directly 
or indirectly). 
0233. If the analyte being detected is hydrogen (or alter 
natively hydroxide), then it is preferable to use weak buffers 
so that changes in either ionic species can be detected at the 
passivation layer. If the analyte being detected is something 
other than hydrogen (or hydroxide) but there is some possi 
bility of a pH change in the Solution during the reaction or 
detection step, then it is preferable to use a strong buffer so 
that changes in pH do not interfere with the detection of the 
analyte. A buffer is an ionic molecule (or a solution compris 
ing an ionic molecule) that resists to varying extents changes 
in pH. Some buffers are able to neutralize acids or bases 
added to or generated in a solution, resulting in no effective 
pH change in the solution. It is to be understood that any 
buffer is suitable provided it has a pKa in the desired range. 
For some embodiments, a suitable buffer is one that functions 
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in about the pH range of 6 to 9, and more preferably 6.5 to 8.5. 
In other embodiments, a suitable buffer is one that functions 
in about the pH range of 7-10, including 8.5-9.5. 
0234. The strength of a buffer is a relative term since it 
depends on the nature, strength and concentration of the acid 
or base added to or generated in the solution of interest. A 
weak buffer is a buffer that allows detection (and therefore is 
not able to otherwise control) pH changes of about at least 
+/-0.005, about at least +/-0.01, about at least +/-0.015, 
about at least +/-0.02, about at least +/-0.03, about at least 
+/-0.04, about at least +/-0.05, about at least +/-0.10, about 
at least +/-0.15, about at least +/-0.20, about at least +/-0.25, 
about at least +/-0.30, about at least +/-0.35, about at least 
+/-0.45, about at least +/-0.50, or more. 
0235 A strong buffer is a buffer that controls pH changes 
of about at least +/-0.005, about at least +/-0.01, about at 
least +/-0.015, about at least +/-0.02, about at least +/-0.03, 
about at least +/-0.04, about at least +/-0.05, about at least 
+/-0.10, about at least +/-0.15, about at least +/-0.20, about 
at least +/-0.25, about at least +/-0.30, about at least +/-0.35, 
about at least +/-0.45, about at least +/-0.50, or more. 
0236 Buffer strength can be varied by varying the con 
centration of the buffer species itself. Thus low concentration 
buffers can be low strength buffers. Examples include those 
having less than 1 mM (e.g., 50-100 uM) buffer species. A 
non-limiting example of a weak buffer suitable for the 
sequencing reactions described herein wherein pH change is 
the readout is 0.1 mM Tris or Tricine. Examples of suitable 
weak buffers are provided in the Examples and are also 
known in the art. Higher concentration buffers can be stronger 
buffers. Examples include those having 1-25 mM buffer spe 
cies. A non-limiting example of a strong buffer Suitable for 
the sequencing reactions described herein wherein PPi and/or 
nucleotide triphosphates are read directly is 1, 5 or 25 mM (or 
more) Tris or Tricine. One of ordinary skill in the art will be 
able to determine the optimal buffer for use in the reactions 
and detection methods encompassed by the invention. 
0237. In some embodiments, the passivation layer and/or 
the layers and/or molecules coated thereon dictate the analyte 
specificity of the array readout. 
0238. Detection of hydrogen ions (in the form of pH), and 
other analytes as determined by the invention, can be carried 
out using a passivation layer made of silicon nitride (SiN). 
silicon oxynitride (SiNO), silicon oxide (SiO2), aluminum 
oxide (Al2O), tantalum pentoxide (Ta-Os), tin oxide or stan 
nic oxide (SnO), and the like. 
0239. The passivation layer can also detect other ion spe 
cies directly including but not limited to calcium, potassium, 
Sodium, iodide, magnesium, chloride, lithium, lead, silver, 
cadmium, nitrate, phosphate, dihydrogen phosphate, and the 
like. 
0240. In some embodiments, the passivation layer is 
coated with a receptor for the analyte of interest. Preferably, 
the receptor binds selectively to the analyte of interest or in 
Some instances to a class of agents to which the analyte 
belongs. As used herein, a receptor that binds selectively to an 
analyte is a molecule that binds preferentially to that analyte 
(i.e., its binding affinity for that analyte is greater than its 
binding affinity for any other analyte). Its binding affinity for 
the analyte of interest may be 2-fold, 3-fold, 4-fold, 5-fold, 
6-fold, 7-fold, 8-fold, 9-fold, 10-fold, 15-fold, 20-fold, 
25-fold, 30-fold, 40-fold, 50-fold, 100-fold or more than its 
binding affinity for any other analyte. In addition to its relative 
binding affinity, the receptor must also have an absolute bind 










































































